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Abstract 

Studies have shown that infiammatory and salivary enzymes can degrade bis-phenyl 

glycidyl dimethacrylate (bisGMA) and ûiethylene glycol dimethacrylate (TEGDMA), 

two dental composite resin components. In other work, commercial composite resins 

containing a urethane modified bisGMA-TEGDMA (u-bis) based monomer showed a 10- 

fold reduction in the release of bisGMA derived product, bis-h ydrox y- propox yphen y1 

propane (bisHPPP), as cornpared with that found for bisGMA-TEGDMA (bis) based 

composites. These observations have motivated the fiirther study of interactions between 

composites and enzymes. 

Photopolymerized model composite resh samples based on bis or u-bis resins were 

incubated in pseudocholinesterase (PCE), cholesterol esterase (CE) or both, and in the 

presence of a specific esterase inhiiitor, phenylmethylsulfonyl fluoride (PMSF), for 16 

and 32 days (pH 7.0 at 37OC). Degradation rates for the monomers were assessed for each 

enzyme. Incubation solutions were d y z e d  for resin degradation products by high 

performance liquid chmmatography (WLC), UV spectroscopy and mass spectromeûy. 

The composite d a c e s  were characterized by scanning electron microscopy (SEM) and 



X-ray photoelectron spectroscopy (XPS). The vinyl group conversion was characterized 

by Fourier transfomi infra red spectroscopy (FT-IR). Hydrolase activity in human saliva 

was analyzed and compared to stock enzymes. 

The results showed that both enzymes degrade the composite in a dose dependent 

manner. in the presence of CE, the u-bis system showed a 15 to 180 (depending on the 

specific product) fold decrease in the amount of isolateci products relative to the bis 

system. SEM analysis confirmeci the relative degradation levels. CE showed a greater 

ability to cleave bisGMA monomer while PCE showed more specificity towards 

TEGDMA. Addition of PMSF inhibited the degradation process, confinning the 

implication of the serine active site in the enzymes. Saliva was found to contain CE and 

PCE-like hydrolase activity, at levels that could degrade composite resins. The study 

suggests that the level of degradation products generated for a material will be dependent 

on the esterase make-up for an individual's saliva and the specific formulation of 

monomer components. Since resin formulation has a significant effect on the composite's 

chernical stability, manufacturers should consider testing biochernical stability as part of 

theù routine product evaluation. 
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1.0 INTRODUCTION 

Interest in polymeric dental restorative materiais has been stimulated by the possibility of 

adverse health effects from exposure to mercury in dental arnalgams and the need of 

improved esthetic dental restorations [McHugh, L 992; Ewell, 1993; Jones, 19931. General 

use of polyrneric matenals over the past 20 years has indicated a high benefit-to-nsk ratio 

[McHugh, 19921. However systemic reactions to the polymers and related degradation 

products have not been closely examined [Bayne, 19921. 

Elution of unreacted components From dental composites is a diffusion rate-dependent 

process that can be enhanced by the presence of ethanol [Ferracane, 19901. Exposure of 

the composite resins to chernicals such as ethanol, vegetable oil, organic acids and 

enzymes causes softening of the resin matnx [Wu, 1982; Mair, 199 1 ; de Gee, 19951. it 

has been recognized in the lasi decade that dental polymeric matenals can be degraded by 

enzyme hydrolysis to produce toxic products such as methacrylic acid Freund, 19901 and 

to undergo oxidation processes which produce formaldehyde [Bysæd, 19881. 

Biodegradation studies have been used to investigate the effect of a salivary enzyme 

@seudocholinesterase) [Chauncey, 1961; Yamaiik, 1990; Leung, 1997 as well as the 

intlammatory celldefived enzyme, cholestml esterase [Labow, 19831 on composite 

dentai mataiais [Santerre, 1999; Shajii, 19991. Santerre et al [1999] has shown that 

cholestml esterase can generate the breakdown of triethylenegiycol dimethacrylate 

(TEGDMA) and 2,2-bis[4-(2-hydroxy-3- methacryloxypropoxy) phcnyl] propane 



(bisGMA) components from composite resins while Leung et al [1997] has shown that 

pseudocholinesterase was also able to genenite biodegradation products fiom commercial 

dental composite. It was also noted in the former study that commercial composite resins 

containhg a urethane modified bisGMA-TEGDMA based monomer showed a I 0-fold 

reductioa in the release of bisGMA derived products, as compareci with the amount found 

for bisGMA-TEGDMA based composites [Santerre, 19991. However, the author was 

unable to determine if this observation was specifically related to the resin chemistry, 

filler type or their concentration. 

It has been reported that the native monomers, themselves, can alter host ce11 DNA 

function at concentrations of 2.5 ppm while protein synthesis may be affected with 

concentrations as low as 0.25 ppm [Wataha, 19941. Recent studies have also questioned 

the estrogenicity of bis-phenol A released fiom a bisGMA basecl fissure sealant [Olea 

19961 and the predisposition of TEGDMA to promote bacterial growth [Hansel, 19981. in 

considering the fact that enzymes can readily degrade composites and that the monomers 

that make up these materials can alter ce11 function, it is of significance to assess the 

potential of salivary enzymes to degrade dental composite materials and gain Mer 

insight into the parameters that influence the mechanisrn of degradation. As well, a 

measure of product concentration that could be gmerated as a bction of material type 

and enzyme activity will be important in assessing the ultimate biocompatibility of the 

rnaterials. The foliowing thesis will seek to address the following hypotheses. 



EIYPOTHESES 

1 . Pseudochoiinesterase (PCE) and cholesterol esterase (CE) catalyzed h ydrol ysis of 

rein components occurs via the ester bonds of the methacrylate based resin 

monomers, and is a dose dependent process which occurs via the same active site as 

n a t d  substrates for the enzymes. 

2. The chernical structure of dental composite resins affects its stability with respect to 

the enzyme catdyzed hydrolysis of the monomen' ester groups. 

3. Different esterases have distinct specificities for defined composite resin components. 

4. Saliva contains hydrolase activity levels, CE and/or PCE-like, within the defined 

limits of activities that affect ester containing composite resin mataial. 

Confirmation of the above hypotheses will provide a better understanding of the 

enzymatic degradation of dental composite resin materials in the oral environment, their 

potential biocompatiiility and could lead to the synthesis of more chemically stable 

materiais. 



The following objectives have been identifiai to W e r  understand the nature of the 

enzyme interaction with urethane and non-urethane containing materials: 

1. To detennine the dose response of enzyme composite resin interactions and to 

confïrm their mode of action by using specific inhibitors to the enzymes (to test 

hypotheses 1,2 and 3). 

2. To determine the relative biostability of urethane modified bisGMA-TEGDMA based 

composite resins to bisGMA-TEGDMA based composite resins, in the presence of 

CE md/or PCE (to test hypotheses 2 and 3). 

3. To determine the biostability of radiolabeied urediane modified bisGMA composite 

resin in the presence of CE or PCE (to test hypotheses 2 and 3). 

4. To characterize the cured composite resin samples by SEM, XPS, Vickers 

Microhardness and FT-IR (to test hypotheses 1 and 2). 

5. To isolate and identify degradation products using a combination of high performance 

liquid chromatography, UV spectroscopy, mess spectrometry and radiolabeled 

counting (to test hypotheses 1,2 and 3). 



6. To detemine the combineci effect of CE and PCE on dental composite resins (to test 

hypotheses 3 and 4). 

7. To detemine the relative biostability of TEGDMA, bisGMA and ethoxylated 

bisphenol A dimethacrylate (bisEMA) monomers in the presence of CE or PCE (to 

test hypothesis 3). 

8. To determine the hydrolase activity, CE and/or PCE-like, in human saliva (to test 

hypothesis 4). 



1.3 REWEW OF LITERATURE 

1.3.1 COMPOSITE RESIN SYSTEMS 

A composite resin, by definition, consists of two or more components in which there is 

interatomic or molecular bonding between these components, so as to provide overall 

properties which are superior to the constituents alone [Dogon, 19901. Dental composite 

materiais consist of a resin matrix and a filler that is usually glas quartz or a ceramic 

material. The molecuiar bonding is produced by the treamimt of the filler with vinyl 

silane compounds to create active sites on the filler particles, enabling each particle to 

chernically bond to the resin matrix. 

Current uses of dental composite resins are in tooth restorations, cements, orthodoatic 

space maintainers, crown and bridge facings, inlay and oday patterns, temporary crowns 

and restorations and endodontic fillings [Craig, 19931. 

2 COMPOSITE RESIN SYSTEMS- HISTORY AND DEVELOPMENT 

The î h t  self-curing acrylic resins were developed in the 1940's in Gennany, and this lad 

to the introduction of acrylic filling matenals in 1948, also known as poly(methy1 

methacrylate) or Sevriton. The structure of methyl methacrylate is given in Figure 1.1. 

Composite resin restorative materials were introduced to the denial world in the mid- 

1960's as an improved esthetic restorative material over silicate cements and the non- 



Figure 1.1 Structure of methyl methacrylate 

reinforced poly(methy1 methacry1ate)-PMMA direct filling materials for the restoration 

of anterior teeth [Bowen, 1962 and 19651. These were the first steps toward the 

composite restorative materials of today. The earlier acrylic dental restorative material 

showed poor color stability, significant polymerization contraction, lack of bonding to 

tooth structure (enamel and dentin) and low sti fniess and hardness [Smith, 1 98 51. Later, it 

had been found that when inert fillers were incorporateci into poly(methy1 methacrylate), 

there was a reduction in the coefficient of themal expansion and in water sorption, in 

proportion to the concentration of the filler [Rose, 1955aI. 

Composite resin restorative materials were introduced in 1962 powen, 19621, however, 

the first materiais did not yield significant improvements in the mechanical properties of 

the resins due to a lack of reinforcement between the inorganic filler particles and the 

resin matrix. Later Bowen suggested the use of silane treaûnents for the filler particles, in 

order to enhance their bonding with the resin ma& [Bowen, 19631. The new composite 

resias had lower polymerization shrllikage, a lower coefficient of thermal expansion, 

higher compressive strength and stiffiiess and (dependkg on the nIler materials used) 

higher radiopacity than did the non-reinforced resuis Dow- 19921. As cornpanxi with 



the silicate cements, the composite resins exhibited lower solubility, higher tensile 

strength and comparable compressive strength. 

In 1983, the 3M Dental Products Company introduced the first dentin-bonding agent, 

called Scotchbond [Feigenbaum, 19941. It representeà a major step fonvard. For the first 

time, the dentist could bond to both the etched enamel and dentin. This development was 

a major breakthrough in the use of composite resin materiais, making it possible to 

restore loss tooth stnicture in the dentin when necessary. Restorative preparations could 

be extended to achieve better adhesion and esthetics. Since then, vast improvement in the 

bonding agent materials hm been achieved, resulting in materials that can bond to 

virtually any substrate found in the mouth. 

1.33. RESIN SYSTEMS 

Adhesiveness was one of several intriguing characteristics of epoxy resins that led to 

their experimental use in conjunction with various hardening systerns and fillers [Rose, 

195%; Bowen, 19561. A compromise between 2,2-bis[4-(2,3-epoxypropoxy)- 

phenyl]propane or bisphenol A epoxy (Figure 1.2) and methacrylate tesins was conceived 

in 1956 when Bowen was issued a patent for a hybrid molecule. The reaction site of the 

epoxy molecule was replaced by methacrylate groups, which yieldd a hybrid molecule 

that polymerized through the latter groups @3owen, 1985 and 19921. This dimethacryIate 

monomer was synthesized by the reaction of glycidyl methacrylate and bisphenol A 

[Bowen, 19921 and was later synthesîzed by the reaction of methacrylic acid and the 



diglycidyl ether of bisphenol A [Sanders, 19921. This monomer was 22-bis[4,(2- 

hydroxy-3-methacryIoxypropoxy)-phenyl]pro more commonly known as bisGMA 

(Figure 1.3). The bisGMA monomer exhibited many advantages. It was suitable for use 

as a binder for reinforcing fillm, since it was relatively non-volatile, had relatively low 

polymerization shrinkage as compared to poly(methy1 methacrylate), and hardened 

rapidly under oral conditions, when fornulateci with an appropriate initiator systm 

[Smith, 19851. 

A major disadvantage of bisGMA was its high viscosity, caused rnainly by the hydrogen 

bonds between the hydroxyl groups in the alkyl chah [Sanders, 19971 and its two phenyl 

rings [Deb, 19981. Hence, the use of a diluent monomer was mandatory in order to reduce 

the viscosity of the monomer system and to facilitate the incorporation of fillers as well 

as improve handling and manipulation. The most commonly used monomer included 

diethylene glycol dimethacrylate (Figure 1.4) and triethylene glycol dimethacrylate 

(TEGDMA) [Ruyter, 1 98 11. Alternate diluent monomers were intmduced [Asmussen, 

Figure 12 Structure of ZJ-bis[Q-(2~p~t0poxy~pheny1]prop~e or 

bisphenol A epory [Sanden, 1992) 



Figure 13 Structure of 2 ~ - b é [ 4 , ( 2 - h y d r o ~ - 3 - m e & a c r y ~ o x y p r o ~ ]  

propane (bisGMA) monomer [Ruyter, 1981 1 

1 998; Davy, 19981 and included 1,6-bis(methacry1oxy-2-eth0~y-~arbonyiamin0)-2,4,4- 

trimethyl-hexane (UEDMA) (Figure 1 S), 2,2-bis [4,(2-methacryloxyethoxy)phenyl] 

propane or ethox ylated bisphenol A dimethacrylate (bisEMA) (Figure 1.6) and 2,2- 

bis[4,(3- methacryloxyporpoxy) phenyl] propane dimethacrylate or bisphenol A 

propoxilated (bisPMA) (Figure 1.6). A cornparison between bisGMA, UEDMA, bisEMA 

and bisPMA showed that the viscosities varied as follows: 1200 Pa for bisGMA, 23.1 Pa 

for UEDMA, 0.9 Pa for bisEMA and 1.3 Pa for bisPMA [Davy, 19981. 

Figure 1.4 Structure of ethylene glycol dimethacrylate (n=l), dkthylene m o l  

dimethacrylate (n=2) and Methylene glycol dimethacrylate (n=3) 

[Ruyter, 19811 



Figure l .S Structure of 1,6-bis(methacrylo~y-2-eth0xy-carbonylamino)-2,4,4- 

trimethyl-hume or urethane ethyl dimethacrylate (UEDMA) 

[Ruyter, 1981 1 

Figure 1.6 Structure of 2,2-bis[4,(2-methacryloxyethoxy)phen yl)propane or 

ethoxylated bisphenol A dimethacrylate (bisEMA) (n=2) and 2 f- 

bis[4,(3-methacryloxypropoxy)pbenyIlpropane or  bbplenol A 

propoxilated dimethacrylate (bbPMA) (n=3) [Ruyter, 1981 1 

The composition of resins in different commercial dental composite systems were found 

to vary substantially fkom one product to another [Ruyter and Sjevik, 198 1; Ruyter and 

B y s ~ d ,  1987a; Ruyter and Sjevik, 1987bI. Ruyter and 0yssd showed that most of the 

materials contained relatively well-defined methacryIates iike bisGMA, ethylene glycol 

dimethacrylate, TEGDMA and UEDMA [Ruyter and m d ,  L987aI. However, the 

materiais such as Ful-Fili (Fu-F) (L.D. CaulWDentsply), Prisma-fil (PF) (L.D. 

CaulklDentsply) and Occlusin (OC) (ICI PLC) contained oligomeric components based 

on uretbane methacrylates in addition to TEGDMA. Based on NMR spectra analysis, the 



oligomenc components in Fu-F and PF were shown to be synîhesized nom bisGMA and 

hexarnethylene diisocyanate, thus producing a wethane modifieci bisGMA oligomer (u- 

bis) (Figure 1.7). The number average molecular weight of this oligomer was found to be 

4900 [Ruyter and 0yszd, 1987al. in the same study, commercially available bisGMA 

was resolved using high performance liquid chromatography (HPLC) analysis into linear 

and branched components. The ratio of the linear to branched bisGMA was 

approximately 3 to 1, and a double-branched bisGMA was also found at a quantity of 

about 2 %. Ruyter showed variations in the composition of commercial polymeric crown 

and bridge veneering materials [Ruyter, 198îbI. Most of the materials in this latter study 

were found to contain methyl methacrylate, TEGDMA and UEDMA in different 

concentrations. in addition, the veneering material Triad K+B (TR) (DeTrey/Dentsply), 

was found to contain the linear polyurethane u-bis, with a number-average molecular 

weight of 7600 [Ruyter, 1987bI 

Figure 1.7 Sebernatic repmentation of the structure of  tLe uethane moâifieà 

bisGMA oiigomer (u-bis) [Ruyter, 19811 



Figure 1.8 Structure of 2 J,-bis-[4-melliacry10ry-phenyl~p~0pane or  bisphenol A 

dimetbacrylate (bisMA) [Ruyter, 1981 1 

Ruyter and Sjevik analyzed the composition of the resin in commercially available pit 

and fissure sealant and dental resin restorative materials [Ruyter, 1 98 11. They reported 

that most of the materials contained bisGMA and TEGDMA. In addition to the linear and 

branched bisGMA, as mentioned before [Ruyter, 1987a], the monomethacrylate 

derivative of bisGMA was found. The following monomers were also found in some of 

the materials: ethylene glycol and diethylene glycol dimethacrylates (Figure 1.4), 

UEDMA (Figure 1 5 ,  22,-bis-[Cmethacryloxy-phenyl] propane or bisphenol A 

dimethacrylate (bisMA) (Figure 1 A), bisEMA and bisPMA monomers (Figure 1.6). 

13.4 EFFECT OF RESIN CHEMISTRY ON TEIE PEYSICAL PROPERTTES 

OF COMPOSITE 

Changes in the composition and the chanistry of the monomers within the resin system 

alter some of the physical properties of the composites. In one study [Asmussen, 19981, 

TEGDMA, bisGMA and UEDMA were varied. Substitution of bisGMA or TEGDMA by 

UEDMA resulted in an increase in the tensile and flemual stnsgth and substitution of 

bisGMA with TEGDMA inaeased tensile, but reduced flexural strength. Simüar resuits 



were found in another study Ferracane, 19861. The observed inmase in the tende and 

flexural strength when bisGMA or TEGDMA were substituted by UEDMA was reported 

to have been possibly associateci with the ability of the utethane linkage to form hydrogen 

bonds in the copolymer. This could restnct the sliding of polyrner segments relative to 

each other. A moderate increase in the modulus of elasticity was observed when bisGMA 

was replaced by TEGDMA, for low content levels of the latta monoma. This was 

followed by a relatively steep decline in stiffiiess as the content of TEGDMA increased. 

The reduction in modulus of elasticity was explained by the naturai flexibility of this 

molecule which results nom the chain rnobility of the etha groups. For the group of 

monomers studied, the investigation concluded that a monomer composition of 70 mol % 

UEDMA and 30 mol % TEGDMA (no bisGMA) would result in a r d  composite of 

optimum strength and a relatively low modulus of elasticity, while a monomer 

composition of 50 mol % TEGDMA and 50 mol % bisGMA (no UEDMA) would result 

in a maximum modulus of elasticity. 

In another study [Jones, 19961, blends of monomers involving bisGMA or bisEMA and 

various amounts of TEGDMA wae evaluated for their modulus of elasticity. A trend 

showing an increase in the modulus of elasticity was found when the arnount of bisGMA 

was increased. This was similar to the hding of others [Asmussen, 19981, although the 

effect was moderate relative to the hding of the latter study. The bisEMA/TEGDMA 

blends had a very low moduli relative to the bisGMNTEGDMA blends, but the trend of 

increased moduli with the reduction of the TEGDMA was found to be the same. 



Beatty et al peatty, 19931 investigated the effect of monomer chemistry on its properties. 

The resins were based on di phen y loxymethacrylate (DPMA) and TEGDMA blends, and 

urethane dimethacrylate (UDMA) (Figure 1.9) and TEGDMA biends in different ratios. 

The UDMA imparted higher compressive and temile strength, resistance to toothbnish 

abrasion and higher water sorption, while the DPMA based resins showed a greater 

surface hardness. The higher water sorption of the methane based resin was associated 

with the longer aliphatic chahs between the ring structures, which increase flexibility, 

and the presence of the urethane (O-CO-NH) groups which pmcured a potent hydrogen 

bond former [Venz, 199 1 1. 

Another study [Chowdhury, 19961 investigated the effect of addition of an 

expenmentally-synthesized polyfunctional urethane monomer on visible light-cured 

bisGMA-TEGDMA blend resiii systerns. The addition of the polyfunctional unthme 

monomer to the bisGMA-TEGDMA resin, produced a system with improved mechanical 

properties suc h as diametrai and tensile strength and harâness. The improved mechanical 

properties with the presence of urethane monomer was associated with the increased 

cross-linking of the polyfunctional monomer as weil as hydrogen bonding which could 

occur between the amide groups [Venz, 199 11. 

Figure 1.9 Chemicd structure of urethane dimethacrylate (UDMA) matty, 

19931 



It was reported in another study that increasing the ratio of TEGDMA to bisGMA in a 

re in  matrix system leads to an increase in water uptake [Kalachandra, 1987; Beatty, 

19931. That was explained by the relative hydrophilicity of TEGDMA as comparai with 

bisGMA. ILI the clinical situation, this could result in the swelling of the restoratioo, 

leading to peeling stresses on the composite. Following water sorption, the deterioration 

of some mechanical properties, such as the modulus of elasticity, sûength and hardness 

were associated with a water plasticizing effect [Beatty, 19931. Other investigators 

[Davy, 199 1 ; Tanaka, 199 1 ; Sankarapandian, 19971 suggested the use of fluorinated 

monomers, thus increasing their hydrophobicity, in order to d u c e  water sorption. 

1.3.5 POLYMERiZATtON SYSTEMS 

Methacrylate based resins polymerize via an addition type mechanism, initiated by free 

radicals [Cook, 19851. In a fiee radical polymerization, each molecule grows by addition 

of a monomer to A terminai fiee radical reaction site (Young, 19911. Free radicals cm be 

generated by chernical activation or by extemal energy activation, such as heat or light. 

Chemically activated materials are typically supplied as two pastes, one of which 

contains a benzoyl peroxide initiator and the other a tertiary amine activator, usudly 

N,N-dimethyl-p-toluidine. When the two pastes are mixed, the amine reacts with the 

benzoyl peroxide to fonn fiee radicals, and addition polymerization is initiated. Today, 

these materials are mainly used for restorations that are not readily cured with a light 

source. For over 30 years, photopo1ymerization of methaaylate based resins has been 

widely used in the dencal field for composite resins restorative maierials, adhesives, 



denture bases and impression materials [Cook, 19851. The following steps are involved in 

fiee radical photopolymerization reactions [Cook, 19851: 

Termination 

Inhibition or retardation 

Equation 1.2 

Equation 13 

Equation 1.4 

1* designates the photoinitiator, A represents a photo-reducing agent, Ra represents a free 

radical, M represents the unsaturated site in the methacryîate molecule, and ki, k,, kt and 

k, are the rate constants of the respective reactions. The inhibitors (X) are present in the 

composite in order to prevent premahire polymerization during storage [Coolc, 19851. 

Oxygen also inhibits radical p~lym~zation, which can lead to the fornation of an 

unpolymaized resin surface Iayer [Ruyter, 19851. In a visible light curing system, f k e  

fadicals wouid be fonned by absorption of üght having a wavelength of 468 nm [Kiiim, 



19791. This photoinitiation is based on the interaction of diketones (1 in Equation 1.1) 

such as camphorquinone (CQ) with an amine (A in Equation 1.1) mch as N,N- 

dimethylaminoethyl methacrylate (DMAEM) (Figure 1.10). The propagation step in the 

reaction with dirnethacrylates can lead to the formation of linear, cross-linked or cyclized 

polymer chahs [Aso, 1 9591 (Figure 1.1 1 ). 

A reduction in the diffusion rate of the propagating free radicais, decrease in the 

concentration of unreacted meîhacrylate molecules and the presence of pendant 

methacrylate species reduce the rate of polyrnerization [Cook, 19851. This reduction has 

been attriiuted to the effect of steric hindrance as the molecules increase in size [Munk, 

19891 and to the fact that the system's glass transition temperature increases relative to 

the temperature of the reacting environment [Horie, 1976; Maffazoli, 19941. As a 

consequence, when the polymerization process is terminated, not ail of the monomer's 

active sites have reacted. 

Figure 1.10 Chemicd structure of (A) diketone criaphorquinone (CQ) and (B) a 

d u c h g  agent N,Ndjmethyîaminoethyl metbicryhte (DMAEM) 

durhg iight e x p u r e  [Criig, 19931 



M-M diniethacryhte mlecule 
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Figure 1.11 Possible teactions in the propagation step in the polymerization of a 

diwthacrylate [adapteà from Aso, 19591 

hh-red spectroscopy analysis of cured composites have shown that a significant 

percentage ( 1 5 to 60 %) of the methacrylate groups temain unreacted [Asmussen, 1 982; 

Ruyter, 1985; Peutzfeldî, 1994; Park, 19961. increases in the intensity of the light source 

~ o m o t o ,  1994; Peutzfeldt., 19941, the photocuring period [Condon, 19971 and the use of 

puised laser source [Tarle, 19981 showed an increase in the degree of conversion whüe an 

increase in the distance fiom the materials surface [Ruyter, 1982; Tade, 1998,] and fiom 

the light source [Ruyter, 1982; Park, 19961 caused the opposite effect 



The composition of the monomer system has also been found to effect the degree of 

conversion. Materials with relatively larger quantities of the rigid bisGMA mowmer 

have s h o w  relatively low degrees of conversion [Ruyter, 1987a; Sanders, 19971. This 

lower conversion ratio has been attributed to the high viscosity of this molecule, which 

reduces the mobility of renctive molecules and thus lowers the probability of d o m  

encounters widi free radicals [Chung, 19901. h contrast, diluent monomers such as 

TEGDMA contribute to an increase in the nurnber of cross-links in the matrix due to their 

lower viscosity and higher mobility [Ruyter, 1987; Asmussen, 19921. These findings led 

to the development of alternate monomers such as propoxylated diphenol dimethacrylate. 

This latter monomer is a flexible derivative of bisGMA, which has shown an increase in 

the conversion ratio [Sanders, 19971. Recent studies [Anseth, 19961, have show that 

ethylene-glycol dimethacrylate monorners with varying chah lengths as cornonomers, 

such as poly(ethy1ene glycol),,-m dimethacrylate, provide an increased level of 

conversion, without compromising strength. 

Another factor affecting the degree of conversion is the initiator system. Previous 

research has demonstnited the importance of proportioning photo-active components (CQ 

and DMAEM) in light-cured restorative materials [Yoshida, 19931. For unfilled resins, 

the degree of conversion was dependent on the CQ to DMAEM ratio, which at a value of 

3:l irespectively yielded a maximum degree of convemioa. in a more ment  study, 

Ruggeberg et al found that a four fold increase in the photoinitiator level compared with 

the standard amount, caused aa increase in the degree of conversion [Ruggeberg, 19971. 



Post-cure heating of resin composites has dernonstrated an increase in diametral strength 

[Bausch, 198 1; Wendt, 1987; Convey, 19921, flexurai strength [Dionysopoulos, 1989; 

Asmussen, 1990; Gregory, 1 9921 and ûactute toughness Fernicane, 19921. These 

property changes are thought to arise from either an incremed monomer conversion 

during the heating processes [Wu, 19831 or fiom an annealing of residual polymerization 

stresses generated during the initial light cMng [deGee, 19901. Post-cured treatment, 

generates an increase in the segmental chah vibrational amplitude, allowing near 

neighbot radicals and methacrylate groups to collide, thus Uicreasing monomer 

conversion [Ruggeberg, 19971. This change was also attributed to the treatments removal 

of volatile unreacted monomers [Bagis, 19971, thus enhancing the composite rein 

properties by removing the component that CM act as a plasticizer, and mbsequently, 

improving the degree of conversion. 

The setting of the current cross-linked polyrneric matrix systerns is always accompanied 

by shrinkage due to the exchange of vinyl double bond for two single covalent bonds 

during the propagation step (Equation 1.2) and the change in the van der Waals 

interaction between molecules [Venhoven, 19931. Hence, in rnethaaylate based resins, 

the number of converted vinyl groups per unit volume is an important factor in 

d e t e m g  the polymerization contraction. Stuclies have shown polymerization 

shrinkage values ranging from 0.8 to 4.1 % volume [Tarle, 19981 and 1.67 to 5.68 % 

volume [GolQnan, 19831 depending on the monomer composition and meuiod of cure. 

The polymerization contraction may lead to the formation of a gap amund the cavity 



margins. When a gap does aot form, there is a build up of intemal stresses which may 

lead to adhesive or cohesive failures [Tarle, 1 9981. 

In conclusion, an optimal degree of conversion and minimal polymerization shrinkage are 

generally antagonistic pals  as increased monomer conversion invariably leads to 

elevated polymerization shrinkage values. However, both panuneters are indispensable 

for an optimal composite resin restoration. 

13.6 FILLER SYSTEMS 

The major constituent of composite resin materials, by weight and volume, is the filler 

[Dogon, 19901. The filler imparts significant physical properties to the matenal mch as 

increased strength and modulus of elasticity, reduced polymerization shrinkage, 

coefficient of thermal expansion, heat of polymerization and water sorption (Cook, L984; 

Dogon, 1990). Cornmon commercial composite resin materials contain fillers such as 

quartz, colloidal silica, silica glasses with barium or lithium aluminum silicate 

[SOderhoIm, 19851. Each filler type endows the composite resin with specific properties 

for defineci applications. 

The cornmon classification for fillers are microfills, macrofills and hybrid [Lang, 19921. 

The traditional macrofiilers were prepared by grinding quartz or other inorganic material 

such as glas or ceramic. The particle size ranged h m  0.1 to 100 pm Boulet, 19871. The 

composite materials containhg these fiIIers dd b m  particle sedimentation, poor 



polishability and high Wear rate [Dogon, 19901. An irnprovement in the fillei system was 

achieved by the reduction of the filler size by a factor o f  10 or more, producing a filler 

with an average particle size ranging between 40 to 60 nrn [Leinfelder, 199 11. Such fine 

particles are smaller than the wavelength of light and thus generate lustrous surfaces upon 

finishing [Smith, 19851. This microfiller systern was composed of finely dispersed glas 

spheres such as silica and producd by a combustion process. The preference by 

clinicians for materiais that wae polishable and which showed improved abrasion 

resistanfe, whiie maintaining optimal consistency led to the development of hybrid 

materials [Smith, 19851. These materials combined the advantages of macrofills (high 

filla loading and better mechanical properties) and microfills (better esthetics and Wear 

resistance). niey had an average particle size in the range of 1 to 5 p. improvements in 

the technology of grinding and dispersion of fillers has produceci highly filled materials 

with loading in excess of 80 % by weight or 65 % by volume. 

1.3.7 FILLER-MATRIX INTERFACE 

To achieve a good bond between the resin and the filler, two approaches can be taken; 

either to create a filler d a c e  to which the resin can bond mechanicdly [Bowen, 1976a 

and 1978; Ehmford, 19831, or to provide a chcmical bond [Bowen, 19631. Mechanical 

bonding can be enhancecl by either sintering particles or fibas togPuier m o r d ,  19761, 

by using an appropriate shape [Jones, 19961, or by etching away a continuous phase of 

glass powen, 1976a and 1976bI. In all  cases, a porous structure will be created, into 



which the resin can flow and after polymerization, the matrix will be mechanically 

bonded to the filler particles. 

The chernical bonding approach has been a cornmon method adopted. The chernical 

bonding between the matrix and the filler allows the more flexible polymer matrix to 

transfer stresses to the stiffer filler particles. The most common couplhg agent used in 

dentistry is y-methacryloxyprop yltnmethoxy silane ( M P S )  [Sijderholm, 19851 (Figure 

1.12). This silane coupling agent contains a reactive organic structure with a vinyl group 

that subsequently reacts with the resin ma&. The methoxy groups can be hydrolyzed by 

water to form silanol groups, which then react at the inorganic filler surface in 

monomeric or oligomeric forms [Soderholm, 1 9851 (Figure 1.1 3A). Subsequent drying 

would complete the condensation process linking the coupling agent molecules to each 

other and to the filler surface by siloxane bonds (Figure 1.138). A silane treated 

composite resin shows lower water solubility and is less msceptiile to disintegration in 

water than are the untreated silica based composites [Bowen, 19631. 

Figure 1.12 Structura1 formuia of y-~nethacryIorypropyltrimetboxy silane (MPS) 

[Sackrholm, 1989 



Figure 1.U Hydrolysis of the methoxy groups of  the silane to form siJanol groups 

(A) and rnction o f  the siJan01 groups with exbthg groups on the fiîier 

surtace ihrough a condensation reaction (B) [SiMerholm, 19851 

The optimum number of chernical bonds needed at the interface to provide lasting 

strength has not yet been determined. A monolayer coverage of the coupling agent 

usually does not yield optimum performance [Johannson, 19671. Coverage is influenced 

by the surface geometry of the filler, its composition and the presence of foreign 

materials [Ishida, 19791. Arkles suggested a formula to detemine the amount of silane 

A 
coupling agent used for filler treatment [Arkles, 19871: X = - f , where X= amount of 

W 

coupling agent in grams needed to obtain a minimum uniform coverage; f= amount of 

filler in gram; A= particle d a c e  area of the filler per gram [m21g]; o= wetting surface 

capability of the silane agent per gram [m21g]. Based on the latter equation, Moshen et al 

found that when three times the minimum calculated arnount of silane (X) was used, the 

treatment was more effective [Moshen, 19951. The ptoposed explanation was that a 

minimum coverage wouid lead to unsilanated filier or condensation of the silanes with 

themselves via the alkoxy groups rather than the hydroxyl groups on the d a c e  of the 

nIler. Another shdy concluded that the amount of silane needed, depended on the 



number of isolated hydroxyl groups available on the filler d a c e  [Soderholrn, 19931. 

Fourier transfomi infia-red spectroscopy revealed that MPS molecules formed two types 

of bonds with the hycûoxyl groups on the surface of the filler; a siloxane bond (Figure 

1.138) a d  a hydrogen bond formed by the carbonyl groups of the MPS molecule. 

1.3.8 SALNARY AND GINGIVAL DERIVJZD ENZYMES 

Saliva is a cornplex mixture of liquid and particulate matter which originates fiom several 

sources; salivary glands, orai rnicro-organisms, serum-like gingival mvicular auid, 

polymorphonuclear leukocytes, epithelial cells and dietary constituents [Chauncey, 196 1 ; 

Nakamura, 1983aI. Chauncey [ 196 11, has classified the salivary enzymes into five major 

groups; the carbohydrases (such as amylase and maltase), the esterases (such as 

acetylcholinesterase and pseudocholinesterase), the îransfdng enzymes (such as 

catalases and oxidases), the proteolytic enzymes (such as proteinase and peptidase) and 

other enzymes (mch as carbonic anhydrase and aldolase). It was also noted that most 

enzymes were partially or entirely produced by rnicroorganisms, which nomally inhabit 

the oral cavity [Chauncey, 1961; Nakamura, 1983al. Many enzymes are also present in 

the leukocytes, found in the saliva and large portions are contained in the pure secretions 

generated by the salivary glands [Chauncey, 196 11. When checked for esterase activities, 

Sheprococ~  sahaBus was found to have moderate to intense esterase activities 

[Chauncey, 196 11 and the level of proteolytic enzymes was associated with the existence 

of periodontd disease makamura, L983aI. Nakamm et al [1983a] studied the extent to 



which of the sources of salivary constituents contriiiiute to the total amount of enzymes. 

Oral micro-organisms were found to produce a large portion of  these activities and some 

of the activities found in the saliva were attniuted solely to microsrganisms associated 

with dental plaque. Estenise activity in the saliva hm been found to also be derived from 

epithelial cells [Lindqvist, 19771. 

Studies have been conducted in order to investigate the relationship between systemic 

conditions and enzymatic activity in the oral cavity [Güven, 1996; Lundgren, 1996; 

Lenander-Lumikary, 19981. Lenander-Lumilcary et al [ 19981 found that salivary 

myeloperoxidase levels increase in adult asthmatic patients compared with healthy adults. 

Giiven et al [1996] demonstnited an elevated amount of saiivary peroxidase in patients 

with insulin-dependent (type i) diabetes mellitus. Lundgren et al [1996] showed that 

patients suffering From Papillon-Leke syndrome (PM) exhibit lower unstimulated and 

stimulated saiivary flows, as well as peroxidase levels in stirnulated saliva as compared 

with healthy patients. It should be mentioned that the aforementioned systemk conditions 

were also linked to a compromised periodontal heaith, so changes in enzymatic activities 

could be used as markers for periodontal disease. 

Other studies have placed an emphasis on the relationship between eazymatic activity in 

gingival crevicular fluid and human saliva and the status of periodontal disease [Genco, 

1984; Ingman, 19961. Higher enzymatic activity levels were found in numerous 

investigations [Nakamura, 1983a; Yamalik 1990 and 199 1 ; Gd, 1996; In-, 19%; 



Klimec, 19971. The elevated enzyme levels bave been partiaily attriiuted to the presence 

of a marked accumulation of bacteria associated with penodontal lesions [Slots, 19791 

and dental plaque such as Bacteroides gingivalis, Capnocytophaga, spirochetes 

makamura, 1983; Slots, 1983; Zambon, 19851, and Treponema denticola or 

Pophyromonm gingivui& [Loesch, 1990; Pederson, 1994; Gazi, 19961. Bacteria can 

elaborate a number of hydrolyric and proteolytic enzymes Ifotos, 19901 dong with a 

wide range of metabolic by-products [Schuster, 19901 on the surface of the restoration, to 

higher levels than those in the saliva [Munksgaard, 19901. Cox and Eley [1987] have 

shown that gingival crevicular fluid contains cathepsin B and üyptastAike activities. In 

other studies [Cox, 19891, gingival crevicular Buid was found to possess a trypsin-like 

activity that was nispected to have been derived fiom subgingival plaque, associated aiso 

with periodontal disease. 

The considerable presence of micro-organisms in periodontitis generates a cascade of 

host responses [Genco, 19841 which 0th leads to the destruction of the periodoatium, 

mediated via enzymatic activity [Loesch, 1988; Cootauco, 19931. The inflarnmatory 

response may also be triggered by the presence of a foreign body within the oral 

biological tissue, specificall y in the periodontal suicus. Such a foreign body could be a 

composite resin restoration, to which oral sîreptococci can adhere [Yamamoto, 1989; 

Zaikind, 1 9981. 



Pseudocholinesterase is one of the numerous enzymes present in the saliva PCE was 

shown in a previous study to significantly d u c e  the surface microhardness of two 

commercial dental restorative composite resins compared to the control [Leung, 19971. 

Cholinestenises (ChE) constitute a p u p  of esterases that hydrolyze choline esters at a 

higher rate than they do 0 t h  esters Fyhhen, 1983al. Various types of ChE can be 

differentiated by the use of either specific substrates or selective inhibiton (Ryhhen, 

1983aJ. In humans, two main types of ChE exist: acetylcholinesterase, which is 

physiologically important and highly specific to acetylcholine; and pseudocholinesterase 

(PCE), which hydrolyzes a few other choline esters as well [Ryhhen, 1983al. ChE are 

generally accepted as being synthesized in the liver, and aithough the exact fùnction of 

PCE is not known, it can serve as a useful indicator of organophosphate poisoning and 

liver disorders [Foldes, 1966; Brown, 198 1 1. 

The PCE activity in several body fluids has been analyzed by Ryhiinen et ai [1983b]. The 

level of the enzyme activity was approximately the same in sweat, lacrimal fluid, urine, 

parotid fluid and whole saliva, but it was ody VlSOO of that of plasma myhiben, 

l983b]. Ryhhen et al [1983a], studied the existence and ongin of ChE in human oral 

fluids. PCE activity was measured by using butyrylthiocholine iodide as a mbsüate. 

Males had approximately twice as much salivary PCE activity as did f d e s  [4.8 * 2.4 

S.D. unitsn and 2.2 + 1.5 S.D. uaitsn respectively]. Salivary PCE activity showed 

dimal variation; activities were about three rimes p a t e r  at four a.m. than at four pm.. 

Pamtid PCE activity correlated with that of the whole saliva, whüe the enzyme activity in 

gingivai crevicular fluid (GCF) was much higher at 120 * 48 SD. units/L. induced 



gingivitis did not show a significant elevation in the PCE activity in the saliva but 

showed an increase in the enzyme GCF activity levels as compared with that of the 

heaithy patients. Furthemore, no PCE activity was found in sonicated samples of plaque, 

indicating that the enzyme activity originated primarily fiorn saliva. These results were in 

contrast to other studies [Chauncey, 196 1 ; Yamalik, 19901, which reported that bacteria 

and food particles might be responsiile for part of the ChE activity in oral fluids. 

Yamalik et al [1990], investigated the PCE activity levels in the GCF, saliva and serum 

from patients with juvenile periodontitis (JP) and rapidly progressive periodontitis (RPP). 

The PCE activity levels in the GCF samples for the JP, RPP and the control groups were 

18 1 * 48, 588 * 135 and 88.5 29.1 unitdL respectively, while the salivary PCE activity 

levels were respectively 9.1 * 1.7, 2 1.8 * 4.5 and 12.7 0.8 unitdl. The authors also 

found that GCF contained a higher PCE activity than saliva but lower than serum. The 

RPP group has a significantiy higher enzyme activity in both GCF and saliva than that of 

the JP and the control, although no significant difference could be found in their s e m  

levels. The authors suggested that the increase in the PCE activity seen in the RPP 

patients might be caused by either the direct production of esterase by bacteria or the 

induction of esterases during paiodontal destruction. in a latter study, Yamalik et al 

[1991] obsewed the effect of different stages of pe'odontal therapy on salivary PCE 

activity in patients with periodontitis. The mean PCE activity in whole saliva was 17.95 

unitsR. in the pre-treatment phase, 4.65 units/L following scaling and orel hygiene 

instructions and 1.93 units/L foilowing surgical procedure. It was o b s d  that the mean 

salivary PCE activity in patients with @dontitis showed a tendency to decrease in both 



phases of treatment, and PCE levels at the end of periodontai therapy were similar to 

those of heaithy subjects. 

Mononuclear phagocytic cells, i.e. macrophages and monocytes, are presented in nomial 

and inflarned gingiva both in human and animal periodontai diseases [Payne, 1975; 

Tenovuo, 1990; Lappin, 1 9991. The ongin of such cells is with blood monocytes [Ebert, 

19391, which are chemotactically attracted into infiammatory sites by numerous 

substances and become activated in tissue to form macrophages. in inflamed gingiva, 

macrophages show a strüang positive activity, both for non-specific esterase and acid 

phosphatase activities [Seymour, 19781. Most of the esterase related activity in mature 

macrophages is cholesterol esterase (CE) [Li, 1 9971. Cholesterol esterase generation 

increases in macrophages under a variety of conditions, both during the nonspecific 

immune response in acute inflammation [Lincihorst, 19971 and following exposure to a 

biomaterial. CE was show in previous work to significantly reduce the d a c e  micro- 

hardness of thrce commercial dental restorative materials [Santerre, 19991 and caused the 

release of elevated Ievels of degradation products fiom both cornmerciai and 

experimental [Shajii, 19991 dental restorative composite resins compared to the control 

samples incubateci with buffer solutions at pH 7.0. Although CE has not been isolated 

fimm human saliva, CE-like activity has been found during the course of this thesis 

[Pershad, 19991. Its presence in macrophages, located within the gingiva may be of great 

importance, especially when composite resîn restorations have gingival or subgingival 

margins. 



13.9 BIODEGRADATION OF DENTAL COMPOSITE RESiNS 

Biodegradation is definai as the gradua1 breakdown of a matenal, mediateci by specific 

biological activity [Williams, 19871. Degradation of composites in the oral cavity has 

been associated wi th several sources; enzymatic h ydrol ysis [Munksg aard, 1 9901. thermal 

cycling [Mair, 1 9891, rnineraiization [Asmussen, 19841, pH changes [Lefebvre, 19951 

oxidation [Ruyter, 19881 and salivary types [Kao, 1989; Mair, 19911. in the mouth, this is 

a complex process, including disintegration and dissolution in saliva and other types of 

chemical or physical degradation, Wear and erosion causai by food, chewing, dnigs, and 

salivary and bactecial activities. No in vitro test is capable of reproducing this cornplex 

and synergistic process [ailo. 1 9921. 

Shidies have investigated the degradation or material loss in dentd composites via three 

principle modes Ferracane, 19941; Wear [Condon, 1997; Satuda, 1997; S6derhoim, 

19981, elution processes [Hamid, 1997; Nathanson, 1997; Geurtsen, lW8a and 1 988b; 

Lee, 1998; Spahl, 1998; Vaubert, 19991, and chemicai degradation [0ysied, 1988; 

Freund, 1990; Larsen 199 1 and 19921. 

Mechanical Wear is a principal factor contriiuting to degradation and accomts for most 

of the material loss [Winkler, 199 11. It has also been associated with a reduction in the 

composites' diametrd tensile sîrength and harâness values [Tzuong, 19881, Anusavice et 



al [1990] have criticized the use of these measures of degradation since the Wear process 

is complex in nature and includes more than just mechanical loading but also chernical 

reactions and fluid sorption. For instance, Chadwick et al [1990], showed an increase in 

the Wear rate of commercial composite resin material following incubation in citrate 

buffer as cornpareâ with distilled water. Specimens that had been stored in lactate buffer 

(pH 4) also exhibited signs of increased degradation as measured by surface hardness 

changes. It was suggested that possible explanation for these changes was related to the 

hydrol ysis of the ester groups within the resin matrix. This reaction is acid-catalyzed and 

hence is pH-dependent. In addition to the effects upon the min matrix, degradation of the 

particdate fillers may also be involved. Al1 composites leach silicon as a mult of stress 

corrosion attacks upon the glass fillers [Stiderholm, 19831. The leakage of filler 

constituents produces cracks at the resin-filler interface [Roulet, 1984, Soderholm, 19841, 

which rnay weaken the material. in another investigation, Wu et al [1982] demonstrated 

an increase in the initial wear rate and decrease in the Knoop Hardness values once the 

composites had been immersed for two weeks in chernicals biown to soften the cross- 

linked matrix material. These included cyclohexanone and various ethanol-water 

mixtures, and were compared with water. An increase in composite resin Wear rates 

[Kula, 19971 as well as d a c e  degradation [Papagiannoulis, 19971, hm been reported 

also following the application of topical fluoride gels. in conclusion, intra-oral conditions 

can be expected to be more complex than those achieved by employing 37OC in distilled 

water, as is fkquently done in accelerated laboratory wear measuements use [Wu, 

19821. 



Elution of unused/unreacted components from dental composites is a diffusion rate- 

dependent process. Diffision is dependent upon polymer type, surface treatment of the 

filler particles and the type of solvent [aiIo, 1992; Feracanne, 19941. Tests in water have 

show that approximately 50 % of the leachable species are eluted within three hom, 

while when soaked with an ethanoVwater mixture, 75 % of the leachable molecules were 

eiuted during the sarne time Ferracane, 19901. Elution of nearly dl-leachable 

components was completed within 24 hours in both solvents. Nurnerous studies have 

focused on the leaching of unreacted monomers from dental resins [Gerzina, 1994; 

Hamid, 1997; Geurtsen, 1998a and 1 998b; Vaubert, 19991. Gerzina et al [ 19941 reported 

the release of TEGDMA and bisGMA monomers by means of HPLC. Another study 

[Tanaka, 19911, have utilized gas-liquid chromatography and mass spectrometry (GC- 

MS) to identifi and quanti@ unreacted TEGDMA and bisGMA that eluted in water. 

Recent studies detected other species in addition to TEGDMA and bisGMA [Vaubert, 

19991. These included such cornonomers as hydroxyethyl methacrylate (HEMA) 

[Geurtsen, 1998a], bisPMA, bisEMA, UDMA, MMA and more [Geurtsen, 1998b1, 

bisMA [Nathanson, 19971, as well as additives and initiators such as camphorquinone 

(CQ) [Geurtsen, 1998b1, tryphenyl stibine and ultra-violet stabilizers [Lee, 19981. Other 

studies have detected the elution of methacrylic acid, M M .  and benzoic acid h m  

acrylic denture base materials, in distilled water [Koda, 19881, artificial saliva at different 

pH's wa, 19901 and whole human saliva paker, 19881. Shintani et al [1993] reported 

on the presence of the additive N,N-dimethyl p-toludine leaching kom acrylic denture 

base materials. 



The leaching of components fiom dental composites has a potential impact on the 

structural stability of the material. A 75 vol. % ethanovwater solution was shown to 

so Aen a bisGMA based resin [Wu, 19821. As well, decreases in diametrd tensile strength 

have been reported for composite exposed to various solutions [Lee, 19941. Lee et al 

[ 19981 dernonstrated that a decrease in the diarnetral tensile strength of bisGMA-UDMA 

and bisEMA-TEGDMA based commercial cornponte resin rnatm*als a b  30 days 

immersion in ethanol (35- 50 %), propnonic acid (25-30 %) and acetic acid (4060 %) 

accompanied the leaching of components fiom the resin. For most of the elution studies, 

the materials were incubated for relatively short periods, up to a maximum of two weeks. 

There is now concem that many of the components that are leached out durîng laboratory 

tests would not necessarily be found clinically, because of chemical changes occumng 

with time during intnisral d a c e  interactions with salivary components, among which 

are included enzymes. 

The hydrolytic action of enzymes on the surface of composite resins has been the subject 

of various investigations [Munksgaard, 1990; Bean, 1994; Santerre, 19991. Micro- 

hardness has been used as a method for assessing the effect of enzymatic hydrolysis on 

the materials in vitro [Munksgaard, 1990; Larsen, 1992; Tsang, 1994; Santene, 19991 and 

in vivo [van Groeningen, 19861. Larsen et al 1199 11 reported a decrease in the hardness of 

the surface of bisGMA-TEGDMA based polymers a f k  incubation with porcine iiver 

esterase for 48 hours. Since the softening effect was significant ody with the use of a 

üght test load, the author attriiuted this to a superScial action of  the estetase on the 

samples, which caused the release of rnethaçryiic acid. This lead to a plasticizing effect 



since the release of methacryiic acid increased the hydrophilicity of the surface, wwhh 

was suspected to have enhanced water uptake by the polymer matrix and yielded a 

greater sofiening of the material. Since the softening effect is associated with the 

loosening of matrix polymer structure, an increased propensity to surface staining may 

also be associated with the soflening of composites [Asmussen, 19841. Material 

discoloration is a clear rnarker of chmical change, which has been consistently observed 

around the margins of restorations that exhibited rnimleakage [Prati, 1 9901. 

Hydrolytic degradation [Munksgaard, 1 990; Larsen, 199 1 ; Santerre, 19991 can predispose 

the material to mechanical Wear during mastication [Munksgaard, 1 990; Larsen, 199 11. 

When a soAened d a c e  layer is rernoved, new exposed material can be subjected to 

enzymatic attack and a repeated Wear process. Munksgaard et al [1990] observed a 

substantially greater mean loss of dry weight when bisGMA-TEGDMA based sarnples 

were incubated with esterase than those incubated with buffer only. in another shldy, 

simulating the proximal Wear processes in commercial composites, an increase in the 

Wear was obsmed for 2-100 incubated with porcine liver esterase, suggesting that the 

enzyrnatic attack could start at the sdace  of the composites [dffiee, 19951. For 

commercial materials with smoother surfaces, Heliomolar md Silw-Plus, the effect was 

not significant, possiily because of the lower fiction wiîh these materials. 

The degradation products of the resin-enzyme interactions can be specifically identifiai 

using chromatography techniques combined with mass specûometry [Tanalea, 1991; 



Wang, 19971. Bean et al 119941 used high performance thin layer chromatography 

(HPTLC) to analyze degradation products following incubation with non-specific porcine 

liver esterase. Methacryiic acid and alcoholic components were proposeci as degradation 

products of the commercial composites, and resulted fiom an enzymatic attack of 

unreacted methacrylate groups. The author suggested that these unreacted groups could 

be dmived fiom unreacted monomen or they may corne from methacrylic acid temiinals 

of oligomers. When the rate of enzyme catal yzeà hydrolysis for different monomers were 

measured, TEGDMA showed a higher rate of degradation, as cornpared with bisGMA. 

Other studies have confirmed this [Larsen, 199 11. The effect of non-specific esterase on 

the degradation of mode1 bisGMA-TEGDMA based polymerized rains has been 

investigated [Munksgaard, 1990; Larsen, 199 1 and 19921 and methacrylic acid was also 

detected by HPLC. ln the latter study, the polymers were crushed and extracted with 

ethanol in order to remove unreacted monomer h m  the matrix pnor to the degradation. 

Hence, the results led the authors to conclude ihat the source of methacrylic acid was 

related to partially reacted monomers (or oligomers) that were bonded in the matrix ody 

by one methacrylate group. The snidy also dernonstrated that an innease in the amount of 

TEGDMA in the resin caused an increase in the methacrylic acid production following 

incubation of cured composite mixtures with the enzyme. 

Biodegradation studies have investigated the effect of the infiammatory cell-derived 

enzyme, cholestaol esterase, on composite dental materials [Santerre, 1999; Shajii, 19991 

and on the degradation of various polymers [Santerrey 1993 and 1994; LabowY 1994 and 

19951. It was also shown that a salivary enzyme, pseudocholinesterase, was able to 



generate biodegradation products from commercial dental composite [Leung, 19971. 

Santerre et ai [Santerre, 19991 had shidied the effect of cholesterol esterase on the 

degradation of three commercial composite resins differing in their monomer chemistry 

and content, as well as filler type and content. The data showed the nature of that 

degradation products varied in content across the materials. A urethane-modified 

bisGMA system (T'PH, DENTSPLY/L.D. Caulk, Milford, DE) was found to show a IO 

fold lower release of bisGMA and TEGDMA derived products relative to that of two 

bisGMA-TEGDMA based systerns (Silux-Plus and 2-100,3M Corp., Minneapolis, MN). 

Furthemiore, the latter two materials, each distinct in their filler type and content, showed 

a diffaent product release profile. Shajii et al [1999] investigated the effect of filler 

content, in microfilleci composites, on the liberation of biodegradation products following 

incubation with cholesterol estenise. It was found that after 8 days of incubation with the 

enzyme, higher amounts of bisGMA and TEGDMA derived products were isolated in the 

lower filler mode1 material, while the opposite effect was observed between 8 and 16 

days. They concluded that the biodegradation product release profiles were dependent on 

the filledresin ratio. 

Oxidation processes have been reported on by 0ysæd et al [1988]. Using HPLC 

combineà with W spectrosaipy, they dernonstrateci the release of forrnaldehyde h m  

commercial composite resins immersed in water for up to 115 days. The authors 

suggested two different mechanians resulting in forrnaidehyde formation. 1) The primary 

oxidation of unreacted methacrylate pups ,  in the p m c e  of air, was seen as a 

possibility in both unreacted monomers or pendant vinyl groups (oripinating h m  



partially reacted monomers within the matrix). 2) the decomposition of an alternathg 

copolymer of methacrylate with orygen could also occur, presumably formed during the 

initial stage of polymerization. There was some c o n c m  that the detected level of 

formaldehyde (up to 0.5 Cig/cmZ) could possibly lead to allergic reactions. 

1.3.10 BIOCOMPATIBLITY OF COMPOSITE RESINS 

Modem dental composite resin materials contain a great variety of different monomers 

and additives. Because of the complex chernical composition, the incomplete conversion 

of monomers and biodegradation processes, it is found that numerous substances, such as 

cornonomers, additives, polymerization products and degradation products may be 

released from the restoration into the adjacent tissues and the oral cavity [Siiderholm, 

1983 and 1984; 0ysæd 1988; Ferracane, 1990 and 1994; Santerre, 1999; Shajii 19991. 

The interaction of these components with cells at the molecular level could cause tissue 

reactions such as inflammation [Hansasuta, 19931, necrosis, immunogenesis and 

carcinogenesis [Wataha, 19941. in many studies, it was found that composite resin 

fillings may cause pulp inflammation. Stanley 119921 reported that the degree of pulpal 

alterations increases in de- cavities. Furthemore, it has been detennined in vivo that 

several composite components such as dibenzoyl-peroxide or 2-hydroxy4methxy- 

benzophenone may cause puip idammations if protective cavity liners are not used 

[Stanley, 19791. The risk that leachable components from a composite resin could affect 

tissues adjacent to composite rrstoration @ulp or periodontium) is correlated to several 



factors such as the liberated amounts of products, the dentinal contact area, the diffision 

of products through the dentine as well as their accumulation in the pulp [Wataha, 19941. 

Genotoxic, mutagenic or estrogenic effects due to extracts from composite resins, light 

cunng glas-ionomer cements, dentin bonding agents and vatious composite resin 

ingredients have been investigated in several in vitro studies [Heil, 1996; Olea, 1996; 

Schweikl, 19981. The cellular toxicity of aqueous extracts fiom four dental composite 

resins after diffision through dentine was investigated by Hanks et al [1988] using Balb/c 

3T3 cells. During the first 24 hows, cytotoxic responses were observed. Nakamura et al 

[ 1 W b ] ,  determined the long-term biocompatibility of consecutive extracts h m  two 

composite resins over a period of 20 weeks by means of HeLa cells. They found severe 

cytotoxic reactions with the 2-week extracts. Polyrnerized composite specimens were 

tested by Geurtsen [1986, 19871 for up to 47 months in primary human gingival 

fibroblasts and permanent L 5178y cells. The set resin material revealed a moderate 

cytotoxicity, which did not decrease duhg the entire period of the investigation. HFLC 

analyses of the extracts indicated that TEGDMA was the component eluted fiom the 

composites. By extraction of the unreacted components with several organic solvents, the 

cytotoxicity of polymerizeâ composite specimens in Balb/c 3T3 cells was reduced to 

10 % pathbun, 19911. Based on these fhdings, it was suggested that an increase in the 

degree of conversion should be applied in order to improve the biocompatiïility of 

composites. This work was fiutha supported by Caughman et al [1990]. 



The revemibility of cytotoxicity of 1 1 isolated composite ingredients (comonomers, 

precursors, initiators and coinitiators) was detemiined by Hanks et al [199 11 using 

permanent Balblc 3T3 cells. The toxicity values could be rated into three different 

concentnition ranges, with ethoxylated bisphenol A dimethacrylate being the most toxic 

substance. A very high toxicity was determined for bisGMA, UDMA and EGDMA. 

Lehmann et al 119931 reported that bisGMA was higlûy toxic in pemanent and prVnary 

human oral fibroblast ce11 cultures types. In addition, it was found that the primary cells 

were more sensitive to the toxic effects than the permanent lines. nie toxicity of methane 

dimethacrylate was investigated with a ce11 line and primary human foreskin fibroblasts, 

using flow cytometry massiri, 19941. At a concentration of 50 pM, which was lethal, ce11 

growth was inhibited significantly. However, cellular alterations causeâ by sublethal 

concentrations were reversible after withdrawal of the monomer fiom the culture 

medium. Geurtsen et al [1998c] evaluated the cytotoxicity of 35 dental composite resin 

components in permanent 3T3 and three human primary fibroblast cultures. Within the 

groups of comonomers, initiaton, and coinitiators, severe (e.g. bisGMA, UDMA) or 

moderate (HEMA, CQ) cytotoxic effects could be observed. Morphological changes of 

periodontal ligament cells in the presence of commercial composites were observed 

[Adams, 1994, 19951. Vacuolation, cell dimption and ce11 loss were evident for most 

materials, while each material exhiibited a distinctive pattern of ce11 injury. 

As mentioned before, the polymerization contraction may lead to a gap formation around 

the cavity marguis, resulting in micro-leakage and its posaile sequelae; passage of fluids, 

bacteria molecules, ions or air between the restorative material and the cavity walls. 



These events usudly resuit in pulpal irritation, thermal sensitivity and recurrent caries 

[Asmussen, 1975; Condon, 1998; Kinomoto, 19991. Mutans streptococci and lactobailli 

were specifically identifiai in plaque found at the margins of composite fillings and 

during cavity preparations [Svanberg, 1990; Kidd, 19931. In addition, it has been 

documenteci that cornonomers such as EGDMA anci TEGDMA may promote the 

proliferation of important cariogenic microorganisms, Luctobacii2u.s ncidojilus and 

Strepfococcur sobn'nus [Hansel, 19981. These observations corroborate the hypothesis 

that bacteria proliferating within the gap between the composite resin restoration and the 

cavity walls might be a main causative factor for alteration of the pulp [Brinnstrom, 

1981; Cox, 19921. 

Exposure to estrogen-mimicking compounds (xenoestrogens) has been judged to be a 

potential problem for humans as well as for wildlife [Raloff, 1994; Safe, 19971. As early 

as 1936, Dodds md Lawson [1936] reporteci the estrogenicity of some diphenyl 

compounds containing two hydroxyls in the para position. One such derivative, bearing 

two methyl groups and known as bisphenol A, has been used by some manufachirers for 

the synthesis of bisGMA powen, 19651 and bisphenol A dimethacrylate or bisMA 

[Ruyter, 19811. The bisGMA molecde itseif may not be an estrogen agonist if the 

bisphenol A groups present in the bisGMA molecule are sterically huidered and if the 

monomer is pure and does not contain any irnpurities. However, this assumpion may wt 

be correct [Glenn, 19791, due to UnpUnties in the material. Olea et al 119961 rrporied that 

significant qumtities of bisphenol A leached fnnn dental resins and sealants into the 

saiiva of treated patients. They tested the estrogenicity of this compound and its 



dimethacrylate ester (bisMA) in vitro using the estrogen-responsive MCF-7 breast cancer 

ce11 line as an indicator system, and found that both compounds effected an increase in 

ce11 proliferation. BisGMA, by itself, was unable to stimulate prolifaation. The 

stimulation effect on the proliferation of ce11 lines were comborated by Schafer et al 

[1999]. It is important to note in vitro expaiments in two subsequent studies to the Olea 

work failed to c o n h  the presence of bisphenol A in eluates of dental resins [Harnid, 

1997; Nathanson, 19971, but the elution of bisMA from two fissure sealant brands was 

reported [Nathanson, 19971. However, it should be noted that the materials in these in 

vitro studies, were incubated either in ethanol (95 %) [Nathanson, 19971 or water 

[Harnid, 19971, which do not exhibit strong hyârolase activities ont0 bisphenol A deriveci 

dimethacrylates. Such activities, which are present in human saliva [Nakamura, 1983al 

may cleave bisMA molecuies to produce bisphenol A [Fung, 19991. 

In summary, the estrogenicity of substances present in dental composite substances is a 

relevant issue since xenoestrogens are fat soluble and cm gain access to other cells via 

the oral or gastrointestinal routes magel, 1997; Ben-Jonathan, 19981. It is not known 

whether bisphenol A and other xenoestrogens accumulate in the human body or how they 

are metabolized. A h  controversial are: 1) the level of exposure of the population to 

these compounds; 2) exactly what levels are sufficiait to cause h m h i l  effects in viw 

[vom Sad, 19981; and 3) whether xenoestrogens have additive effects. Howwer, cment 

studies indicate that both bisphenol A and bisphenol A dimethacrylate have the potential 

to be estmgaiic at rnicromolar concentrations in vitro. 



2.0 MATERIALS AND METHODS 

Al1 of the composite resin materials used in this study were synthesized at the Biomedical 

Polymer Science Laboratory located within the Faculty of dentistry at the University of 

Toronto. The materials used for the synthesis of the composite resins are listed in Table 

2.1, dong with their abbreviations, manufacturer and manufacturer catalog number. 

2.1.1 RESIN PREPARATIONS 

BisGMA and TEGDMA were supplied in kind by Esschem (Linwood, PA) and the 

urethane-modifieâ bisGMA-TEGDMA-bisEMA (u-bis) resin was supplied in kind by 

L.D. CaulW DENTSPLY (Milford, DE). Ail monomen were stored at 4°C until use. A 

bisGMA-TEGDMA (bis) mode1 min was forrnulated to contain 55 % w/w bisGMA and 

45 % w/w TEGDMA. The weight ûaction for this latter mode1 was based on current resin 

compositions for commercial restorative composite resins [3M- 2-100 (MSDS), 3M- 

Silux Plus (MSDS), Ferracane, 19921. In order to facilitate the handling of the high 

viscosity bisGMA monoma, the monomer was heated to 37OC for one hour pnor to the 

addition of TEGDMA. The bisGMA and TEGDMA monomers were mixed at room 

temperature, in a glass vesse1 for 20 minutes at 500 rpm, using a shear dispersion rotor 

blade (Type P4, Bowers, Stratford, ON). 



Table 2.1 Chemicals uwà in the synthesb of mode1 composite resins 

Materials Abbreviation Manufacturer Manufacturer 

catalog 

methacrylo yloxypropoxy) 
phenyl] propane 

Triethylenegl ycol 
dimethacrylate 

BisGMNdiisocyanate 
resin (urethane modified 

bisGMA) 

Ethoxylated bis-phenol-A 
dimethacrylate 

Camp horoquinone 

1,6 Diisocyanatohexane 

Hexamethylene 
Diisocyanate ( 1,6 I4c) 

(8.80 mci/mmol) 

Silanateci, milled SF 
BABG glass 

BisGMA 

TEGDMA 

u-bisGMA 

BisEMA 

CQ 

DMAEM 

HDI 

1 4 ~ C - ~ ~ i  

Barhm glass 
filler 

Esschem 
(Essington, PA) 

Esschem 
(Essington, PA) 

DENTSPLY/ 
Caulk (Milford, 

DE) 

Esschem 
(Essington, PA) 

Aldrich 
(Milwaukee, 

w9 
Aldrich 

(Milwaukee, 
WI) 

Aldrich 
(Milwaukee, 

wr) 

Du-Pont 
New England 

Nuclear 
(Boston, MA) 

DENTSPLYl 
Caulk (Milford, 

DE) 



Prior to the addition of the initiator and reducing agent, both resin systems (i-e. bis and u- 

bis) were warmed to room temperature for one hour. To each resin systern, 0.3 % w/w 

(relative to the resin component) of the initiator Camphorquinone-CQ (1 2489-3, Aldrich, 

Milwaukee, WI) was added, followed by the addition of 0.1 % w/w 2-(Dimethylamino) 

Ethyl Methacrylate-DMAEM (23490-7, Aldrich, Milwaukee, WI) as the reducing agent. 

nie weight ratio of DMAEM to CQ was established at 1:3 in order to have a maximum 

degree of conversion [Yoshida, 19931. The mixhws were blended for an additional 20 

minutes until a homogeneous mixture was obtallied, while being covered with aluminurn 

foi1 to prevent light polyrnerization. 

2.1.2 COMPOSITE MATERIAL PREIPARATION 

Four composite resin materials were prepared. For each resin type (bis or u-bis) two 

composite resin materials with different filler contents were prepared: 10 % w/w and 60 

% W/W. To each of the resin-initiator-raducing agent mixtures, the appropriate amount of 

silanateci barium glas filler (1 micron average diameter), supplied in kind by L.D. Caulk 

DENYSPLY, Milford, DE, was added. This was achieved by gradually adding the filler 

into the resin over a perîod of 30 minutes using a shear dispersion rotor blade (Type P4, 

Bowers, Stratford, ON) at 500 rpm. Table 2.2 contains the amounts of each component 

used in the synthesis of the different composite resin materiab. The fieshly made 

composite resin mixîures were degassed in a vacuum oven (-760 mmHg gauge pressure, 

30°C) ovemight. A h  degassing, the composite resmS were transferred to glass 

containers and stored refkigerated (at 4OC) mtil required. 



2.13 PREPARATION OF CURED COMPOSITE: MATERIAL 

Pnor to the preparation of the cured composite resin samples, the composite resin 

mixtures were warmed at room temperature for one hour. Al1 tools and molds were 

disinfmted with 70 % ethanol solution. Standardized samples of the composite resin were 

made using a Teflonm mold (4mm diameter, 4mm long) and ~ylatu" covered glass 

clamped nom both sides (Figure 2.1). The mold was specifically designeci to allow 

Table 2.2 Composition of mode1 bisGMA-TEGDMA (bis) and urethaae 

modifkd bisGMA-TEGDMA-bisEMA (u-bis) based composite 

resins (al1 amounts are in grams and related to a total weight of 

100 grams) 

Component bis 1 O Bis 60 u-bis 10 u-bis 60 

BisGMA 49.30 21,90 - O 

TEGDMA 40.34 17.93 O - 

u-bisGMA-TEGDMA-bisEMA - * 89.64 39.84 

Carnphorquinone 0.27 O. 12 0.27 0,12 

Dimethylaminoethyl methacrylate 0.09 0.04 0.09 0,04 

Barium @ass filler 10.00 60.00 10.00 60.00 



for an optimal c u ~ g  depth of 2 mm [Ruyter, 1982; Caughman, 19951. The composite 

resin inserts were initially photocured using a light oven with self calibration curing 

process (AC UNILUX, Kulzer, Germany) that was set to program number 1 .  Following 

this cure, the mylarm strips were removed and the samples were pushed out of the mold 

using a clean plastic instrument. Additional photocurllig, using program #10 on the 

curing unit was then canied out. The samples were post cured in a vacuum oven (-760 

mmHg gauge pressure, 60°C) for 48 houn to promote the removal of volatile residual 

monomers and to increase the degree of monomer conversion [Fenacane, 1992; Bagis, 

19971. 

Glas sl ide 
Mytar- shm 

, L Tetlon - mold 

/ t+d m m  

Composite =in 

8 Curing light 

Figure 2.1 Cross-sectionai view of the sampk preparatlon appuatus 



2.1.4 SYNTHESIS OF RADIOLABELED PBISGMA-TEGDMA-BISEMA ("c- 

U-bis) 

The commercial u-bis resin, supplied in kinâ by L.D. Caulk, contained u-bisGMA, 

bisEMA and TEGDMA in a weight ratio of approximately 45:45: 10 respectively, as 

analyzed by gel pemeation chromatography (GPC) and high performance liquid 

chromatography (HPLC). in order to provide a sensitive measure of degradation products 

associated with the urethane bisGMA monomer itself, the analog of the commercial u-bis 

material was synthesized at the Biomedical Polyrner Science Laboratory. A final 

radiolabel concentration of approximately 5 x 10' counts per minute (CPM) per 100 mg 

o f  composite rein material was targeted. This value was based on previous experiments, 

which yielded detectable levels of degradation with polyurethane materials [Santerre, 

19941. To the bisGMA monomer, bisEMA (supplied in kind by Esschern, Essington, PA) 

and TEGDMA monomers were added as diluents. The weight ratio for the monomers 

was 40:45:15 respectively. The monomers were mixed at room temperature, in a glass 

vessel for 20 minutes using a shear dispersion rotor blade (Type P4, Bowers, Sûatford, 

ON) at 500 rpm. The mixture was then degassed in a vacuum oven (-760 mmHg gauge 

pressure, SOC) for 24 hours. 30.5 grams of the monomer mixture was then blended and 

heated to 60-70°C in a glas vessel, using a magnetic stircer on a heated mixing plate, 

placed in a @ove box and purged with dry nitrogen gas. 

To the monomer mixture, 0.25 mCi of 14~-1,6 hexamethylaie düsocyanate ('*c HDI, 

CUS-030C, Du-Pont, sealed ampoule in dry N2) and of 2.6 grams non-labeled distilled 



HDI (D12,470-2, Aldrich, Milwaukee, WI) were gradually added and mixed together 

over a pend of 60 minutes. Prior to use, the non-labeled HDI was distillai in order to 

remove trace impurities and separate residual dimerized diisocyanate fiom the monomer. 

The stoichiornetry of the bisGMA to HDI was 1 :0.65 respectively. AAer an additional 60 

minutes, the reaction was quenched by adding methanol (20% stoichiometry of the 

isocyanate groups). The mixture was then degassed in a vacuum oven (-760mmHg, 5S°C) 

for 24 hom. A schematic dia- of the reaction pathway for the '4~-u-bis is presented 

in Figure 2.2. The synthesized resin mixture was analyzed for molecular weight by gel 

pemeation chromatography (GPC) and for chernical bond analysis by Fourier transform 

infra red (FT-IR) spectroscopy, as descriied in sections 2.2.1 and 2.2.2 respectively. 

To the ' 4 ~ - ~ - b i s  resin, CQ, DMAEM, and barium glass filler (60 % w/w of the total 

composite resin mass) were added and cured samples were prepared as describeci in 

sections 2.1.1, 2.1.2 and 2.1.3. The radiolabel concentration of the '4~-u-bis composite 

resin was 1.120 x 106 CPM per 1-g. AAer addition of the filler, the radiolabel 

concentration was approximately 4.5 x 10* CPM per 100 mg composite r&n, a value 

reasonably close to the targeted value. Radioactivity was measured d e r  dissolving resin 

samples in 0.5 mL of ethanol, contained within scintillation vials, and adding 4 mLs of 

scintillation cocktail (Ready Safe PM 141 349, Beckman, Fullerton, CA). The vials were 

then counted for radiolabeled activi ty (LS 6500 Multi-hirpose Scintillation Counter, 

Beckman, Fulieiton, CA). 



Figure 2.2 Reaction schematic for the '4~-u-bis resin synthesis 

2.2 ANALYSIS OF THE RESINS 

2.2.1 GEL PERMEATION CLIROMATOGRAPHY 

Gel pemeation chromatography (WC) is a method of molecular weight determination 

that utilized the principle of size exclusion chromatography to separate molecules 

according to their relative size. The sample is canied through packed columns by a 

suitable solvent The porous packing in the mlumns permits relatively low rnolecular 

weight species to diffuse into the particles, thus slowing th& passage through the 

columns. In this manner, the different molecular weight species are separated and the 

different retention times can be correlated to theu respective molecular weight. The 



mobile phase used for GPC analysis was HPLC grade N,N-dimethylformamide (DMF) 

(27,0547, Aldrich, Milwaukee, WI). The mobile phase was filtered using a 0.45 pn 

Teflono filter (Chromatographic Specialties Inc., Brockville, Ontario). 

Watersm Styragelm HRI and HR2 HPLC columns (WAT044235 and WAT044238, 

Waters, Milford, MA) with styrenedivinyl-benzene copolymer packing were heated to 

80°C and flushed overnight with the mobile phase at a rate of O. 1 mliminute to estabiish 

a stable baseline. Resin samples were dissolved in mobile phase at a concentration of 0.2 

% wlv (2 mg/mL) and filtered using a 0.45 pm syringe TeflonO filter (Chromatographic 

Specialties hc., Brockville, Ontario). A WatersTM 510 HPLC pump was used to deliver 

the solutions through the columns and to a WatersTM 410 Differential Refiactometer 

detector. TEGDMA, bisGMA, bisEMA (supplied in kind by Esschem, Linwood, PA), 

and the commercial u-bisGu-TEGDMA-bisEMA (supplied in kind by L.D.Caulk, 

Milford, DE) monomers were used as references. The synthesized radiolabeled resin was 

then analyzed by comparing it to the references, using a Baseline 8 10 Chromatography 

Workstation Version 3.30 software (Dynamic Solutions, a division of MiIlipore 

Corporation, Bedford, MA). 

233 FOURIER TRANSFORM MFRA RED SPECTROSCOPY (FT-IR) 

Most compounds having covalent bonds are found to absorb various wavelengths of 

electromagnetic radiation in the infFared band of the spectrum. Specifically, the 

wirational region of the idka red band has been used for chernical group analysis. This 

region is defined at wavelaigtûs between 2.5 pm (4000 cm-') to 15 pm (700 cm-'). 



Fourier Transfomi Infra red Spectroscopy (FT-IR) is a procedure by which the data is 

collecteci and converted ftom an interference signal to a spectnun. FT-[Et analysis was 

carried out in the Ontario Laser and Lightwave Research Centre, University of Toronto. 

The IR spectra were recorded by means of a Bomem Hartmann & Braun system in the 

ûansmission mode. The IR transmission was measured between 4000 cm" to 700 cm-'. 

In order to improve the signal to noise ratio, 30 scans were averaged to obtain one 

representative scan for each sample. The deconvolution of the data and their analysis 

were carrieci out using Bomem Grarns / 386TM sobare  version 2.04 (Galactical 

Industrial Corporation). The spectra were obtained via transmission through thin films 

(-30 micron) of uncureci composite resin Ferracane, i992] and placed on a NaCl disk 

(13XZmm, Spectra-Tech, Shelton, CT) for analysis. Each of the different monomer 

systems, bisGMA-TEGDMA, the commercial u-bisGMA-TEGDMA-bisEMA and the 

1 4 ~ C - u - b i s ~ ~ ~ - ~ ~ ~ ~ ~ ~ - b i s ~ ~ ~  were analyzed in the same manner. 

2.3 S W A C E  ANALYSIS OF THE COMPOSITE RESIN SAMPLES 

Since enzyme/material interactions are prominent on the d a c e  of biomaterials, and 

because surface properties cannot always be predicted fkom bulk observations, it becornes 

important to evaluate those characteristics unique to the d a c e .  in this study, X-ray 

photoelectron spectroscopy, scanning electron microscopy and Fourier transform i n h  

red spectroscopy were used as d a c e  analysis techniques. 



23.1 X-RAY PHOTOELECTRON SPECTROSCOPY 

X-ray photoelectron spectroscopy (XPS), also known as Electmn Spectroscopy for 

Chernicd Analysis (ESCA), is a non destructive technique that provides an analysis for 

dl elements, except hydmgen and helium, within the top 1-25 nm of any solid d a c e ,  

which is vacuum stable [Andrade, 19851. XPS provides identification of elements present 

at concentrations greater than 0.1 % and chernical shih  for bonding studies. 

The theoretical foundation of XPS lies in Einstein's photoeiectric effect 

Equation 2.1 E b  b-& 

where Eb is the electron binding energy, Ek is the electron kinetic energy and hv is the 

photon energy. Hence, given that the photon energy is greater than the binding energy of 

the electron in the atom, the electron CM then be ejected fiom the atom with a kinetic 

energy appmximately equal to the difference between the photon energy and the binding 

energy of the electron. Hence, different elements can be identified by the characteristic 

energy required to release a specific eiectron h m  a particular element. 



\ Sample t 
vacuum 

Sample Andysis Chamber 

Figure 2.3 Schematic diagram of an X-ray photoelectron spectroscopy apparatus 

[adapted from Beamson and Briggs, 19921 

The principle of XPS is schematically illustrated in Figure 2.3. XPS is a very usefùl 

technique in characterizing polperic biomaterial surfaces due to its strong d a c e  

sensitivity and high information content [Ratner, 19831, and has beea shown to 

complement other methods of material characterkation used in surface studies, such as 

transmission FT-IR and scaanllig electron microscopy (SEM). 

The samples were mounted on a holder with the d a c e  to be analyzed facing upward, 

and placed in the high vacuum analysis chamber. The output was a spectnmi of 

photoelectron intetlsity vcrsus binding energy, which allowed for elmental d y s i s  to be 

carrieci out. Quantitation was achieved by measuring the area under each peak and 



applying the correct sensitivity factor for the element The latter is a measure of the 

likelihood of an electron being emitted. The depth of analysis varies depending on the 

sample type and the angle, theta, at which the sample is placed. The angle could be 

changed by tilting the sample from 15 to 90°. 

From each composite resin gmup, three pre-incubation composite resin samples were 

rinsed with 1,1,3 trichlorotrifluoroethane (TCTFE) for 30 minutes, covered with 

aluminum foi1 and then dried in a vacuum oven overnight (-760 rnmHg, 30°C) to remove 

possible traces of silicone contamination, which have a cornmon presence in laboratories. 

The samples were studied at 90' theta angles, representing a lOnm depth into the 

samples. The samples were analyzed by Dr. Rana Sodhi at the Centre for Biomaterials, 

University of Toronto, using a Leybold Max 200 X-ray photoelectron spectrometer. For 

the methacrylate based composite resins an Al K a  source was employed. Low-resolution 

scans were perfonned for carbon, oxygen, silicon and barium. High-resolution scans were 

perfonned between -278 eV and -292 eV, which targets the C 1s bonding energies. Data 

was processed by the Ph.D. candidate using ESCA Tools intafaced with M ~ ~ L A B @  for 

Windows, Version 4.2b. 

23.2 SCANMNG ELECTRON MICROSCOPY 

Scanning electroa microscopy (SEM) provides bigh resolution, tbree dimensional images 

with a significant depth of field. By applying a high voltage electron beam (>5 KVolt) to 

the d a c e  of the sample and spatiaily recoIlSttllcting the intensity of the seconàary 



electron emissions produced by the irradiation, SEM images can be generated. The 

intensity of the secondary electron emission is a fiuiction of the geometry of the sample's 

surface. 

SEM was used in this study to investigate the effect of the biodegradation experiments on 

the surface morphology of the diflerent composite =sin groups. Composite resin samples 

were analyzed prior to and following incubation with the different media. The samples 

were rnounted on the holder using double-sided adhesive carbon tape. Pnor to analysis, 

the samples were coated with 4 nm of platinum deposited using an SC51 5 SEM coating 

system (Polaron equipment LTD). The composite m i n  sarnples were analyzed by Mr. 

Robeit Chemecky at the Faculty of Dentistry, University of Toronto, using a Hitachi S 

2500 scanning electron microscope (Hitachi LTD, Mito City, Japan), viewed at X1000, 

XS000, X 10000 and X20000 rnagnification ratio at 10 KVolt operating voltage. 

2.33 MICRO-€IARDNESS ANALYSIS OF THE COMPOSITE RESIN SAMPLES 

Six composite resin samples fiom each of the experimental groups were selected for 

Vickers micro-hardness analysis. The sampla were washed with double distilled water to 

remove impunties and residual proteins h m  the surface. Then they were dned with 

sterile gauze pads. A Miniload hadness tester (Leitz Wetziar, Gennany) was employai 

to peiform Vickers indentations. The lamp wm switched on for 15 minutes befon using 

the instrument. A microswpic image of the surface was focused on, using the x 20 

magnification objective with the coarse adju~fment. A smooth d a c e  was seiected for 



indentation. The testhg diamond was moved into the indenting position by a rotating 

turret, and the load and testing diamond were released. The load was 200 gnuns. 

Following 30 seconds, the indenting unit was r a i d  and the sample was initidly focused 

on with the 20x objective, and subsequently re-focused on with the 40x objective. At this 

magnification, the length of the indentation diagonal was measured according to the 

Vickers formula, which assumes that both diagonds are equd in length. 

Equation 2.2 

Where HP Vickers Hardness [ ~ ~ / r n r n ~ ]  

M= Mass of the load [grams] 

d= length of the indentation diagonal [pm] 

2.3.4 DEGREE OF WNYL GROUP CONVERSION AT TEE SURFACE 

The degree of viny1 group conversion within the different cured composite resin sarnple 

groups was measured using FT-[R analysis in the transmission mode as descri'bed in 

Section 2.2.2. In order to meamre the degree of vinyl group conversion a f k  curing the 

composite resin samples, the absotbance ratio of the band intensity (Le. peak area) for the 

carbon double-bond (C=C methacrylate saturation) stretch at 1636 cm" and the aromatic 

ring in the bisGMA at 1608 cm-' was calculateci by use of a baseLine technique. The 

baseline spectra were obtained via transmission through thin films (-30 microns thick) of 

mcureâ composite resin Ferracane, 19921, placed on a NaCl disk (13X2mm, Spectra- 



Tech, Shelton, CT) for analysis. The spectra of the cured composite resins were obtahed 

by shaving a mal1 sliver (approximately 500 pm long by 30 pm thick) with a scalpel 

firom the samples' d a c e .  in order to obtain the degree of conversion, the results were 

compared to the baseline. The following equation was used to detemine the degree of 

conversion (D.C.): 

Equation 2.3 D.C. [%l=[l-(cured sample bands ratio/ baseliae band ratio)] x 100% 

Six slivers from each of the different composite resin group were analyzed in this 

manner, so that comparative values of degree of conversion could be provided for each 

~r='UP- 

2.4 ENZYME STUDIES 

2.4.1 ENZYME PREPARATION 

in-vitro biodegradation studies focused on the use of biological activities that have been 

documeated to be associated with human saliva and/or produced by leukocytes or oral 

bacteria when these cells are in an active state [Chauncey, 1961; Nakamura, 1983al. 

Cholesterol esterase (CE) is of specific interest to this study and is a member of the serine 

enzyme family produced by monocytes and their derived macrophages, which are found, at 

sites of idammation [Taovuo, 19901. CE was shown in previous work to siguificantiy 

reduce the swf'iace micro-bardness of three commercial dental restorative materials 



[Tsang, 1994; Santerre, 19991 and causeci the release of elevated levels of degradation 

products fiom both commercial and experimental dental restorative composite resins 

compareâ to the control samples incubated with buffer solutions at pH 7.0 [Santerre, 

1999; Shajii, 19991. An alternate enzyme used in this study and that has been found in 

saliva was represented by pseudocholinesterase (PCE) [Chauncey, 196 1 ; Ryhiinen, 1983a 

and 1983b; Yarnalik, 1990 and 199 11. PCE was shown in previous work in our laboratory 

to genenite biodegradation products and significantly reduce the surface micro-hardness 

of two commercial dental restorative composite resins compared to the control sarnples 

incubated with buffer solutions at pH 7.0. [Leung, 19971. 

CE (Item No. 70-108 1-01, Lot No. 9750, Genzyme, Cambridge, MA) and PCE (C-5386, 

Sigma, St Louis, MO) were prepared by dissolving the enzymes at the required 

concentrations in phosphate b u f f d  saline (D-PBS, 2 1600-0 1 û, Gibco, Grand Island, 

N.Y.). Al1 solutions were stede filtered using a 0.22 pm filter (MillexO-GP, 0.22mm 

Filter unit, Cat. No. SLGPIUSLS, Millipore, Bedford, MA). The prepared CE and PCE 

solutions for replenishing were stored at -80°C. 



2.4.2 ENZYME ACTMTY ASSAYS 

2.4.2.1 CE ACTNITY ASSAY 

The units of CE per mL were initially calculated bas4  on the specification obtained fiom 

the supplier (> 10 units per mg powder; a unit is defineri as the amount of enzyme that 

will catalyze the formation of 1 .O p o l  of cholesterol pet minute at 37OC under specific 

assay method conditions). The actual activity for this study was detennined using p- 

nitrophenylacetate as a substrate (Labow, 1983). The reaction involveci is as follows: 

Cholcst~r~lc u tcn~e  

p-nitrophenyl acetate @-NPA)+B20 pnitrophenol (yeliow)+acetatic acid 

This substrate was prepareâ by dissolving 22 mg para-nitrophenylacetate @-NPA) (N- 

8 1 30, Sigma, St. Louis, MO) in 1 mL methanol, which was then diluted with 100 mLs of 

0.1 M sodium acetate, pH 5.0 in order to achieve a final concentration of 1 mM. Enzyme 

activity was determined by incubating 50 pL of the enzyme solution with a solution 

containing 1.0 mL of phosphate buffer, pH 7.0 and 0.5 mL of the prepared substnite 

solution in a 1.5 rnL optical cuvette. Spctrophotometric measurments were taken at 

room temperature (2S°C) and obtained evexy 30 seconds for 5 minutes, starting 

immediately after the enzyme addition and while the reaction rate was linear. The 

spectrophotometer unit was an üItrospec8 ii, (LKB Biochrom, Cambridge, England). 

For this volume of CE, one unit of activity was dehed as a change of absorbaace of 0.01 

OD. per minute at 410 cun usingpNPA as a substrate at pH 7.0,25OC. 



2.4.2.2 PCE ACTMTY ASSAY 

The units of PCE activity per mi, were initially calculated based on the specification 

obtaiaed fkom the supplier (3.4 units/mg solid; a unit is defined as the hydrolysis of 1 .O 

pmol of butyrylcholine to choline and butyrate per min at pH 8.0, 37OC). The actual 

activity for this study was detaniinai by using butyrylthiocholine (Figure 2.5, page 68) 

as a substrate [Ellman, 19611 (cholinestemse (BTC) activity kit, Sigma, Procedure No. 

42 1). With this kit, the reactions involveci were as follows: 

Cholincstcme 

Butyrylthiochoüne +H20 --b Butyrate + Thiochoiine 

Thiochoüne +5$)-Dithiobis-2-nitrobenzoic Acid 5-Thio-2-Nitrobenzoic-Acid 

Cholinesterase hydrolyzes butyrylthiocholine @TC) to yield thiocholine, which reacts 

with 5,S-Dithiobis-2-nitrobenzoic acid (DTNB) (Figure 2.6, page 68) to fom the yellow 

5-thio-2-niwbenzoate with an absorbance maximum at 405mn. The rate of change in the 

absorbance at 405 nm is directiy proportional to cholinesterase activity. The reconstituted 

BTC kit contains approximately the following concentrations of active ingredients: 

Butyrylthiocholine iodide 5 mM, DTNB 0.25 mM and Buffer pH 7.2 f 0.1. 

Spectrophotomeûic measurements were obtained on an Ultrospec8 II, (LKB Biochrom, 

Cambridge, England) spectrophotometer at m m  temperature (2S°C). Measurements 

were recorded every 30 seconds for 5 minutes, starting immediately after the enzyme 

addition, while the reaction rate was Iinear. For PCE, a unit of enzyme activity was 



defineci as 1 m o l  butyrate released per t mL enzyme solution per minute. The 

caiculation of the PCE activity was computed as follows: 

0.D. x T.V.x 1000 
Equation 2.4 PCE [unWmLj = 

E.C. x Lep. x S.V. 

O.D. 

T.V. 

E.C. 

L.P. 

S.V. 

1000 

= Change in the absorbance per minute at 405 nm. 

= Total volume [mL]. 

= MoIar absorptivity of 5,s'-Dithiobis-2-nitrobenzoic acid at 405 nrn [ 1 3,600 

M" cm"]. 
= Light path [ 1 cm]. 

= Sample volume [mL]. 

= Correction factor. 

2.43 ENZVME STABUITY ASSAYS 

Prior to the incubation of samples with the enzymes, stability studies were conducted to 

assess the rquired replenishing schedule, the effect of the composite resin samples on the 

activity and the munial influence of the enzyrnes on each other. Since multiple esterase 

activities are present within saliva it would be o f  vdue to detennine if synergistic effects 

could be observed between the two enzymes investigated in this study. in both CE and 

PCE stability expaimenîs, the ratio beniveen the composite's resin sample surface area 



and the volume of the incubation solution was kept identical to that of the biodegradation 

experiment (section 2.5.2). 

2.43.1 CE STABILITY ASSAY 

The CE-like activity found in initial solutions of CE (1 unitlml), PCE (1 unit/rnL) and 

CE + PCE (1 unit/mL+l unitlml) incubated (pH 7.0, 37OC) with and without cured bis 

and u-bis composite resin samples for 96 hours was rneaswed. Measwements were taken 

at the following incubation rimes: O, 2.0, 4.0, 6.0, 8.0, 10.0, 24.0, 48 and 96 hom. 

Collected aliquots fiom each of the incubation solutions were analyzed using p-NPA, as 

described for CE in section 2.4.2.1, 

2.43.2 PCE STABILITY ASSAY 

The stability of PCE preparations was studied using solutions of, PCE (1 unit/mL), CE (1 

unit/mL) and PCE + CE (1 unit/mL + 1 unitlml), incubated (pH 7.0, 37OC) with and 

without c u d  bis or u-bis composite min samples for 32 days. Based on the CE stability 

experiment and preliminary data, the CE containing groups were replenished for CE 

activity daily (24 hours) in order to maintain the above specified activity. The activity of 

the PCE at 37OC was determined at the foiiowing times: 4 1.0,2.0,5.0, 10.0, 16.0 and 32 

days. The collected aliquots fbm the incubation solutions were analyzed using 

butyrylthiocholine, as desmied for PCE in section 2.4.22. 



2.4.4 ENZYME SUBSTRATE SPECIEICITIES 

Commonly used substrates for assaying esterases include O- and p-nitmphenylbutyrate 

[Saboori, 19901 and O- and p- nitrophenylactate [Labow, 19831. The structures of the 

nitrophenyl esters are given in Figure 2.4. The O- and p-isomers of these substrates were 

used to assess the different substrate specificities of CE and PCE. The rationale behind 

using these isomers was to compare the activity profiles for CE and PCE when the 

location and the length of the side chah was changed. As well, the substrates could be 

used to identify the possible presence of CE and PCE-Iike activities in human saliva. The 

addition of the butydthiocholine (BTC) substrate permited the specific measure of PCE 

activity. 

The nitropheny Lisomers, O-nitrophenylacetate (O-NPA)(N-900 1 Sigma, S t. Louis, MO), 

p-nitrophenylacetate @-NPA)(N-8 130, Sigma, St. Louis, MO), O-nitrophenylbutyrate (o- 

NPB)(N-975 1, Sigma, St. Louis, MO) and p-nitrophenylbutyrate @-NPB)(N-9876, 

Sigma, St. Louis, MO), were prepared by dissolving 22 mg of the acetate isomers and 

25.4 mg of the butyrate isomem in 1mL methanol which was then diluted with 100 mLs 

of O. 1 M sodium acetate, pH 5.0 in order to yield a b a l  concentration of 1 mM. CE and 

PCE activities were detemllned by incubating the enzymes in a solution containhg 1 .O 

mL of 0.05 M phosphate buffer, pH 7.0 and 0.5 rnL of the prepared nitrophenyl ester 

substrate solution. 
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ortho niîrophenyl butyrate para nitropbenyl butyrate 

Figure 2.4 Structure of para-nitropbeayl acetate, orthwitrophenyl acetate, 

para-nitropheny 1 butyrate and ortho-n ytrophen y 1 butynte 

The arnount of protein (solid) required for the assay of CE was 7.49 pg, when using the 

acetate derivatives and 0.749 pg when using the butyrate ddvatives. Since the latter 

derivatives are more sensitive to CE, lem enzyme was required in order to keep the O.D. 

changes per minute within the range o f  0.0 1-0.0 15, where the conversion rate of the 

substrate is in the linear range. The amount of protein for PCE was 57.72 pg when using 

the nitrophenyl esters. Spectrophotometric measurements at 410 nm were taken, as 

descnied in section 2.4.2. For the nitrophenyl esters, a unit of enzyme activity was 

expressed as a nmol nitrophenol released per pg protein pet minute. Calculation of the 

enzyme activities were done using Equation 2.5. 



Equation 2.5 
OoD. x 1o6 

Enzyme Activity [nmoVpg/min.J = 
EoCo x L o P o  x SoMo 

Where: 

O.D. = Change in the absorbance pet minute at 410 nm. 

E.C. = Molar absorptivity of nitrophend at pH 7.0 at 4 1 0 nm [16,300 M-' cm-']. 

L.P. = Light path [ 1 cm]. 

S.M. = Sample mass [pg]. 

1 o6 = Correction factor. 

The BTC substrate was prepared as described in section 2.4.2. The amount of protein 

nom the commercial CE prepmtion was 14.98 pg and the amount of the commercial 

PCE was 1 1.55 pg for the BTC substrate. The structures of butyrylthiocholine (BTC) and 

5,s'-Dithiobis-2-nitrobenzoic acid (DTNB) are presented respectively in Figures 2.5 aad 

2.6. Spectrophotometric measurements at 405 nm were taken, as d e s m i  in section 

2.4.2. For BTC, a unit of enzyme activity was expressed as mm01 butyrate released per 

pg protein per minute. Calculation of the enzyme activities were canied out using 

Equation 2.6. 

Equation 2.6 
OB. r 1000 

Enzyme Activity [mmoV(i%mia.] = 
EoCo s LoP. x SM. 

mere: 

09. = Change in the absorbame per minute at 405 m. 



E.C. = Molar absorptivity of 5,s'-Dithiobis-2-nitrobenzoic acid at 405 nrn 

[l3,6OO M" cm-']. 

L.P. = Light path [ 1 cm]. 

S.M. = Sample mass [pd. 

1 O00 = Correction factor. 

Figure 2 S  Structure of butyrylthiocholiiie iodide (WC). 

O&H 

Figure 2.6 Structure of S , S 9 - D o b 2 o b e o i c  acid (Dm) 



2.4.5 HYDROLASE ACTMTY IN HUMAN SALIVA 

Since enzymes are present in human saliva [Nakamura, 1 Chauncey, 1 96 11, it is of 

great interest to detmine its enzymatic activity profile and compare it to the activity 

profiles of the stock CE and PCE. Unstimulateci human saliva was coiiected into 50 mLs 

centrifuge tubes and processed based on the methods descriied by Munksgaard [1990]. 

Micro-organisms and debris were removed by centrifugation, using a clinical mode1 

centrifuge (Centrifuge international equipment Co., Needham, MA) at 2400 R.P.M for 10 

minutes and the supernatant was filtered (Millexo-GP, 0.22mm Filter unit, Cat. No. 

SLGPMSLS, Millipore, Bedford, MA). Aliquots of the filtered saliva were tested for 

hydrolase activity, and compareci with the stock CE and PCE enzymes using five 

substrates, p-NPA, O-MA, pNPB, O-NPB and BTC, as described in sections 2.4.2.1, 

2.4.2.2 and 2.4.4. For the nitrophenyl esters, saliva hydrolase activity was detennined by 

incubating 50 pL of filtered saliva with a solution containing 1.0 mL of 0.05 M 

phosphate buffer, pH 7.0 and 0.5 mL of the prepared mbstrate solution. 

Spectrophotometric meamements at 410 nm were obtained using an UltrospeccR, U 

(LKB Biochrom, Cambridge, England) spectrophotometer at room temperanite (2S°C). 

Data was recorded every 30 seconds for 5 minutes, starting immediately &er the 

salivdenzyme addition while the reaction rate was linear, One unit of activity per one mL 

of saliva was defined as a change of absorbana of 0.01 O.D. per minute. 



For the BTC substrate, saliva hydrolase activity was determined by incubating 1OpL of 

filtered saliva in the cholinesterase (BTC) activity kit (Sigma, Procedure No. 421), as 

descriied in section 2.4.2.2. Saliva activity was calculated using Equation 2.4. 

2.4.6 ENZYME INHIBITION ASSAYS 

The mechanism of the enzymatic attack on the mode1 composite resin samples was 

investigated using a specific esteme inhibitor, phenylmethylsulfonyl fluoride (PMSF). 

The structure of PMSF is aven in Figure 2.7. Prior to the biodegradation experiments, 

the activity of the enzymes with and without PMSF (P-7626, Sigma, St. Louis, MO), was 

measured. The inhibition of CE and PCE was determined by adding the PMSF, dissolved 

in ethanol, to the enzyme solutions pnor to their activity measurement [Labow, 19941. 

Activity measurernents were descnied above for CE (section 2.4.2.1) and PCE (section 

2.4.2.2). The enzymes were also assayed with the same volume of ethanol doue in order 

to assess if the latter intluenced the enzyme's activity. PMSF dissolved in ethanol was 

also assayed alone. The final concentration range of PMSF was adjusted to 1-2 rnM in the 

CE solution (1 unitlml) and 0.5-1 m M  for PCE (1 unithni,) and providd measurable 

inhibition values. 

Figure 2.7 Structure of phenyùaethyhulfonyl tluoriàe (PMSF) 



2.5 BIODEGRADATION STUDIES 

2.5.1 COMPOSITE RESIN SAMPLE CONDITIONING 

Pnor to the biodegradation experiments, al1 the composite resin sarnples were incubated 

in D-PBS (phosphate saline buffer made up f?om distillai water) solution (pH 7.0,37*C) 

for 48 hom. The latter step was c h e d  out in an atternpt to rernove a significant hction 

of unreacted monomers available through leaching processes from the samples [Santene, 

1999, Shajii, 19991. The sarnples were then rernoved, washed with ddH20 and dried with 

sterile gauze. 

2.5.2 INCUBATION 

Each treated group (i.e. bis 10, bis60, u-bis 10 or u-bis6O) contained three composite resh 

samples, placed in a 2 mLs sterile vid. The total d a c e  area of  the sarnples for each of  

these groups was 2.26 cd. To each viai (group), 1 mL D-PBS and 1OpL of the selected 

enzyme or buffer solutions were added. Based on the enzyme stability experiments 

(section 2.4.3), the enzyme p u p s  were repleaished daily (every 24 hours) with 1 OpL of 

replenishing solutions, with the appropriate enzyme concentrations to maintain the 

activity at the specified level. 1Opi D-PBS was added daily to the buffer treated groups in 

order to maintain an equal volume with the enzyme p u p s .  AU solutions were sterile 

filtered using 0.22 pn filter (MillexO-GP, 0.Um.m Filter unit, Cat. No. SLGPR25LS, 

Millipore, Bedford, MA). The experiments were nui in tnplicates (N=3). 



in addition, the following control groups were use& 

A Buffer control group @-PBS, glass tubes). 

B. CE control group ( l  unit/mL, glas tubes). 

C. PCE control group (1 um*tlmL, glas tubes). 

Each control group contained glass tubes with the same total d a c e  area as the 

composite resin samples, incubated with the specified incubation media. 

2.5.2.1 DOSE DEPENDENT EFF'ECT OF CE AND PCE ON THE 

BIODEGRADATION OF THE COMPOSITE RESIN SAMPLES 

In order to assess the dose dependence of CE and PCE biodegradation of the composite 

resin samples, composite resin samples containing 60 % w/w filler content and using 

either the bis or u-bis resin formulation were prepared as descnied in sections 2.1 .l, 

2.1.2 and 2.1.3. For each composite resin material, the experiment was divided into the 

following groups: 

A. Buffer treated groups. 

B. CE enzyme treated groups (0.0 1,0.05,0.1 and 1 unît/ml). 

C. PCE enzyme treated groups (0.0 1,0.05,0.1 and 1 unit/mL). 

The samples were incubated for 16 days as describeci in section 2.51. Mer 16 days, 

incubation solutions were collected for HPLC analysis and the samples were kept for 

firrther SEM and micro-hardness analysis. 



2.5.2.2 THE EFFECT OF INCUBATION PERIODS AND FlLLER CONTENT ON 

THE BIODEGRADATION OF THE COMPOSITE RESIN SAMPLES 

in order to determine the effect of incubation period and filler content on the 

biodegradation of the composite resin samples, composite resin samples containhg 10 % 

w/w or 60 % w/w content filler and using either bis or u-bis resins were prepared as 

describeci in sections 2.1.1, 2.1.2 and 2.1.3. For each composite resin group, the 

experiment was divided into the following groups: 

A. Buffer treated groups. 

B. CE enzyme treated groups (1 unit/mL). 

C. PCE enzyme treated groups (1 unit/mL). 

The samples were incubated for a total of 32 days as desmied in section 2.5.2. A h  16 

days, incubation solutions were collected for HPLC analysis while the samples were re- 

incubated in their corresponding solutions for the subsequent 16 day period. AAer 32 

days the incubation soiutions were collected for HPLC analysis and the samples were 

kept for further SEM anal ysis. 

2.5.2.3 MUTUAL INFLUENCE BETWEEN CE AND PCE ON TEiEIR 

BIODEGRADATION OF COMPOSITE RESIN SAMPLES 

It is well documented that saliva contairis diff'feent enzymetic activities [Chauncey, 1% 11 

and these activities may origiaate fiom different sources including oral mi~200rganisms, 

saiivery glands and gingival crevicuar fluid wakamwa, 1983al. Since these activities 

d s t  in saliva, it is of a great intexest to detennine if thece muid be a mutual inauence 



between different esterases. Composite resin samples containhg 60 % wlw content filler 

and using either bis or u-bis resins were prepared as d e s c n i  in sections 2.1.1,2.1.2 and 

2.1.3. For each composite resin material, the experiment was divided into the following 

groups : 

A. Buffer treated groups. 

B. CE enzyme treated groups (0.0 1 uni thi ,  for the bis composite and 0.1 unit/mL 

for the u-bis composite). 

C. PCE enzyme treated groups (0.0 1 unitlml for the bis composite and 0.1 unit/mL 

for the u-bis composite). 

D. CE + PCE enzyme treated groups (0.01 unit/mL CE + 0.01 unit/mL PCE for the 

bis material, 0.1 unit/mL CE + O. 1 unit/mL PCE for the u-bis material). 

The samples were incubated for a total of 16 days as describecl in section 2.5.2. Afier 8 

days, incubation solutions were collected for HPLC anaiysis while the samples were reg 

incubated in their corresponding solutions for the subsequent 8 day period. AAer 16 days 

the incubation solutions were collected for HPLC analysis The samptes were kept for 

fimher SEM analysis. 

2.53.4 EFFECT ON TEE BIODEGlUDATION OF TEE COMPOSITE RESIN 

SAMPLES WHEN CE AND PCE WEXE iNHiBI'IED 

The rnechanism of eaymatic attack on the mode1 composite r d  samples was 

investigated using a specific esterase inhibitor, phenyl methyl sulfonyl fluoride (PMSF). 

Prior to the bidegradation experiments, the activiîy of the enzymes with and without 



PMSF was measured as descriaed in section 2.4.6. Composite resin samples containhg 

60 % w/w filler content and ushg either bis or u-bis resins were prepared as descnied in 

sections 2.1.1, 2.1.2 and 2.1.3. The inhibition of the CE or PCE catalyzed biodegradation 

of the composite was carried out by adding PMSF dissolved in ethanol, or ethanol alone 

(as a control), to the replenishing solutions, prior to their addition to the incubation 

solutions of the composite resin samples as describeci below. For each composite resin 

material, the experiment was divided into the following groups: 

A. Buffer treated groups 

B. Buffer + PMSF treated groups (0.1 mM PMSF) 

C. CE treated groups (0.1 unit/mL) 

D. CE + ethanol treated groups (0.1 unit/mL + 1 0pl ethanol) 

E. CE + PMSF treated groups (O. 1 unitfml CE + 0.1 mM PMSF) 

F. PCE treated groups (O. 1 unit/mL) 

G. PCE + ethanol treated groups (0.1 unit/mL + 10pl eethanol) 

8. PCE + PMSF treated groups (0.1 u n i t h l  + O.OSrnM PMSF) 

The samples were incubated for 16 days as described in section 2.5.2. Mer 16 days, 

incubation solutions were collectai for HPLC analysis. The samples were kept for M e r  

SEM analysis. 

2.5.2.5 BIODEGRADATION OF "c-u-bir COMPOSITE BY CE OR PCE 

Radioactivity monitoring was used to assess the quantity of radiolabeled HDI and HDI- 

bisGMA derivatives released h m  the I4c-u-bis composite resin samples. Composite 



resin sarnples containing 60 % w/w filier content and usuig 14~-u-bis resin were prepared 

(section 2.1.4). The experiment was divided into the following groups: 

A. Buffer control groups. 

B. CE treated groups (1 unittml) 

C. PCE treated groups (1 unit/mL) 

The samples were incubateci for a total of 32 days as d e s d e d  in section 2.5.2. AAer 16 

days, 0.5 mL fiom each of the incubation solutions were collected into scintillation vials, 

4.5 mLs of scintillation cocktail (Ready Safe PM 141 349, Beckman, Fullerton, CA) were 

added and the vials were read for radiolabeled activity (LS 6500 Muiti-Purpose 

Scintillation Counter, Bechan, Fullerton, CA). For HPLC analysis, 0.4 mL from each of 

the incubation solutions were filtercd with a Millipore centrifuge filter device 

(Ultrafi&MC UFC3LGCO0, Millipore, Bedford, MA) that rernoves molecules with a 

molecular weight greater than 5,000 in a centrifuge (H-25F1, Silencer) at 2400 R.P.M., 

and kept refngerated. The samples were re-incubated in their corresponding solutions for 

a subsequent 16 day period. A h  32 days, the incubation solutions were collected for 

HPLC andysis and radioactivity monitoring as descrhed above. 

2.53 ENZYMATIC HYDROCYSIS OF MONOMERS 

Since the cured composite resin samples contained unreacted, partially and fully reacted 

monomers, it was Unportant to determine the enzymes' ability to catalyze the hydrolysis 

of the monomers that were used in the preparation of the resias. Hence, in conjunction 

with the enzyme substrate specificity experùnents (section 2.4.4). a more comprrhmsive 



activity profile could be assembled for each of the enzymes. The CE and PCE catalyzed 

hydrolysis of bisGMA, bisEMA and TEGDMA were detenniaed as follows: 

CE or PCE (1 unit/mL) were added to 2.0 mL 104 M bisGMA, 10' M bisEMA or 

5 x 10~' M TEGDMA dissolved in D-PBS, pH 7.0 at 37OC. Aliquots (200pL), in which 

the reaction was stopped by the addition of 133pL of methanol were taken der various 

time periods and used for detection of products by HPLC. The methanol was used to 

deactivate the enzymes [Munksgaard, 19901. Since methacrylic acid is an end product of 

the biodegradation of al1 the monomns, its production rate was measured in order to 

assess the hydrol ysis rate of the different monomers wi th the diffèrent enzymes. 

2.5.4 PRODUCT COLLECTION 

The collected incubation solutions were filtered with a Millipore centrifùge filter device 

(Ultrafi&-CL, UFC4LCCOO 5000 NMWL, Millipore, Bedford, MA) that removes 

molecules with a molecular weight greater than 5,000. Samples were centrifugai using an 

international ciinical mode1 centrifuge (Centrifuge international equipment Co., 

Needham, MA) at 2400 R.P.M. and kept refîigerated at 4OC until required for analysis. 



2.6 ISOLATION AND IDENTIFICATION OF BIODEGRADATION 

PRODUCTS 

The techniques that were in use to separate and identify the biodegradation products of 

the composite min  samples were high performance Iiquid chromatography (HPLC) 

coupled with ultraviolet (UV) spectroscopy and mass spectrometry (MS). 

2.6.1 PRODUCT ISOLATION BY BIGH PERJURMANCE LIQUID 

CHROMATOGRAPHY (HPLC) 

HPLC was used to separate and isolate the biodegradation products of the composite 

resin samples. The separation process is based on interactions between a stationary phase 

(column), a mobile phase (solvent) and the solute molecules (sample). A ~ a t e  HPLC 

system (Waters, Mississauga, Ontario) was employed in the separation of biodegradation 

products. A schematic of the HPLC apparatus is presented in Figure 2.8. Filtaed and 

pressurized mobile phase is passed h m  a pump (model 600 pump, watersTM, 

Mississauga, Ontario) to an injector (model U6K, watersTM, Mississauga, Ontario) and 

into a column (pBmdpackTM Cia 4.6 X 250, watersTM, Mississauga, Ontario; or 

Phenomenex Luna 5p C l8(2) 4.6 X 250, Phenomenex, Torrance, CA), where the solvent 

equilibrates with the solid column packing and exits to a flow ce11 detector (model 996 

Photo Diode Anay (PDA) detector, watersm, Mississauga, Ontario). The hd  sample is 

then transferred out to the waste or fiaction collection module. Pressure, 
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flow rate, and composition of the solvent mixture are programmed through the sofhvare 

(Millenium chromatography manager software Version 2.15) and controlled by a 

controller (mode1 600E system controller, watersm, Mississauga, Ontario). Prior to use, 

the mobile phase was filtered through a 0.45 pm Teflona filter (Chromatographie 

Specialties Inc., Brockville, Ontario) to rernove particulate contamination and then 

degassed by sonication for 20 minutes prior to its use. During the HPLC cycles, the 

mobile phase was fiirther degasseà by helium sparping. Each sample was dissolved into 

the mobile phase and was delivemi to the system through the injecter. A watersTM inline 

column filter (SS, O . U p ) ,  and a guard pack colwnn filter (pbondapak, Cl 8) served to 

rernove residual micro-particles and proteins from the sample. Separated compounds 

passed through the detector flow ceil which üanslated concentration changes to signal 

voltage. Data were recorded into the computer hard drive using software (Millenium 

chromatography manager software Version 2.15) as a chromatognun and was represented 

in ternis of an absorbance signal @Volt) given as a function of retention tirne. 

Quantitation was achieved by measurùig the area under each peak @Volt x second) and 

then these values were converted to amounts per composite resin sample area using 

calibration curves generated fiom appropriate standards (see Appendices 8.1-8.5). 

Product isolation in this study was based on a reverse phase chromatographie process. in 

reverse phase chromatography, the polarity of the stationary phase is lower relative to 

that of the solvent. In these systems, the mobile phases consist of relatively polar solvent 

mixtures such as methanoVwater or acetonitrilelwater. Different solutes were distri'buted 

m e e n  the non-polar stationary phase and the polar mobile phase according to th& 



polarities. In this way, the distniution of the solutes between the phases could be 

changed by changing the difference in the polarity between the stationary phase (colum. 

packing) and the mobile phase. The following parameters cm affect the polar@ of  the 

mobile phase: composition, concentration, type, pH and temperature. 

Table 2.3 represents the optirnucd mobile phase method applied for the separtition of the 

biodegradation products in this study. The buffer consisteci of a 2 m M  ammonium acetate 

99.999% (37,233- 1, Aldrich, Milwaukee, WI) solution adjusted to pH 

Table 23 HPLC gradient method for separation of composite reain sampk 

biodegradation products 

Time [Minutes] Flow Rate [mUrninute] Methanol [%] Buffer [Yo] Water [%] 

O 1 .O 40 60 O 

8 1 .O 60 40 O 

16 1 .O 100 O O 

30 1 .O 1 O0 O O 

30.1 1 .O O O 100 

35 1 .O O O 100 

35.1 1 .O 40 60 O 

60 1 .O 40 60 O 



3 .O with hydrochlonc acid 6.00 N (VW3204-1, VWR, West Chester, PA) or acetic acid 

HPLC grade (double distilled, PPB/Teflon@ 3 8,0 1 2, Aldrich, Milwaukee, WI). Each 

chromatogram ran for a cycle of 30 minutes. Following the sample separation cycle, the 

system was flushed with water for 5 minutes. Mer that, re-quilibration was pedormed 

with the initial mobile phase mixture until the next sample injection. 

2.6.2 ULTRAVIOLET (UV) SPECTROSCOPY 

Most organic molecules and functional groups are transparent in the W electromagnetic 

region. This region spans wavelengths between 190 nrn to 400 nrn. in some cases, useful 

information cm be obtained frorn this region of the spectrum. An empirical expression, 

dso known as the Beer-Lamber Law, is writîen below. (This law is obeyed only for a 

single species at a time). 

Equation 2.7 

Where: 

i,, = intensity of light incident upon the sample ce11 

1 = Intensity of light leaving the sample ce11 

c = Molar concentration of the solute 

1 = Length of the sample ce11 [cm] 

E = molar absorptivity for a certain a wavelength w' cm-'] 



The HPLC system used in this study was equipped with a photodiode array detector 

(mode1 996 Photo Diode Array (PDA) detector, watersm, Mississauga, Ontario). in this 

detector, a polychromatic UV spectnmi passes through the sarnple cell. The light leaving 

the sarnple ce11 falls upon an array of photodiodes, each m e a s d g  a nmow band of 

wavelengths in the spectrum. The data aquisitioa is pardlel so al1 the spectnim points 

are measured simultaneously. In this manner, the spectra of each peak cm be obtained 

and compared to a known standard, which aids in product identification. Skce the PDA 

detector provides a fiil1 spectnim for a given product, it is an effective aid for selecting a 

wavelength in which product peaks have their maximum absorbance. For this study, the 

peaks were reported at a wavelength of 2 15 m. 

2.6.3. PRODUCT IDENTIFICATION BY MASS SPECTROMETRY 

Mass spechometry (MS) is a technique used for molecular mass determination. In this 

systern, the samples are evaporated under vacuum in an ionkation chamber. During this 

process, energy is tmnsferred to the molecules in the vapor state , resulting in the 

production of fragments of positive ions [Pavia, 19791. These ions are accelerated 

through an electric field and separated by quadrupoles. A quadruple is an arrangement 

of four charged rods mounding the path of the ions , thus directhg their path by means 

of an electrostatic field. At this point, a molecuiar mass spedmm is producecl and 

scanneci by the mass analyzer, which generates peaks in which the relative intensities are 

proportional to the abundance of the ions. The spectMn is then plotted as relative 

intensities versus mass to charge ( d z )  ratio. Additional prcxiucts associated with the 



same mass ion, cm be observed if salts are present in the mobile phase or in the sample, 

thus producing [molecular species] with ~ a + ,  K+ and & ions. A typical mass 

spectrometry apparatus is presented in Figure 2.9. 

Figure 2.9 Block diagram of a Mple quadrupole mass spectrometer 

in order to f.urtfier investigate the structure of peaks related to the parent spectrum, a 

tandem mass spectrometry (MS/MS) method was employed. The ions are passed into the 

first quadruple, where the specific molecular species are separateci and passed to the 

second quadnipole. Undesireci molecular species are eliminated by forceâ collision with 

the quadruple rods. in the second quadrupole, the parent ions are bombarded with argon 

gas, which causes ion fragmentation, which can be controlled by the pressure of the 

collision gas. Fmgmented ions are called daughter ions. The hird quadnipole separates 

the resulting daughter ions and directs them to the detector. 
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mUminute using an HPLC pump (L,KB, Broma, Sweeden). A 5.0 KVolt potential was 

applied at the tip of the spray needle to ionize the samples and an 80 Volt potential was 

applied at the diaphragm of the spectrometer. Ions with an m/z ratio between 100 to 2000 

atomic mass unit (a.m.u.) typically have a standard deviation of * 0.5 a.m.u.. 

In order to increase the sensitivity of the detection wiîh low concentration species, the 

MS systern was used to detect and analyze products. The mass spectrometry analysis of 

biodegradation products was carrieci out by Ms. Doreen Wen at the laboratory located in 

the Carboh ydrate Research Centre, University of Toronto, using an AP 1-U 1 biomolecdar 

rnass analyzer (Perkin-Elmer Sciex insmmients, Concord, Ontario). TUNE 2.5 and 

MACSPEC 3.3 software (Petkin-Elmer Saex Instruments, Concord, Ontario) were used 

to collect and analyze the data. All m/z assignments were done by the Ph.D. candiadate. 

2.7 RADIOACTIVITY MONtTORING OF HPLC FRACTIONS 

In an attempt to isolate and identify the different radiolabeled degradation products of the 

14c-u-bis composite resin samples, HPLC hctions of the incubation solutions were 

collecteci every minute and counted for radiolabel contents in addition to the whole 

solution radioactivity monitoring. The fiactions (1 mL) were colIecteà into scintillation 

vials, 4.5 mLs of scintillation cocktail (Ready Safe PIN 141349, Beckman, Fullerton, 

CA) were added and the Gais were read for radiolabeled activity (LS 6500 Multi-Purpose 

ScintilIation Couter. Beckman, Fullerton, CA). 



2.8 STATISTICAL ANALYSIS 

The amount of product that was released by the mode1 materiais was expnssed as the 

amount per composite resin surface area for the HPLC analysis and as counts per minute 

(CPM) per composite resin sudace area for the radiolabelad material analysis. A Scefe 

multiple cornparison after one way analysis of variance was applied for each group, with 

the dependent variable being amount per composite resin surface area or CPM per 

composite resin surface area. The independent variables were: the composite rein types 

and/or incubation media a d o r  incubation period. The amount per composite min 

surface area or CPM per composite resin surface area was expressed as a mean 

f standard error. The confidence interval was set at 95 %. The number of samples in each 

group was at least three. Whcn more than the three samples were used, a special note was 

made. 

Micro-hardness values were expressecl as Vickers scale readings [ ~ g / m m ' ] .  A Sceffe 

multiple cornparison after one way analysis of variance was applied for each group. The 

dependent variable was the Vickers hardness reading. The indepmdent variables were the 

composite r e i n  type andlor the incubation media as follows: pre-incubation, 32 days 

buffer incubated, 32 days CE incubated and 32 days PCE incubated. The number of 

sarnples in each group was 6. Micro-hardness r d t s  were expressed as the mean I 

standard error. The confidence interval was set at 95 %. 



Enzyme activities were expressed in u n i W  (by the definition of each enzyme activity, 

see section 2.4.2) or as a percentage of a selected reference activity. A Sceffe multiple 

cornparison after one way analysis of variance was applied for each group. The 

dependent variable was the enzymes' activity. The number of samples in each group was 

six. Enzyme activities were expressed as mean f standard error. The confidence interval 

was set at 95 %. 



3.0 RESULTS 

3.1 RESIN CHARACTERIZATION 

In this study, three resin fomulations, namely bisGMA-TEGDMA (bis), commercial 

urethane modified bisGMA-TEGDMA-bisEMA (u-bis) and ['c-urethane modified- 

bisGMA-TEGDMA-bisEMA (14~-u-bis), with varying filler components were 

synthesized as described in sections 2.1 .l, 2.1.2, 2.1.4 and in Tables 2.1 and 2.2. The 

composite resin matenals were characterized using Fourier transfomi inh-red 

spectroscopy (FT-IR) and gel permeation chromatography (GPC) to determine their 

molecular weight distribution and chernical bond structure. The results of these 

characterization studies are d e s d e d  in the following sections. 

3.1.1 FOURIER TRANSFORM INFRA RED SPECTROSCOPY 

Fourier transfocm infia red spectroscopy (FT-IR) of bis, u-bis and I4c-u-bis was &ed 

out in transmission mode. Figure 3.1 shows the plots of absorbace vernis wavenumbers 

for bis, u-bis and 14c-u-bis, anaiyzed using infia-red spectmscopy. Peak assigrnent was 

based on the existing literature mueggeberg 1990; McCarthy J., 1997; Xu 1. 19971. The 

main diffaences were noted in the 3320-3450 cm-' and 3300-3600 cm-' wavenumber 

regions, which are attributed to N-H and O-H groups respectively. The O-H bond, which 

orighated h m  the bisGMA molecule within the bis resin, is replaced in the commercial 



u-bis and 14c-u-bis materials with a urethane bonded (WH) HDLbisGMA. Some of the 

other principal peaks in Figure 3.1, which were related to the methacrylate monomers of 

the composites are attributed to the stretching of the carbonyl group located at 1722 cm-' 

(associateci with the esters in the methacrylate units and the urethane for the u-bis and 

"c-u-bis), the aliphatic C=C stretching at 1638 cm-', the aromatic C=C stretching at 

either 1608 or 1580 cm-' and the C-H stretching of the methyl group at 2890 and 2930 

cm-'. in both systems, the aliphatic C-O stretch mode, usually observeci between 1050 to 

1300 cm" region is dominateci by a peak at 1 176 cm". Note the similarities for the N-H 

groups for the commercial u-bis and the 14c-u-bis, confirming that the mode1 u-bis is 

representative of the commercial material. 

i 
a 
f s 
P 
4 

Figure 3.1 

( 1 722 cm') ( 1 722 cm') 

8 
( 1  176 cm-') 

O 

(3320-3450 cmmt) (2890-2930crn') 

(3300-3600 cm-') 

14 C-u-bis 

U-b is 

bis 

Fourier b d o r m  iafn red specbr for MGMA-TEGDMA (bis), 

cornmerciai mthane d f i e d  bisGMA-TEGDMA-bisEMA @-bis) 

and '4~-uretbrne modjaed bisGMA-TEGDMA-bbEMA ("c-u-bis) 

mins 



3.1.2 GEL PERMEATION CHROMATOGIUPHY 

Gel permeation chromatography (GPC) analysis of the model 14c-u-bis and the 

commercial u-bis were compared to TEGDMA, bisGMA and bisEMA monomers used as 

references and representative monomers of the principal resin components (i.e. bisEMA, 

TEGDMA and bisGMA) in the u-bis system (Figure 3.2). The data are presented as 

changes in refiaction index (proportional to concentration) versus retention time. 

Figwe3.2 Gel permeation cbromatography anaiyds of TECIMA, bisGMA, 

bisEMA, commercial arethme modifiecl bbGMA-TEGDMA-birEMA 

(9-bis) and a model ndblabekd arethane modified bisGMA- 

TEGDMA-blsEMA ('k-U-bb) 



It is noted that the 14c-u-bis and u-bis are composed mainly of a mixture containing 

bisEMA monomer, a smaller amount of TEGDMA monomer and an oligomer, 

synthesized from a urethane linked HDI and bisGMA molecules. Based on the 

chromatogram data it is also observed that there is very little bisGMA remaining in the 

monoma mixture following the reactioa with HDI. The urethane linked HDI-bisGMA 

oiigomer is composed of an average of 7-9 linked bisGMA molecules, similar to the 

range found in other studies [Ruyter 198 1, l987a and 1987bl. The mode1 14c-U-bis is 

very similar, in tenns of monomer and oligomer disüiiution, to the commercial u-bis. 

This character should permit the 'k-u-bis system to reasonably reproduce the character 

of u-bis systern in the biodegradation studies. 

3.2 SURFACE ANALYSIS OF THE COMPOSITE RESM SAMPLES 

The cured composite resin sarnples were analyzed by XPS to detennine surface elemental 

composition, by SEM to determine surface morphology and by FT-iR to detemine the 

degree of vinyl group conversion at the surface as descnied in section 2.3.1, 2.3.2 and 

2.3.4 respective1 y. 

32.1 SURFACE ELEMENTAL ANALYSIS OF THE COMPOSITE RESIN 

SAMPLES 

Elemental d a c e  analysis of three specimens h m  each of the composite resin groups 

(Le. bisl0, bis60, u-bis10 and u-bis60) was performed prior to the incubation of the 



samples in their comesponding solution, using X-ray photoelecbon spectroscopy (XPS). 

Table 3.1 shows the surface elernentai composition [%, mean * standard m r ]  of the 

composite m in  samples at a 90' take off angle which conesponds to an approximate 

analysis depth of the top 10 m. 

It is observed that changing the resin type as well as increasing the amount of filler frorn 

10 to 60 wiw % does not alter the surface elemental composition of the samples. 

Although the amount of Si 2p shows a slight increasing trend with the higher filler 

contents sarnples, this increase is small in absolute values. Furthemore, taking into 

account that the resolution limit of the instrument is 1 %, and the amounts show are 

within this limit, this leads to the conclusion that most of the samples' surface is pure 

resin. A theoreticai calculation of carbon and oxygen content (based on the original 

monomer mixtures) in the pure regin yields values of approximately 76 % and 24 % 

respectively. These values are very similar to the values reported in Table 3.1. 

Table 3.1 Quantitative elemental andysis of composite resin samples 

I Elemenb [%] 

bis 10 

bis 60 

U-bis 10 

u-bis 60 

Composite Resh 
I 

C 1s O 1s Si 2p Ba 3dS 



A more detailed surface analysis was obtained h m  the high-resolution spectra of the C 

1s peak (Table 3.2). The C 1s binding energies at 285.0, 286.5, 289 and 289.6 electron 

Volts (evolts), correspond respectively to the C-C, C-O, C=O and CXONH (urethaae) 

bonds. An example of the curve fitting is shown in Figure 3.3. For both materials, a 

higher content of C-C is evident, followed by C-O and C=O. The urethane bond at 289.6 

eVolts is evident only for u-bis materials. The presence of C=O is assigned primarily to 

the ester bond of the resin and identifies that ester groups are present near and at the 

surface of both materials. Since these groups are particularly sensitive to hydrolytic 

reactions, it is anticipated that they will be available to undergo cleavage in the 

biodegradation studies. A higher content of this bond is presented in the bis groups, for 

example 1 1.54 i 0.68 % for bis 1 O compared with 5.65 + 0.17 % for u-bis 10 material. 

Table 3.2 C 1s high-resolution analysis of  composite min sampies 

Chernieal Bonds [%I 

l C C  C-O C=O OCONH 



-296 -294 -292 -290 -208 -286 -284 -282 -280 -278 -296 -2% -292 -T90 -288 -286 -204 -202 -280 -278 

Binding Energy (eV) Binding Energy (eV) 

Figure 3.3 XPS high resolution curve fitthg for 285.0, 286.5, 289 and 289.6 

eVolts, cotresponding respcetively to C-C, C-O, C a  and OCONH 

(urethane) bonds in bb60 (A) and u-bis60 (B) composite samples 

3.2.2 SURFACE MORPHOLOGY OF THE COMPOSITE SAMPLES 

The d a c e  morphology of the composite min samples was studied using scanning 

electron microscopy (SEM), as descriied in section 2.3.2. Photomicrographs of the bis 10, 

bis60, u-bis10 and u-bis60 prior to incubation in the aqueous solutions are presented in 

Figures 3.4 and 3.5. The photomicrographs support the XPS analysis, which suggested 

that the surfaces for al1 the samples are composed mainly of resin (Figures 3.4 and 3.5). 

The surfaces of u-bis10 and u-bis60 samples are relatively smoother than those of th& 

non-urethane analogs, bis 10 and bis60 formulations. increasing the filla content fiom 

10 % to 60 % produceci a rougher surface morphology and this is particdarly relevant for 

the bis samples (compare Figures 3.4A-B to Figures 3.5A-B respectively). 



Flgure3.4 Scanning electron micrograph of bis10 (A) and bis60 (B) 

incubation (1 xlo4 original magniflca tion) 

Figure 3.5 

prior to 

A B 

S c m g  eleetron microgrph of u-bis10 (A) ind u-bh60 (B) prior to 

ineu bation (1x10' original rnagdfication) 



3.2.3 DEGREE OF VLNYL GROUP CONVERSION AT TEE SURFACE 

nie degree of vinyl group conversion for the cured composite resin samples was 

measufed using FT-IR spectroscopy in trammission mode as d e s m i  in Section 2.3.4. 

FT-IR andysis of 6 specimens from each type of composite resin was performed prior to 

the incubation of the samples. The composite resins were anaiyzed before and after the 

photocuring, in order to calculate the degree of conversion. An example of the c w e  

fitting for the 1608 cm-' and 1636 cm-' wavenumber peaks, corresponding respectively to 

the aromatic C=C and the vinyl group C=C bonds is presented in Figure 3.6. The use of 

the aromatic C=C bond to normalize the vhyl group has been reporteci by others 

[Asmussen 1982; Femtcane J.L. 1992; Nomoto, 1994; Peutzfeldt, 19941. 

Figure 3.6 Curve fitting for the 1608 cm' and 1636 c d  wavenumber peakr, 

corresponding respectively to the C=C ammatic and C=C vinyl 

bonds, prlor (A) and following (B) photocuring of  bklO sample 



The 1636cm-' to 1608cm-' peak area ratio prior to the photocuring (Figure 3.6A) is the 

ratio when 100 % of vinyl groups are unreacted, while the same peak area ratio following 

the photocuring ptocess (Figure 3.68) represents the remaining meacteci vinyl groups. 

Using Equation 2.3 (section 2.3.4), the degree of vinyi group conversion was calculated 

for each type of composite rein (i.e. bisl0, bis60, u-bis10 and u-bis6O) prior to 

incubation of the smples (Figure 3.7). 

It is observai that the degree of conversion is about 70% (Figure 3.7), with no significant 

diffaence found between the composites with different filler contents or resin type. 

Figure 3.7 Degrec of vinyl group conversion for the bisl0, bis60, u-bis10 and u- 

bis60 composite resin miteriais 



3 3  ENZYME STUDIES 

33.1 ENZYME STABILITY ASSAYS 

Prior to the incubation of sarnples with the enzymes, stability studies were conducted in 

order to assess the required replenishing schedule, the effect of the composite resin 

samples on the activity and the mutual influence of the enzymes on each other. Since 

multiple esterase activities are presented within human saliva, it would be of value to 

determine if synergistic effects could be observed in the presence of two or more 

enzymes. These data were acquired with the assistance of Mr. Fayaaz Jaffa, an 

undergraduate surnrner student, under my supervision. 

3.3.1.1 CE STABLITY ASSAY 

The activity of CE with and without the presence of PCE, with and without the addition 

of bis60 or u-bis60 composite resin sarnples, following incubation in D-PBS (37OC at pH 

7.0) was measured at different time points using pNPA as a substrate, as describeci in 

sections 2.5.2.1 and 2.5.3.1. The data are presented in Figures 3.8 and 3.9 as a percentage 

of the initial activity. 



Figure 3.8 Relative acffvity of CE incubated in DPBS (37°C at pH 7.0) and with 

the addition of bis60 composite andor PCE 

It is observed that at the star t  of the rneasurements, the activity of CE undergoes a rapid 

decrease (Figure 3.8). Mer 24 hours the relative activity of CE incubated alone was 

approximately 55 * 2.6 % of the initial activity @10.001) and the half life was 32 hours. 

The addition of bis60 composite samples into the incubation media, caused a greater loss 

of enzyme activity over the same time period, i.e. 3 1 * 2.34 % of the initial activity 

@<0.001), while the half life showed a demase to 8 hours. Between the 6 to 24 hour 

t h e  periods, the relative activity of  the enzyme incubated with the composite, showed a 

reduction cornpared with the relative activity of the enzyme alone @<O.OS). Beyond this 

time point, the activity changes appeared to be esmiila. for both the CE alone and CE 



Figure 3.9 Relative activity of CE incubated in D-PBS (37'C at pH 7.0) and with 

the addition of u-bls6û composite andor PCE 

incubated with bis composite material. The addition of PCE to the incubation solution 

eliminates the effect of the composite on the CE activity and increased the half-life of the 

p-NPA type activity to over 96 hours (Figure 3.8). The u-bis60 composite shows a mal1 

effect on the stability o f  CE between 2 and 4 hours, but it was not statistically significant 

(Figure 3.9), however, the influence of PCE on the p-NPA type activity was still 

observed. 



3.3.1.2 PCE STABILITY ASSAY 

The activity of PCE with and without the presence of CE, with and without the addition 

of bis60 or u-bis60 composite resin samples, following incubation in D-PBS (37OC at pH 

7.0) was measured at different time points using BTC as a substrate. The methods were 

described in sections 2.5.2.2 and 2.5.3.2. The data are presented in Figure 3.10 and 3.1 1 

as a percentage of the initial activity. 

It is observed that PCE incubated alone did not show a decrease in the relative activity 

during the 32 days incubation period (Figure 3.10) but showed an increase in the relative 

activity between days 1 and 16 @<O.OS) (Figure 3.10). However, PCE incubated with 

bis60 composite samples showed a reduction in the relative activity as compared with the 

PCE that was incubated alone. This effect was significant ( ~ 0 . 0 5 )  at 32 days. Daily 

replenisbment of CE eliminates the effect of the composite on the PCE activity and 

eliminated the increase in the relative activity between days 1 and 16. The addition of u- 

bis60 composite samples did not show any effect on PCE activity (Figure 3.1 1). For al1 

groups, the half-life was greater than 32 days. 



Figure 3.10 Relative activity of PCE incubated in D-PBS (37°C at pH 7.0) and 

with the addition of bis60 composite and/or CE 

Figure 3.11 Rehtive activity of PCE ineubatcd in D-PBS (37@C at pH 7.0) and 

with the addition of u-bis60 composite aadtot CE 



33.2 ENZYME SüBSTRATE SPECIFICITIES 

The activity of CE or PCE was measwed usingp-NPA, O-NPA, p-NPB, O-NPB anc 

as descn'bed in section 2.5.4. By using these substrates, an activity profile for each 

enzyme could be assanbled and compared with activities measured from human saliva. 

The activity profiles of CE and PCE are presented in Figure 3.12. and the data are 

recorded as units of enzyme activity per (ig of protein. The activities were calculated 

using equations 2.5 and 2.6 (section 2.5.4) respectively for nitrophenyl and BTC 

substrates. 

Figun3.D ActMty proakr for CE (A) and PCE (B) using para- 

aitrophenylacetate @-MA), ortbo-aitrophenyhcetate (o-NPA), para- 

nitrophenylbutyrate @-WB) and ortho4itroplenyIbatyrate (O-WB). 

One d t  of activity was deûned as the production of one nmol of 

aitrophenol ftom the aitrophenyl substrates and one mm01 

prodvetion of butynte fmm the BTC substrate* 



CE was 10 to 3 14 fold more active than PCE with respect to the aitrophenyl substrates 

(Figure 3.12A and B). The difference in CE activity between the shorter chah acetate 

substrates and their analogous longer chah butyrate was greater than the difference for 

PCE @<O.OS). The difference in PCE activity between the para position side chah 

substrates and the ortho position side chah substrate was greater than the difference 

observed for the sarne substrates with CE (g~O.05). 

When a factorial analysis for the length and position of the side chab was perfomed, 

only the length of ihe side chah was a significant variable for CE activity (p<0.001), 

while for PCE, ody the location was a significant variable for the enzyme activity 

(p<0.01). CE showed no activity with the BTC mbstnite. 

333. HYDROLASE ACTWTY IN HUMAN SALIVA 

Since enzymes are present in human saliva [Chauncey, 1961; Nakamura 1983a1, it is of a 

great interest to determine its esterase activity profile and compare it to the activity 

profiles of the stock CE and PCE. The enzymatic activity profile of human saliva was 

determined usingp-NPA, O-NPA, p-NPB, O-NPB and BTC as desmied in section 2.4.5. 

These data were acquired with the assistance of Mr. Neeraj Pershad, an undergraduate 

swnmei. student, under my supervision. 



Hydrolase activities in human saliva, collected h m  seven different subjects, were 

measured using nitrophenyl ester substrates and compared with the stock CE data (Figure 

3.13). For the nitrophenyl substrates, one unit of activity was defiaed as a change of 0.01 

O.D. per minute, under the assay conditions as desmied in section 2.4.2.1. 

It is observed that ail of the subjects exhibit a hydrolase activity when andyzed with the 

different nitrophenyl substrates (Figure 3.1 3). The average activity level measured using 

p-NPA as a substrate is 0.19 i 0.02 unit/ml with a range between 0.09 to 0.26 unitfml. 

This range is within the activity level range (0.01-l unithl) used in the enzyme dose 

response biodegradation studies for the composites (section 252.1). The highest 

O PNPA 

BONPA 

a PNPB 

mONPB 

Figure3.13 Hydrolue-Uke activity measurd in human saliva, coliected from 
dinerent subjeets and measiind using pan-nitrophenylp~cetate @- 

NPA), ortho-aitmphenyiacebte (o-NPA), para-dtrophenylbrtyrate 
@-WB) and ortb01nitrophenyIbutyrate (*WB), @El 7.0 at 2SC). 
One unit of actMty was defincd as a change of 0.01 09. pcr minute 
under the specîfied test conditions (wcion 2.4.2.1) 



measured activity for dl subjects is observed using p-WB, with an average of 0.59 * 
O. 1 8 unit/m1 and a range between 0.1 4 unit/ml to 1.48 units/ml. The sensitivity of the p- 

NPB substrate over that of the other substrates is similar to that observed for the CE stock 

sample (Figure 3.1 3) and reported by others for CE [Labow 19941. 

Hydrolase activities in human saliva, collected from seven different subjects and 

meamred using BTC as a substrate were also compared to the stock PCE and are 

presented in Figure 3.14. For BTC, the activities were calculated using equation 2.4 

(section 2.4.2.2). 

Srbject Swbject Sublect Srbject Srbjeet Subject Subject Average 
1 2 3 4 S 6 7 rctlvity 

Figure 3.14 Hydrolase actMty mearwd in hamm saiiva collecteci fmm difietent 

subjects measund using butyrylthloeholhe (BK) as a substrate (pH 

7.2 at 2942). One unit of activity was d e W  as a praductiom of one 

mm01 butyntr pu m u t e  (wt section 2.4.2.2) 



It is observed that dl the abjects show a hydrolase PCE-Like activity when d y z e d  with 

butyrylthiocholine (BTC) (Figure 3.14). The average activity level measured using BTC 

as a substrate is 0.01 1 0.001 unitlm1 with a range betweea 0.004 to 0.018 unit/ml. This 

mge is slightly above the lower Iimit of PCE usai in the enzyme dose response 

biodegradation studies for the compositcs (section 2.5.2.1). 

33.4 ENZYME iNEIBITION ASSAYS 

The active site of the enzyme involved in the enzyrnatic attack ont0 the mode1 composite 

resin samples was investigated using a specific esterase inhibitor, phenylmethylsulfonyl 

fluoride (PMSF). Pnor to the biodegradation experiments, the activity of  the enzymes 

with and without PMSF was m e m e d  as described in section 2.4.6. The data are shown in 

Figure 3.15 as the relative activity of the componding enzyme incubated alone. The 

activities were measured usingp-NPA as a substrate for CE (section 2.4.2.1) and BTC as 

a subsbgte for PCE (section 2.4.2.2). 

The addition of ethanol (the inhibitor's carrier solvent) to the assay solution had no effect 

on the activity of the enzyme, incubated aione (Figure 3.15). The addition of  0.5 or 1 rnM 

PMSF (final concentration) to the PCE solution (1 unit/mL) showed a decrease in the 

relative activity of the enzyme to 58 4.7 % and 30 * 2.9 % reqtxtively @<O.OS). The 

addition of 1 or 2 m M  PMSF to the CE solution (1 unit/mL) showed a deaease in the 

activity to 63 * 0.5 % and 50 @ 2.7 % respectively wO.05). According to these data, the 



PMSF concentrations used in the biodegradation studies (see section 3.4.6) were adjusted 

for the different enzymes. 

Enzyme and J 
Inhibitor 

PCE+PIIISF 1nM 

PCE+ciiuad 

PCE 

0.0 20.0 40.0 60.0 86.0 100.0 ItO.0 

Relrtlve Activity [%I 

Figure 3.15 The inhibition effcrt of PMSF, at dinennt concentrations, on the 

activities of CE and PCE @Ei 7.0 at 2S°C). The activities were 

measureà using para-nitrophciiylacetate and butyryluiiocholiao as 

substrates for CE and PCE rerpectively 



3.4 BIODEGRADATION STUDLES 

3.4.1. SURFACE MORPHOLOGY OF THE COMPOSITE SAMPLES 

The surface morphology of the composite resin samples foiiowing incubation with PBS, 

CE (1 unit/ml) or PCE (1 unih i )  for 32 days was assessed using scanning electron 

microscopy (SEM) as described in section 2.3.2. The data are shown in Figures 3.16 to 

3-19. 

Figures 3.1 6A and 3.1 7A demonstrate bis 1 O and bis60 samples respectively following 

incubation in D-PBS. The surfaces for these sarnples are rougher than those of u-bis10 

and u-bis60 that incubated in D-PBS (Figures 3.18A and 3.19A). The effect of the 

enzymatic attack on the materials is illustrated by Figures 3.16B-C, 3.17B-C, 3.18B-C 

and 3.19 B-C. The sdaces of the bis samples appear to be much more porous and exhibit 

exfoliated fillet particles when compared with the D-PBS incubated samples (compare 

Figures 3.16B-C to 3.16A, and 3.17B-C to 3.1 7A). The effect of CE or PCE on the 

surface morphology of the u-bis samples show las change as compared with the bis 

materials (compare Figures 3.1 8B-C and 3.1 9B-C with 3.16B-C and 3.17B-C). 



Figure 3.16 Scanning electraa dcrog.phs of bis10 foliowhg 32 diys incubation 

in (A) 0-PM, (B) CE and (C) PCE (1x10' o r i g h ï  magdficition) 



C 

Figure 3.17 Sci i in ig electron micgnphr of bis60 foUowiag 32 days hcubition 

in (A) PPBS, (B) CE and (C) PCE (1x10' original magdfication) 



Figure 3.18 Scannhg dectron microgriphr of u-bbl0 foliowing 32 days incubation 

in (A) &PM, (B) CE and (C) PCE (1x10' orighil magnificatfon) 



Figure 3.19 Scanning eiectron nnfcrograph8 of u4ia60 foiionhg 32 days incubation 

in (A) D-PB& (B) CE and (C) PCE (1x10' original mrplfIcation) 



3.43. SURFACE MICRO-BARDNESS ANALYSIS OF THE COMPOSITE 

RESIN SAMPLES 

Mean Vickers surface miro-hardness analysis for six sarnples fkom each composite min 

sample group, i.e. bislo, bis60, u-bis10 and u-bis60, was perfomed as descnaed in 

section 2.3.3. The data are reporteci in Table 3.3 as mean k standard em>r [~glmm'].  The 

load was 200 gram. The baseline data correspond to composite resin samples for which 

micro-hardness values were measured following their preparation and p s t  cure treatment 

in a vacuum oven as describeci in section 2.1.3. Micro-hardness values of sarnples 

following 32 days incubation in PBS, CE (0.1 unit/ml) or PCE (0.1 unit/ml) are labeled 

accordingl y. 

Table 3 J Mean Vickers surface micro-hardness [Kg/mm2] results for composite 

resin samples before and following incubation in enzymes and control 

media for 32 days (pH 7.0,37"C) 

Baseline 

PBS 

CE 

PCE 

1 1 .W0.37 42.2&1.73 16.1 0f0.25 32.84*0.53 

12.37*0.20 43.61*1,15 16.54îO.28 30.97* 1 -56 

12.13*1.17 36.935t0.16 1 5 ,07*0.80 29.3 1k0.3 1 

12.6 1k0.36 35.6W.72 15.8 1k0.41 272 1* 1 -23 



Following incubation in PBS, CE or PCE, no significant diffmce was found between 

the différent incubation media for bis10 and u-bis10 samples. in previous studies, 

composite resin materials that exhrbited less than a threshold of 40 ICg/mm2 of Vickers 

hardness, showed a lack of sensitivity in this type of measUretnent [Shajii, 19971. For 

bis60 samples, following incubation in CE or PCE for 32 days, a significant decrease in 

micro-hardness values @<O.OS) is observed when comparing these to the baseline or the 

D-PBS groups. While the u-bis60 group shows a decrease in hardness following 

incubation with either CE or PCE, the diffaences were not statistically significant 

(p>0.05). Since the micro-hardness of both bis60 and u-bis60 groups are close to the 

threshold value that was mentioned above, the reliability of this test as a procedure for 

quantitative analysis of the degradation process for these materials is questionable as has 

been previously mentioned in other work [Santerre, 19991. 

3.4.3 ISOLATION AND iDENTIFICATION OF DEGRADATION PRODUCTS 

Pseudocholinesterase (PCE) and cholesterol esterase (CE) catalyze the hydrolysis of the 

composite resin samples in aqueous solution, leading to the release of degradation 

products. Micro-hardness analysis demonsirateci a limited ability to quanti@ the 

degradation process, since statisticaliy significant diffetences were only observed in one 

of the composite min samples (bis60). Even for this composite p u p ,  the changes in 

micro-hardness did not necessarily represent the extent of the bidegradation process 

since they could be partiaily attti'buteâ to the swelling of the polymer ma& following 

water sorption. Thus, micro-hardness analysis is not collsidered an accmte measure of 



the biodegradation process [Santerre, 19991. Altematively, HPLC in combination with 

W spectroscopy and mass spectrometry are considered to be valuable tools for the 

evaluation of the biodegradation process. By using these techniques, isolation, 

identification and quantification of the degradation products can be effecb'vely carried 

out. 

Figure 3.20 contains HPLC chrornatograms of the incubation solutions for bis60 and u- 

bis60 composite samples, following incubation in D-PBS or CE for 16 days, 37OC at 

pH-7.0. The selected chromatograms represent typical chromatognuns obtained fiom the 

different materials studied. Since the u-bis60 composite incubated with D-PBS did not 

show any unique products, when compared with the bis60 composite under the same 

conditions, the latter's chromatogram also represents a typical chromatogram for the u- 

bis60 group incubated in D-PBS, Similady, the PCE incubated composites did not show 

any additional products when compared with the CE incubated groups, hence the latter's 

chromatograms also represent the wrresponding product for PCE incubated groups. 

Chomatograms for the hcubated enzymes (no composite), methacrylic acid and 

TEGDMA standard are also show in Figure 3.20- The UV absorbauce of the 

chromatograms are recorded at a wavelength of 2 1 5 nm although during data collection, 

the full W spectnim of each p d u c t  was recocded. The top chromatognvn (in Figure 

3.20) represents a methacrylic acid standard with the main component (i.e. pure 

methacrylic acid) showing a retention tirne near 8 minutes. The second chromatogmn 

from the top represents a standard TEGDMA monomer with its principal compneat 



Mcthacry Iic 
acid s r a m h i  

TEGDMA 
srandard 

bisW. DPBS (1) ( 2 )  
A C 

CE, no composite 

Figure 3.20 BPLC chromatoyams 01 uii not to scale) of methacryUc acid and a 

standard TEGDMA monomer, compareci with incubation solutions 

for bisoO foilowhg incubation in DPBS or CE, and u-bis60 foîiowing 

incubation in D-PBS (16 days, 37°C at pE=7.0). Aiso hicluded are CE 

and DCE incubation solutions (no composites). 



(i.e. pure TEGDMA) showing a retention tune near 20 minutes while a small peak near 

1 1 minutes is also associated with this standard. 

There are five main peaks specifically associated with derivative component of the 

composite m i n  samples. None of the peaks have similar retention times to the 

compounds associateci with the pure enzyme only solutions (CE or PCE, no composite). 

Furthennore, the latter two chromatograms show very similar peaks, thus associating 

than with the buffer and not necessarily with the enzymes themselves. The peaks with 

retention times of 8 and 1 1  minutes are presented in both D-PBS and CE incubatecl 

composite samples. The peak having a retention tirne of 19 minutes is specifically 

associated with the enzyme incubated composite samples, while the peak at 20 minutes is 

detected only in the D-PBS incubated groups. The chromatogram for the u-bis60 

incubated with CE shows an additional peak at 21 minutes. This peak appeared only in 

the CE incubated u-bis composite samples and was not isolated in the bis samples or the 

PCE incubated u-bis samples (PCE with composite data are not shown in Figure 3.20). 

The UV spectni of the methacrylic acid standard isolated at 8 minutes and degradation 

product (1), isolated at a retention time 8 minutes (Figure 3-20], are presented in Figure 

3.2 1. The 8 minute peak showed an identical W absorbance spectnrm to the methaayîic 

acid standard, indicating that this product was ldcely methacrylic acid. The identity of the 

isolated degradation product with the retention the of 8 minutes was confhmed using 

mass spectrome&y, as descriied in section 2.6.2 (Figure 3.22). When comparing this to 



Figure 3.21 W spectra of the isolated prducts related to (A) methacryüc acid 

standard and (B) product with 8 minutes retention tiiw (Figure 3.20) 

Figure 3.22 Mass spectnim (MS) of the proàuct Irolated at a retention time of 8 

aiinutes (Figure 3.20) in the enzyme incubated composite samples 



Figure 3.23 Mars spectnm (MS) of the standard methacrylic acM isolated at a 
retention time of 8 minutes (Fi y r e  3.20) 

the mass spectnim of the standard methacrylic acid, presented in Figure 3.23, it can be 

seen that both contain the sarne dominant mass to charge (mh) peak of 85. 

The UV specûa for the standard TEGDMA monomer, isolated at a retention t h e  of 20 

minutes and the degradation products isolated at I l  minutes and 20 minute fiom the 

composite samples are presented in Figure 3.24. Both the I 1 and 20 minutes peaks from 

Figure 3.20 show W absorbame spectra very sîmilar to the standard TEGDMA 

monomer, indicaihg that these producîs were suspectecl of being related to the latter. 

nie mass spectnmi for the 1 1  minute product is shown in Figure 3.25. Ba& on the 

hgmentation pattern and the mass to charge ratio (m/z) of 219, the proposed chernical 

structure of the product is referred to as triethyleneglycol methacrylate (TEGMA). The 



Figure 3.24 UV spectra o f  the isolated products related to (A) standard TEGDMA 

monomer, (B) I l  miDute product (Figure 3.20) and (C) 20 minute 

proàuct (Figure 3.20) 

Figure 3.25 M u s  spectram (MS) of the p d u c t  boIated at a retention time of  11 

minutes (Figure 3.20) ii the enzyme incubated composite sampies 



chemical structures of the principal fiagmented ions related to the product with the 

retention time of 1 1 minutes (i.e. TEGMA) are given in Table 3 -4. The three ionic states 

in Table 3.4 correspond to H+, N$ and N&' ions originating from the D-PBS and the 

ammonium acetate buffer used as the mobile phase for the HPLC m s  (see Table 3.4). 

Table 3.4 The cbemlcaî structure of the principal fragmentcd ions related to the 

product with a retention time of 11 minutes (i.e. TEGMA) 

nie peak at 20 minutes (Figure 3.20) was confirmed by mass spectrometry to be 

TEGDMA, and had a mass to charge ratio (rnh) of 287 for the parent peak (Figure 3.26). 

This mass spectnun was compareâ with the spectnim of the standard TEGDMA 

monomer in Figure 3.27 and confimed as being this monomer. The corresponding 

hgmented ions (Le. H', NH& ~ a +  and lC3 are presented in Table 3 .S. 

m/z 

1 13 

Ion chernical structure 

CH2=C(CH3)C0KH2CH2 



Figure 3.26 Miss spectrum (MS) of the product isolated at a retention time of 20 

minutes (Figure 3.20) in the D-PBS incubateù composite samples 

Table 3.5 Chemical structure of the TEGDMA monomer isolate at a retention 

time of 20 minutes for the bis and u-bis composite simples 

m/z 

113 

287 

Ion chernical structure 

CH2=C(CH3)C02CH2CH2 

[CHFC(CH~)CO~(CH~CH~O)~OC(CH~)C=CH~]H' 



Figure 3.27 Mass spectrum (MS) of the standard TEGDMA monomer isolated at 

a retention t h e  of 20 minutes (Figure 320) 

The üV spechum of the degradation product at 19 minutes, isolated from the bis and u- 

bis composite samples is presented in Figure 3.28 B. The product peak at 19 minutes 

differs fiom the 8, 1 1  and 20 minute peaks (Figures 3.21 and 3.24) in that it exhibits W 

absorbance values near 230 and 280 MI in addition to the 205 nm value. These high 

absorbance values are usuaily associated with conjugated chemical structure (Peters, 

1974). One of the main components in the bis and u-bis composites which contains 

conjugated double bonds is bisGMA. Spectmm A in Figure 3.28 corresponds to a 

bisGMA standard. The 19 minute peak (Figure 3.20) shows a U V  absorbance spectrum 

(Figure 3.28 B) very süniiar to the standard bisGMA monomer, indicating that this 

product may be relateci to the latter. 



Figure 3.28 UV specba of the isoiated products relatecl to (A) a standard bisGMA 

monomer, (B) 19 minute peak (Figure 3.20), (C) 21 minute peak 

( F i p e  3.20) and @) a standard bisEMA monomer product 

in a similar manner, the peak at 21 minutes, isolated for the u-bis composite samples 

incubatecl with CE (Figure 3.28 C) shows a similar spectrum to the 19 minute peak, 

indicating that it may also be similar in nature to the latta. The spectnmi of bisEMA, a 

major component ofthe u-bis resin is shown in Figure 3.28 D. The 21 minute peak shows 

a UV absorbame spectrum very sirnilar to the standard bisEMA monomer. In order to 

fcurther differentiate the four compounds, the use of a technique such as mass 

spectrometry becornes cntid.  



Figure 3.29 Mass spectrum (MS) of  the bisGMA derived product, bisBPPP, 

isolatcd i t  a retention t h e  of 19 minutes (Figure 3.20) from bis and u- 

bis composite srmples 

Figwn 3.30 MSIMS spectra of the 394.2 isolated pcak assodated with the prduct 

havlag a retention timc of 19 minutes (Figure 3.20), for the bis and u- 

bis composite sampks 

The MS and MSfMS mass spectra for the 19 minute peak, hypothesized to be related to 

bisGMA, are gîven in Figures 3.29 and 3.30 respectively. Bascd on the fragmentation 



pattern and a mass to charge ratio of 377 (Figure 3-29), a molecule with the structure of 

2,2-bis[4(2,3-hydroxy-propoxy)phenyl]prope (bisHPPP) is proposed for ihis product. 

The chernical structure of bisHPPP and its fragmented ions fi-om Figures 3.29 and 3.30 

are presented in Table 3.6. 

Table 3.6 Chernical structure of the bisGMA Lrived product, bkHPPP, 

isolated at a retention time of 19 minutes for bis and u-bis composite 

samples 

Ion chemlcal structure 



Figure 3.31 Mass spechum (MS) of the bisEMA derived product, E-bisPA, 

isolated at a retention time o f  21 minutes (Figure 3.20) from u-bis 

composite simples incuabted in CE 

Figure 3.32 MSIMS spcetra of the 334.4 ieolated peak associatcd with the product 

baving a retention time of 21 minutes (Figure 3.20), for the u-bis 

compoalte rrmples incubated wîth CE 

The mass spectnmi for the 2 1 minutes peaL is given in Figures 3.3 1 and 3.32. Based on 

the hgmentation pattem and a mass to charge ratio of 3 17, a molecule with the structure 



Table 3.7 Chernical structure of the bisEMA derived product, E-bisPA, isolatcd 

at a retention t h e  of 21 minutes for u-bis composite simples 

incubated with CE 

Ion chemicaû structure 

of 2,2-bis[4(2-hydroxy- ethoxy) phenyl]propane or eîhoxylated bis phenol A (E-bisPA) is 

proposed for this product. The chetnical structure of E-bisPA and its hgmented ions 

fiom Figures 3.3 1 and 3.32 are presented in Table 3 2. 



3.4.4 ENZYMATIC BYDROLYSIS OF THi3 MONOMERS 

Since the cured composite resin samples contallied unreacted as well as partially and 

fully reacted monomers, it was important to determine the enzymes' ability to catalyze the 

hydrolysis of the monorners that were used in the preparation of the resins. The CE and 

PCE catalyzed hydrolysis of TEGDMA, bisGMA and bisEMA monomers was canied 

out as desaibed in section 2.5.3. HPLC data for the incubation solutions are presented in 

Figure 3.33, as the amount of methacrylic acid production per hour per mL for each of 

the three monomers. 

Fi- 333 Methacrylic acid producti01n rate (pH 7.0 at 37"C), for CE (1 unitlml) 

and PCE (1 unitlml) cataiyzed hydrdysis of TEGDMA, bhGMA and 

blsEMA monomen 



It is observed that PCE catalyzed hydmlysis rates for TEGDMA, bisGMA and bisEMA 

were rqectively 29.55 * 1.78.0.49 I 0.01 and 0.57 * 0.03 )rg/hour/mL. While the latter 

varied for the different monomers, the CE hydrolysis rates were relatively similar for the 

three compounds, h a h g  values of 7.7 0.5,6.3 * 0.65 and 5.83 k 0.16 pg/hour/mL for 

TEGDMA, bisGMA and bisEMA respectively. The PCE catalyzed hydrolysis rate for 

TEGDMA was 3.8 fold higher than that of the CE, whiie CE catalyzed hydmlysis of 

bisGMA and bisEMA were respectively 12.79 and 10.23 fold higher than that for the 

PCE. 

3.4.5 DOSE DEPENDANT EFFECT OF CE AND PCE ON TEE 

BIODEGRADATION OF TEiE COMPOSITE RESIN SAMPLES 

The effect of D-PBS or different concentrations of CE and PCE on the biodegradation of 

bis60 and u-bis60 composite sarnples incubated for 16 days (31°C at pH=7.0) was carried 

out as describecl in section 2.5.2.1 . HPLC data for the incubation solutions are presented 

in Figures 3.34 to 3.37. The extent of biodegradation is represented by the amount of 

biodegradation products relative to the composite sarnples' surface area and as a hction 

of the enzyme's concentration. 

In the bis60 system, both nizymes degradeci the samples in a dose dependant manner 

(pc0.01) (Figures 3.34 and 3.35). uicceasing the amount of CE (Figure 3.34) or PCE 

(Figure 3.35) showed an increase in the amount of released methacrylic acid and a 

bisGMA derived product, 22- Bis [4(2,3-hydrox~propxy)phenyl]pf0paue (bisHPPP), 



hlcthacrylic TB[aMA THCDMA BlsaPPP 
Acid 

Figure 3.34 The effect of D-PBS and dinetent concentrations of CE on the 

bioâegradation of bis60 composite samples incubateci for 16 days, pH 

PBS 

m0.0 1 unitiml 

a 0.05 unithl 

a 0.1 unithnl 

O l unitfml 

Figure335 The effect of D-PBS and different concentrations of PCE on the 

bidegradation of bis6û composite samples Incubated for 16 days, pH 

7.0 at 3TC 



but showed a decrease in the amount of TEGDMA monomer compared with D-PBS 

(p<0.001). Increasing the arnount of CE or PCE showed an inmase in the amount of 

triethylene glycol methacrylate (TEGMA), a product originating nom unreacted or 

partidy reacted TEGDMA, with a maximum at 0.1 unit/ml for CE (pc0.01) (Figure 

3.34) and 0.05 UnitImL for PCE (p<0.001) (Figure 3.35). At 1 unit/mL, following 16 days 

incubation the amount of bisHPPP released by CE (470 * 28 pg/cmt) is 8 fold higher as 

compared with that released by PCE (57 i 1.2 pglcm') (p<0.001), while the amount of 

methacrylic acid released by CE (295 * 9 pg/cm2) is only double (p<0.001) the amount 

released by PCE (136 * 3 pg/cm2). 

in the u-bis60 system, both enzymes also degraded the composites in a dose dependant 

manner @<0.01) (Figures 3.36 and 3.37). hcreasing the arnount of CE (Figure 3.36) 

showed an increase in the release of methacrylic acid and a bisEMA derived product, 

ethox ylated bisphenol-A (E-bisPA) w0.0 1 ). Although higher amounts of bisHPPP were 

isolated after incubation with CE, the increase in bisHPPP was not statistically significant 

at al1 concentrations of CE, due to the high variability of the results relative to the mal1 

amount of isolated bisHPPP. incubating the u-bis60 samples with 0.05,O.l and 1 unit/mL 

PCE (Figure 3.37) showed an încrease in the amount of isolated methacrylic acid 

(P<O.001), whüe only 1 u n i W  enzyme showed a signifiant increase in the arnount of 

bisHPPP (p~0.001). Increasing the amount of CE or PCE showed an increase in the 

amout of TEGMA, with a maximum at 0.05 and 0.1 unit/mL for CE @<0.001) (Figure 

3.36) and 0.05 unit/mL for PCE (@.OS) (Figure 3.37), but showed a decrease in the 

amount of TEGDMA as compad with D-PBS @<0.01). No E-bisPA was detected for 

the PCE treated samples. 



PBS 

0.0 1 unithl 

m.05 unitiml 

HO. 1 unitmil 

0 l unit/ml 

Metbacrylic T E M A  TFiCDMA BIsHPPP M i r  PA 
Add 

Figure 3.36 The effect of D-PBS and dinerent concentrations of CE on the 

biodegradaüon of u-bis60 composite simples incubated for 16 days, 

pH 7.0 at 3 7 T  

Figure337 The effect of DPBS and dinereat concentrations of PCE on the 

biodegradatioa of u-bis60 composite samples Inerbated for 16 days, 

pH 7.0 at 37@C 



Following 16 days of incubation in D-PBS, it is observai that the arnount of released 

methacrylic acid, TEGMA, and TEGDMA is between 8 to 10 fold higher for the bis60 

system as cornpared with the amount found in the u-bis60 system @<0.01) (Figures 3.34- 

3.37). For instance, following 16 days incubation in D-PBS, the amount of released 

methacrylic acid and TEGMA, relative to the surface area of the composites were 

respectively 8 + 0.36 Cig/çmZ and 14 0.56 pg/crn2 for the bis60 system, while in the u- 

bis60 system the amount was 1 k 0.1 pg/cm2 and 1.4 I 0.04 pg/cm2. Following 16 days 

incubation in D-PBS, bisHPPP was only isolated in the bis60 system. 

Incubation in CE or PCE showed an increase between 15 to 180 fold in the amount of 

isolated products for the bis60 system as compared with the u-bis60 (p<O.001). For 

instance, following 16 days incubation in 0.1 unit/rni CE, the released methacrylic acid 

per cm' of the composite is respectively 233 A 9 Ccg/cm2 and 14 * 1 pg/cm2 for bis60 and 

u-bis60 respectively. The difference between bis60 and u-bis60 systems for the bisHPPP 

production is even more pronounced, showing values of 430 * 10 pg/cm2 and 2.4 0.6 

C c ~ Z  for the respective materials. 

3.4.6 EFFECT ON THE BIODEGRADATION OF THE COMPOSITE RESIN 

SAMPLES \IVHEN CE AND PCE WERE INHIBITED 

The rnechanism of the enzymatic attack on the mode1 composite resin samples was 

investigated ushg a specific esterase inhtibitor, phenylmethylsulfonyl fluoride (PMSF). 

Pnor to the biodegradation experirnents, the activity of the enzymes with and without 



PMSF was measued- The resuits were shown in section 3.3.4. The effect of the inhi'biton 

on the biodegradation of  bis60 and u-bis 60 composite samples when CE d PCE were 

inhiibited by PMSF was canied out as described in section 2.52.4. B a d  on the enzymes' 

linear range of activities, with respect to the production of methacrylic acid h m  the 

composite (section 3.4.5), CE and PCE concentrations of 0.1 unit/ml were chosen for 

incubation. The resuits for CE are shown in Figures 3.38 and 3.39 as a relative amount of 

product isolated following 16 days incubation with D-PBS, D-PBS+PMSF, CE+ethanol 

and CE+PMSF. Al1 groups were nonnalized using the data for the CE+edianol group. 

It is observed that the addition of PMSF (0.1 mM) to the D-PBS solutions had no effect 

on the biodegradation of the samples. However, the addition of 0.1 rnM PMSF to the CE 

incubated bis60 systern, showed a reduction in the relative arnount of methacrylic acid 

and bisHPPP to 47 * 3.6 % and 48 i 5.4 % (pc0.05) respectively (Figwe3.38). 

Mctbirtyllc Acid Bis HPPP 

PBS 

0 PBSPMSF 
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Figure338 inhibition of  CE catalyzeà bidegradation by PMSF, in the bîs6û 

system foMonhg 16 days incubation (pH 7.0 at 3fC)  
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Figure 3.39 inhibition of CE catalyzed biodegradation by PMSF, in the u-bis60 

system foliowing 16 days incubation (pH 7.0 at 3 f C )  

In the u-bis60 system, the addition of 0.1 m M  PMSF to the CE incubated samples 

showed a reduction in the relative amount of methacrylic acid to 39 * 9.7 % (p4I.05) of 

the value obtained for the CE+ethanol group (Figure 3.39). Although the amount of 

released E-bisPA is decreased to 48 * 26 % respectively , it is not statistically signifiant. 

PMSF inhibition of the PCE biodegradation effect for the composite resin samples 

following 16 days incubation is presented in Figure 3.40. Again, the results are presented 

as the relative amount of product isolated following incubation with D-PBS, D- 

PBS+PMSF, PCE+ethanol and PCE+PMSF with respect to the amount for the 

PCE+ethanol group. 

The addition of 0.5 m M  PMSF to the PCE incubated group showed a duction in the 

amount of isolateci metbacryiic acid to 70 * 3.7 % in the u-bis60 system. la the bis60 
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Figure 3.40 Inhibition of PCE catalyzed biodegradation by PMSF, in the u-bis60 

and bis60 systems foilowhg 16 days incubation @EI 7.0 at 37C). 

system, the same condition showed a reduction in the amount of bisHPPP production to 

64 i 2.3 % relative to the amount isolated for the PCE+ethanol p u p .  

3.4.7 TISE EFFECT OF INCUBATION PERlODS AND FILLER CONTENT ON 

THE BIODEGRADATION OF TEE COMPOSITES RESIN SAMPLES 

The effect of incubation period and filier content on the biodegradation of composite 

resin samples containhg 10 % w/w (bislo) or 60 % w/w (bis60) content filla and using 

either bis or u-bis resins was snidied as descri'bed in section 2.5.2.2. The composite resin 

samples were uicubated for 16 and 32 days in D-PBS, CE (1 unit/niL) or PCE (1 

unit/mL). The data are show in Figures 3.41-3.47. The extent of the biodegradation for 
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Figure3.41 The effeet of  D-PBS, CE (1 unithi,) and PCE (1 uniUmL) 

methacryk acM production in bis10 and bb6û composite samples 

Lncubated for 16 and 32 days (pH 7.0 at 3fC). AU data are 

inc remental. 

each composite is represented by the amount of degradation product relative to the 

composite's surface area. 

in the bis systern, incubating both filler content groups with CE or PCE for 16 and 32 

days showed an increase in the arnount of released methacrylic acid and bisHPPP 

@<O.OS) relative to the D-PBS incubated samples, but showed a decrease in the amount 

of TEGDMA @6).001) (Figures 3.41,3.43 and 3.44). 

In both the bis 10 and bis60 samples incubated in CE for 16 days, the amount of released 

bisHPPP (respectively 395 * 42 and 437 i 12 pg/cm2) was 6-8 fold higher as compareci 

with bat  re!eased by PCE (respectively 47 * 0.7 and 70 * 3 @<0.01) (Figure 

3.44). in contrast, the amount of methaczyiic acid released by CE in the bis10 samples 
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Figure 3.42 The effect of D-PBS, CE (1 unit/mL) aud PCE (1 uniUmL) on 

TEGMA production in bis10 and bis60 composite samp1er incubated 

for 16 and 32 days @El 7.0 at 37C). AN data are iacremental. 

Figure3.43 The efffcet of DPBS, CE (1 unit/mL) and PCE (1 uniUmL) on 

TEGDMA production în bis10 md bis6û composite saanples incrbated 

for 16 and 32 &YS (pH 7.0 at 37°C). All data are incrementrl. 
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Figure3.44 The effect of D-PBS, CE (1 unitlmL) and PCE (1 unit/mL) on 

bisHPPP production in bis 1 O and bis60 composite simples iaeubateà 

for 16 and 32 days (pH 7.0 at 37°C). AU data are incremental. 

showed no difference with that of the PCE incubated samples. For the bis60 sarnples, the 

arnount of methacrylic acid production was only approximately 50% higher (362 * 4 

Cig/cmZ) than with PCE (248 13 &m2) @<0.O 1) (Figure 3.4 1). As well, after 32 days, 

the arnount of bisHPPP in both bis samples was stiîl 3 fold higher in CE incubated 

samples as compared with that for PCE (p<O.Ol), however there was no difference in the 

amount of methacryiic acid released by both enzymes. 

Following 32 days of incubation for both bis 10 and bis60 in CE or PCE, a decrease in the 

amout of methacryiic acid as compared with that for 16 days incubation (pc0.00 1) was 

shown (Figure 3.41). Following the incubation of both bis groups for 32 days, only CE 

treated groups showed a deçrease in the amount of released bisHPPP as compared with 

16 days incubation groups wO.01) (Figure 3.44) and the reûuction for the bis60 

composite was greater than that of the bis 10 samples (p~0.05). 



Following incubation in D-PBS for 16 and 32 days, the bis10 group showed a greater 

amount of TEGDMA compared with bis60 for both incubation periods (p4.01) (Figure 

3.43). Both groups showed a decrease in the amount of TEGDMA @<0.01) following 32 

days incubation as compared with the 16 days incubation period (Figure 3.43). 

Incubation of bis samples in CE for 1 6 days shows a higher amount of isolated TEGMA 

as compared with that for PCE or D-PBS (pe0.0 l), while after 32 days, there is no 

difference in the arnount for both enzymes (Figure 3 A2). 

in the u-bis system (Figures 3.45, 3-46), al1 enzyme groups show an increase in the 

amount of released methacrylic acid when compared with D-PBS (p<0.01). As with the 

bis system, a decrease in the amount of TEGDMA is observed in the presence of the 

enzymes (p<0.001). Following incubation for 16 days with CE, ody u-bis60 groups 

showed a higher amount of methacrylic acid when compared with PCE @<0.0 1). At 32 

days, u-bis biodegradation data showed an inmase in the amount of methacrylic acid 

with CE as compared with PCE, for both u-bis 10 and u-bis60 groups (pc0.0 1) (Figure 

3.45, 3.46). The u-bis10 group, which was incubated in D-PBS for 16 days, showed a 

greater amount of TEGDMA release in cornpaison to u-bis60 @<0.0 l), while both the u- 

bis materials showed a decrease in the amount of TEGDMA Q.%0.01) between 16 and 32 

days of incubation (Figwes 3 .45,3 .M). 
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Figure 3.45 The biodegradation effcet of D-PBS, CE (1 uniUmL) and PCE (1 

unitlml) on u-bis60 composite simples incubated for 16 and 32 days 

(pH 7.0 at 37°C). AU data are incremental. 

Figure3.46 The biodegradation eff't of D-PBS, CE (1 uniümL) and PCE (1 

dt/mL) on u-bis10 composite samples iiicubated for 16 and 32 âays 

(pH 7.0 at 37°C). AU data are inenmentai. 



The incubation of the u-bis systems in CE showed a higher amount of released bisHPPP 

compared with D-PBS at both incubation periocis (p<O.OL), while PCE only showed an 

elevated bisHPPP release following 16 days of incubation (pc0.01) (Figures 3.47,3.48). 

Following 16 and 32 days of incubation, both u-bis systems show a higher amount of 

released bisHPPP with CE as comparai with that for PCE (pc0.01) (Figures 3.47, 3.48). 

When comparing 32 versus 16 days of incubation with CE or PCE, a decrease in the 

arnount of methacrylic acid (Figures 3.45 and 3.46) and bisHPPP (Figures 3.47, 3.48) 

(p<0.01) is noted at the longer time. When comparing the amount of released bisHPPP, 

no significant difference was fond  between both filler content groups. 

The presence of ethoxylated bisphenol-A (E-bisPA) was only found in the u-bis systems 

and was only released in the presence of CE (Figure 3.47 and 3,48). There was no 

statistical difference between the amount of E-bisPA found for the first 16 day incubation 

period versus the subsequent 16 day incubation period. In addition, no significant 

difference in its release was found between the two filler content groups. 

Following 16 and 32 days of incubation in D-PBS, it is observed that the amount of 

released methacrylic acid, TEGMA and TEGDMA is between 3 to 10 fold higher for the 

bis system (Figure 3.41,3.42 and 3.43) in cornparison with the amount found in the u-bis 

system (Figures3.45 and 3.46) @<O.OL). For instance, following 32 days incubation, the 

amount of released methaqlic acid and TEGDMA relative to the d a c e  area of the 

composites were respectively 8.7 0.3 pg/cm2 and 202 * 8 &m2 for the bis10 
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Figure 3.47 Incremental release of bisHPPP and E-bisPA from the u-bis60 system 

after incubation in D-PBS, CE or PCE for 16 and 32 days (pH 7.0 at 3î"C). 
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Figure 3.48 Inenmental release of bfrEPPP and E-bisPA from the ta-bis10 system 

altlr incubation in DPBS, CE or PCE for 16 rad 32 days @E 7.0 at 

3fC). 



composite (Figures 3.4 1 and 3-43), while in the u-bis 10 composite the amounts were 1.1 

* 0.18 pg/cmZ and 20 3.5 pg/cm2 (Figure 3.46). 

For the enzyme incubated samples, the bis systems showd (Figures 3.41 to 3.44) an 

increase between 2.6 to 133 fold in the amount of isolated products relative to the u-bis 

system (Figures 3.15 to 3.48) (peO.01). For instance, following 32 days incubation in CE, 

the arnounts of released methacrylic acid and bisHPPP relative to the surface area of the 

composites were respectively 127 16 pg/cmZ and 266 * 3.7 pg/cm2 for the bis10 

composite (Figures 3.4 1 and 3.44), while in the u-bis 10 composite the amounts were 30 * 
0.6 1 pg/cmZ and 1.99 * 0.16 pg/cm2 (Figures 3.46 and 3.480. It should be noted that the 

u-bis system generated a product (E-bisPA, 14 0.78 pg/cm2 at 16 days for u-bis 10) 

which was not found in the bis system, however the levels were still compmtively lower 

than the bisHPPP levels of the bis system. 

3.4.8 BIODEGRADATION OF "c-U-BIS COMPOSITE BY CE OR PCE 

Radioactivity monitoring was used to assess the quantity of radiolabeled HDI and HDI- 

bisGMA derivatives released h m  the '4~-u-bis composite resin samples containing 

60 % w/w filler content. The material was incubated with D-PBS, CE (1 unit/mL) or PCE 

( i UI1itlmL) as desmieci in section 2.5.2.5. The data are shown in Figure 3.49. The extent 

of bidegradation is represented by the number of counts pet minutes [CPM] relative to 

the d a c e  area of the composite samples. 
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Figure 3.49 The effect of CE or PCE on the bidegradation of ndiolrbeled 14c-u- 

bis composite (60 % wfw mer) foilowing incubation for 16 and 32 

days (pH 7.0 at 37" C). Aii data are incrementd. 

It is obsmed following the incubation of 14c-u-bis with CE or PCE, for either incubation 

period, that an increase in the amount of radiolabel release is detected relative to the 

measurement for the D-PBS solution (p4.05). As well, the arnount of radiolabel 

following incubation in CE for 16 and 32 days is higher than that of PCE @<0.001). 

For al1 these incubation solutions, D-PBS, CE or PCE, the incranenta1 amounts of 

radiolabel release between 16 and 32 days was less than for the first 16 day incubation 

period @<O.OS). 

HPLC analysis of the '*c-u-bis composite samples showed a similar pattern of 

degradation products when compared with the non-radiolabeled u-bis composite system 

(tesults not shown). In attempt to isolate and ident* the different radiolabeled 



degradation products, HPLC hctions were collecteci every minute and counted for 

radiolabel content. Since the radioactive products were soluble, it was assumeci that they 

would be relatively low molecular weight oligomers as well as possibly some 1,6 hexane 

diamine (HDA). I f  present, HDA would be a hydrolysis product of the original HDI 

molecule. Attempts to find a specific radioactive product failed due to the low total 

radiolabel count that came out of the column and was counted in the HPLC f'ractions. Ail 

the count values were in the order of the background count, i.e. between 20-30 CPM. 

3.4.9MUTUAL INFLUENCE BETWEEN CE AND PCE ON THE 

BIODEGRADATION OF COMPOSITE RESIN SAMPLES 

Since multiple estenise activities are present within human saliva [Chauncey, 196 1 ; 

Nakamura, 1983aJ it wodd be of value to d e t h e  if synergistic effects could be 

observed between the two enzymes, CE and PCE. Prior to the incubation of samples with 

the enzymes, stability studies were conducteci to assess the mutuai influence of the 

enzymes on each other- These data were shown in section 3.3.1. 

Composite resin samples containhg 60%w/w content filler and either bis or u-bis resins 

were incubated in D-PBS, CE, PCE or CE+PCE, as descriied in section 2.5.2.3. B a d  

on the enzymes' linear range of activities, with respect to the production of methacrylic acid 

h m  the composite (section 3.43, CE and PCE concentrations of 0.01 unit/mL (bis 

composite) or 0.1 unidmL (u-bis composite) were chosen for incubation. The resuits of the 

HPLC analysis for the soluti011~ are show in Figures 3.50-353. The extent of the 



biodegradation for each composite is represented by the amount of degradation product 

relative to the composite's surface area and as a bction of the incubation media. 

For the bis60 materiai, incubated in CE for 8 days (Figure 3.50A), an Uicrease in the 

amount of the bisGMA derived product, bisHPPP, is observed relative to the D-PBS 

group (j~C0.05). An even greater amount of bisHPPP was found in the CE+PCE 

incubated group @<O.OS) when compared to CE alone. The amount of methacrylic acid, a 

product derived from unreacted or paitially reacted monomers, is only showing a 

significant increase afier incubation in CE+PCE solution (pcO.05). 

PBS I CE O PCE 0 CEtPCE P B S  aCE aPCE OCbPCE 

Figure 3.50 EPLC anaîysis of bis60 composite foiiowing (A) 8 days and (8) 16 

days of  incubation hi PBS, CE (0.01 d m L ) ,  PCE (0.01 unit/mL) or 

CE+PCE (0.01 iuiiUmLM.01 unitcml) (pH 7.0 at 3fC). AU data ut 

incremental. 
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Figure 3.51 Bis60 system-Comparison of the combined CE+PCE (0.01 

uaWmL+û.Ol unit/mL) effcrt with the arithmetic sum (CE+PCE*) of 

the individuai effects of  CE (0.01 uaWmL) and PCE (0.01 unitlml) 

foUowing 8 days incubation (pH 7.0 at 37°C) 

A m e r  analysis of the bis60 data cornprishg a cornparison between the combined net 

effect (PBS release subûacted) for CE+PCE and the arithmetic sum of the individual net 

effects of CE or PCE (CE+PCE*) is shown in Figure 3.51. Incubation with CE+PCE 

caused a greater increase in the amount of methacryiic acid produced as cornpanxi with 

that of the CE+PCE* group w0.05). Although the amount of bisHPPP isolated h m  the 

CE+PCE solution is greater than the amount h m  CE+PCE*, it is not statistically 

significant @>O.OS). 

The HPLC aaalysis data for the solutions collected following a subsequent 8 days of 

incubation in the différent solutions are presented in Figure 3.50B. An increase in the 



amount of methacrylic acid and bisHPPP is observed for the CE incubated group 

w0.05) when compared with the D-PBS group. Again, an even greater increase in the 

arnount of these products is observed for the CE+PCE group QsO.05). 

A hîher analysis on the net effect of CE+PCE as compared with the arithmetic sum of 

the individuai net effects for CE and PCE (CE+PCE*) is presented in Figure 3 S2 for the 

16 days experiment. The increase in the arnount of bisHPPP during the second 8 day 

incubation period of the 16 day experïment was highly significant (p~O.0 1). The effect of 

CE+PCE as compared with that for the CE+PCE* on the amount of methacrylic acid 

produced, remained greater in the CE+PCE group @<O.OS) for the second 8 day 

incrementai period. 

Figure 3.53 shows the analysis of the net effect of CE+PCE as compared with the 

arithmetic sum of the individual net effects for CE and PCE (CE+PCE*) in the u-bis60 

composite system incubated for 8 and 16 days. It is observed that following 8 days of 

incubation, the arnount of bisHPPP isolated in the CE+PCE group is higher than that of 

the CE+PCES group (p<O.OS). Following 16 days incubation, the amount of E-bisPA is 

higher for the CE+PCE group @<O.OS). Again, it is noted that this latter pmduct is only 

isolated in the u-bis system. 



Figure 3.52 Bis60 system-Cornparison of the combiaed CE+PCE (0.01 

mit/rnL+û.Ol unitirni,) effect with the arithmetic sum (CE+PCE*) of 

the individual effecb of CE (0.01 unitlml) and PCE (0.01 unit/ml) 

following 16 days heubation. AU data are iucremental. 

Ftyre3.53 u-bis6û system420mpatison of the combined CE+PCE (0*01 

unit/mL+û.Ol uniUrni,) effeet with the uWmetic sum (CE+PCE*) of 

the individuai effécts of CE (0.01 unithi,) and PCE (0.01 unit/mL) 

foliowing 8 and 16 âays incubation (pH '1.0 at 3fC) .  AU data are 

hcremental. 



4.0 DISCUSSION 

The growing application of composite resin materiais in the dental field as an alternative 

to amalgam and cast restorations requires a greater understanding of the interactions 

between the composite materhls, gingival tissue and saliva. Of specific interest are the 

interactions between the materials and salivary or cellular enzymes. This is particularly 

an important factor due to the higher failwe rate of composite resin restorations in vivo 

versus in vitro studies, when compared with amalgam [Bayne, 1989; Letzel, 19891. 

4.1 DEGREE OF VINYL CROUP CONVERSION 

Numerous studies have reported that the presence of residuai monomers as well as 

unreacted pendant methacrylate groups on the monomers is inherent in the nature of fiee 

radical polyrnerization reactions, such as those systems investigated in the current study 

[Asmussen, 1982; Ruyter, 1 985; Peutzfeldt, 1994; Park, 19961. The diffusion rates of the 

propagating free radicals, the unreacted methacrylate molecules and the pendant 

methacrylate species are drastically reduced as the polymerization proceeds [Cook, 

19851. This occurs as a consquence of the lengthening of the polymer chahs, which 

limits mobility and aiso causes steric hindrance WunL, 19891. This is fùrther reflectd by 

an increase in the glass transition temperature of the resin over that of the curing 

temperature [Horie, 1976; Maffezzoli, 19941. As a conseqwnce, when the polymerization 

pmcess is terminated, not aU of the monomer's active sites have reacted. 
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Figure 4.1 Schematic representadon of a eured composite resin sample 

in the current study, the degree of vinyl group conversion was found to be near 70 % 

(Figure 3.7) for al1 mode1 composite retins. Hence, no significant difference was 

observed between the different resin systems or between different composite resin with 

varying filler content. This snidy corroborates other investigations that have reported a 

lack of correlation between filler content and the degree of Wlyl group conversion 

[Chung, 19901. The values are in the higher range of conversion ratios, Le. 40 to 85 %, 

reporteci by othas using similar idhi -rd  spectroscopy technique [Asmussen, 1982; 

Ruyter, 1985; Peutzfeldt, 1994; Park, 19961. 

Figure 4.1 depicts a schematic representation of the composite resin materials, based on 

the above results. As indicated in the schematic diagram, it is difficult to assess whether 



the unreacted Wiyl groups are associated with the unreacted pure monomers that are 

trapped in the set composite resin matnx or with the pendant monomers, reacted with the 

resin matrix via one methacrylate group. Several studies have quantified the amount of 

unreacted monomer trappeâ in dental composites. houe and Hayashi [1982] found that 

the amount of the unreacted bisGMA was in the range of 0.4 to 1.2 % of the initial weight 

of the composite, or 2 to 6 O6 of the resin only. Simila. results have been found by 

Ferracane [1990]. Tanaka et al [1991] reported residual values of TEGDMA and 

bisGMA, relative to their original amounts, to be between 12.8 to 23.5 % and 1.3 to 4.1 

% respectively, depending on the curing period. It should be noted that the above 

analyses were done based on the amount of residual monomer eluted into organic 

solvents immediately following the curing process and for relatively short periods (up to 

7 days). When the composite samples were not immersed immediately following the 

curing process, the residual monomers ranged between 0.25 to 0.85 % of the composite 

mass or 1.6 to 5.5 % of the resin Pearson, 19891. Because the polymerization reaction 

continues for hours and days after lightmring, it is possible that the lower levels of 

unreacted monomers found in the latter study were due to îimher consumption of these 

molecules during the pst-curing process [Ferracane, 19941. ûther studies have estimated 

that approximately 90 % of the unreacted vinyl groups are found on pendant molecules 

bound to the resin matrix via one methacryIate group Ferracane, 19941. Hence, based on 

the FT-IR data for the materials in ihis study, it could be hypothesized that most of the 

unreacted methacrylate groups (-30 % of the initial vhyl groups) are associated with 

pendant monomers and could be available for cleavage and production of methacryüc 

acid foilowiiig the hydrolysis of ester bonds in the monomers. 



4.2 FORMATION OF BIODEGRADATION PRODUCTS 

Previous studies have reporteci that unhindered ester bonds are very susceptiiie to 

hydrolytic degradation [Coury, 19961. B a d  on this information, it was highly probable 

that the enzyme catalyzed hydrolysis of resin components, by CE and PCE, wouîd occur 

at the ester bonds of the methacrylate basai resin monomers. The work in the thesis 

W e r  hypothesized that the hydrolysis of these sites would be enzyme dose dependent 

and occurs via the same active sites as natural substrates fot the enzymes. The nature of 

degradation products isolateci nom the mode1 composite resin materials was assessed 

using HPLC, UV spectroscopy and MS spectrometry and the data are discussed below. 

HPLC analysis showed that al1 the matends investigated in this study generated similar 

products with the exception of E-bisPA, which is a bisEMA derived product that was not 

incorporated into the bis system (Figure 3.20). It should be noted that the u-bis rnatezials 

consistently showed a lower amount of released product (degradation products and 

residual monomers), by an order of magnitude, in cornparison with the bis materials 

(compare Figures 3.36,3.37, 3.45, 3.46, 3.47 and 3.48 to 3.36,3.37, 3.41,3.42, 3.43 and 

3 -44). Although both composite resin material systems containeci identical silanated 

inorganic filler, initiator and reducing agent, no products associateci with the latter three 

agents wae  detected in the incubation solution. 



4.2.1 DEGRADATION PATHWAYS OF TEGDMA 

Figure 3.24B depicts the UV spectnun of a product deriveci fiom TEGDMA, which was 

isolated for the incubation solution of al1 composite resin materW. This product had a 

mass to charge ratio of 219 (Figure 3.25) and was derived h m  TEGDMA monorner 

hydrolyzed at one of its ester bonds. The product is refmed to as tnethyiene glycol 

methacrylate or TEGMA and was previously shown to be isolated fiom microfilled 

composite materials [Shajii, 19991. While TEGMA cm be derivecl nom the unreacted 

monomer TEGDMA, hydrolyzed at one of the ester bonds (Figure 4.2A), it can also be 

fonned following cleavage of pendant TEGDMA molecules, which have only reacted 

with the resin matrix via one vinyl group (Figure 4.28) [Freund, 1990; Larsen, l992]. 

Figure43 Degradation pathways of TEGDMA (A) hydrolysir of unreacteâ 

TEGDMA monomer and (B) hydrolyiis of pendant TEGDMA from 

the tnatrix 

The TEGMA molecule can be £idter hydrolyzed to an alcohol, triethylene glycol, and 

methacrylic acid (Figure 4.3) Wunksgmd, 1990; Larsen, 19921. 



Figure 4 3  Degradation of triethylene giycol wthacrylate (TEGMA) 

[Munksgaanl, 1990; Larsen, 19921 

in the current HPLC study, tnethylene glycol was not detected using the PDA detector, 

due to its lack of absorbante at the working wavelength range (Le. 190-500 nm) for the 

instrument. However, using the mass spectrometer as an additional detector on the HPLC 

systern, triethylene glycol was detected (see appendix 8.6), but not quantified due to 

constraints in the experimental apparatus. in this thesis, the hydrolysis of TEGMA was 

indicated by its gradua1 elimination with increasing concentrations of enzyme. This 

occmed in paralle1 with an increase in the amount of methacryiic acid when the 

composite min  sarnples were uicubated in the presence of high concentrations of CE or 

PCE (Figures 3.34-3.37). 

increasing the amount of CE or PCE produced a decrease in the amount of isolated 

TEGDMA and an inaease in the amount of isolated TEGMA with peak levels achieved 

at 0.1 unit/mL for CE and 0.05 unit/ml for PCE (Figures 3.34-3.37). In theory, each 

molecule of hydrolyzed TEGDMA can produce one molecule of TEGMA. Figure 4.4 

depicts a cornparison of the theoretical caldation for TEGMA, Le. the potential amount 

avdable h m  the consumed TEGDMA, with the actud isolated TEGMA. The 

consumecl TEGDMA was calculated relative to changes h m  the level of TEGDMA 

released in D-PBS incubated samples. For bis6û incubated with 0.05 and 0.1 mit/rnL CE 
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or 0.05 unit/mL PCE (respectively Figure 4.4A and B) and u-bis60 incubated with 0.05 

and 0.1 unit/mL CE and 0.01 unit/ml PCE (respectively Figure 4.4C and D), the actual 

isolated TEGMA is higher than that predicted by the cleavage of TEGDMA. This 

indicates that a certain number of the isolat4 TEGMA molecules must have onginated 

fiom pendant TEGMA molecules within the resin matrix. This is an important 

observation because it supports the claim that the enzyme is acnially degrading 

components of the maûix resin and not solely leached monomer. 

It should be noted that while TEGMA itself is produced by both CE and PCE, it is 

concurrently hyàrolyzed by these enzymes, as indicated by its gradua1 elimination when 

the composites are incubated with high levels (1 unit/mL) of CE or PCE. Hence, the 

actual isolated TEGMA only represents the balance between its production and 

elimination. This indicates that the level of TEGMA production would actually be higher 

than the isolated TEGMA, thus indicating an even greater degradation of the pendant 

TEGMA from the resin matrix. This makes sense, in view of the fact that an estimated 90 

% of unreacted methacrylate groups are reported to be associated with partially reacted 

monomers Ferracane, 19941. 

The levels of TEGDMA monomer isolated in D-PBS for the different composite resin 

groups are different fiom one mode1 material to the other, and Vary for different 

incubation periods (Figures 3.43, 3.45 and 3.46). Figures 4.5A and B pmvide a better 
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Figute 4.5 Lncrementai amount of TEGMA and TEGDMA isolated for bis and 

u-bis composite simples ineubated in D-PBS for 16 and 32 days (37°C 

at pEz7.0) 

illustration of the arnounts of TEGDNA and TEGMA isolated for the different systems 

following incubation with D-PBS. The amount of TEGDMA isolated for the 60 % f l k  

content groups is significantiy lower (p<0.05) than that found for the 10 % filler content 

groups in ôoth systems at both time points. For both resin systems at both time points, the 

amount of TEGDMA was conelated (r 5 -0.953) with the amount of 611er (p4.05). It is 

seen that there is a very strong association (r 2 0.988) between the reiease of TEGMA 



and the amount of available TEGDMA for both systems at both incubation periods 

(p < 0.01). T h i s  suggests that the TEGMA degradation product in the D-PBS incubated 

groups was derived in large part h m  the release of uareacted TEGDMA monomer. 

In sumrnary, while the literature estimates that approxirnately 90 % of unreacted 

methacrylate groups are associated widi pendant molecules bound to the m i n  matri. 

[Ferracane, 19941, the above data suggest that the additional contniution of the unreacted 

TEGDMA monomer cannot be overlooked. 

4.2.2 DEGRADATION PATWAYS OF bisGMA 

Unlike TEGMA, only negligible amounts of the bisGMA-derived product, bisHPPP, 

were isolated fkom the buffer solution with the bis system and no bisHPPP was detected 

in the buffer treated u-bis system. These data compare well with buffer control samples 

analyzed in previous studies [Santem, 1999; Shajii, 19991. For al1 composite materials 

used in this study, increasing the arnount of CE or PCE, showed an inaease in the 

amount of isolated bisKPPP as compared with the arnount found for the D-PBS incubated 

samples (Figures 3.34-3.37, 3.44, 3.47, 3.48). The low levels of bisHPPP isolated in the 

D-PBS incubated composite samples suggests that the aqueous solution alone has a 

limited capability to hydrolyze the monomeric segment and pendant bisGMA molecules 

fiom the re in  ma&. This is supported by other studies wunlrsgaard, 1990; Bean, 19941 

that found a lower hydroIysis rate for bisGMA than for TEGDMA in the presence or 

absence of esterase. 



BisHPPP can be daived fiom the unreacted bisGMA monomer, hydrolyzed at both its 

ester bonds (Figure 4.6); by hydrolysis of pendant bisGMA molecules, which have only 

reacted with the resin rnatrix via one vinyl group (Figure 4.7); or fiom the hydrolysis of 

the ester bonds within the bisGMA repeat segments of the matnx (Figure 4.8). 

As indicated in the review of the literature, Tanaka et al [1991] reportecl values for 

residual unreacted trapped bisGMA remaining in the composite resin following 

photocuring. These values were between 1.3 and 4.1% of the original amount of 

bisGMA, depending on the curing period. Other studies [Ferracane, 19941 

Figure 4.6 Degraàation pathwayi of bi&MA: hydrolysis of u i m c t e d  bis- 

monomer 



Figure 4.7 Degradation pathways of CIsGMA: hydrolysis of pndant bisGMA 

from the matrix 

Figure 4.8 Degradation pathways of bhGMA: hydrolysis of monomeric bisGMA 

segment within the polymer chiin 



have estimated that approximately 10 % of the unreacted vinyi groups are associated with 

trapped monomers within the resin matrix. Using the latter values, it c m  be assumed that 

approitimately 3 % (10 % of the 30 % conversion ratio) of the bisGMA was trapped as a 

monomer withh the resin matrix. This arnount could lead to the production of 673 and 

432 pg bisHPPP respectively for bis10 and bis60 materials. When comparing these 

values to the isolated mount of bisHPPP in the incubation solutions of bis 10 and bis60 

(Figure 3-44), it was show that following 32 days of incubation with CE, the total 

accumulations of bisHPPP are 66 1 and 586 pg respectively for bis 1 O and bis6O. When 

considering the amount isolated for the bis60 mataial following 16 days (Le. 432 pg), 

there is more released bisHPPP than what could be accounted for by the expected 

bisHPPP production from bisGMA monomer. Hence, again the data support the thought 

that cured resin matrix components are undergoing degradation. 

Furthmore, the high molecular weight and the rigid nature of the phenol rings, as well 

as the high hydrogen bonding capacity of the bisGMA molecule, limit the diffision of 

this monomer wîthin the resin matrut Fertacane, 19941. Therefore, it c m  be assumed that 

most of the unreacted trapped bisGMA monomer was not available for hydrolysis by CE 

and hence most of the bisHPPP product pmbably originated from the hydrolysis of the 

ester bonds within the bisGMA repeat segments (Figure 4.8) or h m  the pendant 

bisGMA molecules (Figure 4.7) within the resin rnatrix. This is also supported by the 

SEM miaographs (Figures 3-16 and 3. lî), which show a sipificant degradation of the 

tesin matrix fo110wing 32 days of incubation with CE. 



With PCE, the amount of isolated bisHPPP following 32 days treatment were lower (1 33 

and 128 pg for respectively bis 10 and bis60) than the expected total values of bisHPPP 

(Figure 3.44). in addition, the accumulation rate of bisHPPP showed no significant 

difference behHeen the two incubation periods, suggesting that the production of bisHPPP 

by PCE may be primarily related to unreacted trapped bisGMA monomer that diffised 

through the resin rnaûix. However, the SEM andysis shows that the matrix of the bis 

samples incubated in PCE for 32 days was degraded to a considerable level. Accordingly, 

it can be hypothesized that PCE produced bisHPPP €tom both unreacted bisGMA 

monorner difising through the resin matrix and pendant bisGMA monomer, reacted with 

the resin polymer via one methacrylate group. Since PCE showed a lower ability to 

hydrolyze bisGMA monomer as compared with CE (Figure 3.33), some of these sources 

would not appear to have been depleted as rapidly and were equally available throughout 

the 32 day incubation period. 

In the curent study, the mono-vinyl derivative of bisGMA (Figures 4.6 and 4.7), 

produced fiom bisGMA, following hydrolysis of only one ester bond, was not detected in 

the HPLC system using the UV detector. However, using the mass spectrometer as an 

additional detector for the HPLC system, this product was isolated and identified in the 

incubation solutions of bis composite samples following incubation in D-PBS (see 

appendix 8.7). Since the latter system was not equipped for quantification, the amount of 

this product was unhiown. The low amounts of this pduct  in the incubation s01utions 

can be explained by the molecule's low solubility in aqueous solutions [Kababoura, 

1996; Li, 19961 and its low diffision through the composite po1ymer matrix Ferracane, 



19941. The presence of this product in the D-PBS couid be attn'buted to the mild 

hydrolysis conditions of the buffer and to impwities in the bisGMA monomer used in the 

synthesis of the bis samples, as identified by HPLC (Appendix 8.8). This product was 

only detected in the absence of enzymes. 

4.2.3 DEGRADATION PATHWAYS OF bisEMA 

Figure 3.28C depicts a W spectrum for a product derived from bisEMA, which was onl y 

isolated for the u-bis system. The identification of this product, having a mass to charge 

ratio of 3 17 (Figure 3.3 1), was provided by the fiagrnented ions defined in Figure 3.32 

and Table 3.7. This product has never been previously isolated in composite resin 

biodegradation studies. E-bisPA can be derived fiom the fully unreacted monomer 

bisEMA, hydrolyzed at both its ester bonds (Figure 4.9); following hydrolysis o f  pendant 

bisEMA molecules within the polymeric resin matnx (Figure 4.10) or from the 

hyhlysis of both ester bonds within the bisEMA repeat segments of the matrix (Figure 

4.1 1). 

E-bisPA shows some similarity to bisHPPP, in that it was not fond  in the D-PBS 

incubation solutions (Figures 3.36, 3.37, 3.47 and 3.48). However, while bisHPPP was 

detected in the PCE and CE incubated u-bis samples, E-bisPA was ody  fouad in the CE 

incubated u-bis groups. The absence of this pduct  in both D-PBS and PCE indicates 

that the latta. have a very poor ability to hydrolyze the bisEMA repeat segments and 

monomers h m  the polymeric tesin mahix. 



Figure 4.9 Degradation pathways of blsEMA: hydrolysis of unnacted bisEMA 

monomer 

Figure 4.10 Degradation pathways of bbEMA: hydrolysis of pendant bisEMA 

from the matrir 



Figure 4.11 Degradation pathways of bisEMA: hydrolysis of monomcric bisEMA 

segment within the polymer chah 

in order to determine the possible sources nom which the E-bisPA degradation product 

was derived, a similar calculation to that of the bisHPPP was cimieci out. Assuming that 

about 3 % of the original amount of bisEMA was trapped in the resin polyrner, the 

expected values of E-bisPA originating from trapped bisEMA would be 471 and 286 pg 

respectively for u-bis 10 and u-bis60 materials. However, the actual accumulations of E- 

bisPA for 32 days of incubation were much lower, having values of 22.64 and 30.63 pg 

respectively for u-bis10 and u-bis60 (Figures 3.47 and 3.48). Although CE showed a 

significant ability to hydrolyze bisEMA monomers (Figure 3-33), the low overall amount 

of the latter composite degradation product, E-bisPA, as well as its constant accumulation 

rates for bot.  incubation periods, suggests that the reaction between CE and the bisEMA 

pendant molecules, as well as its repeat segments h m  the rein ma& may be quite low 

in cornparison to degradation of unreacted monomer, that may have a greater abiüty to 

diffuse to the d a c e .  This is fbriher supported by the SEM miaographs, which show 



that CE had only a minor effect on the degradation of the u-bis systern (Figures 3.18 and 

3.19). 

It should be noted that although CE showed a simiiar ability to hydrolyze both bisEMA 

and bisGMA monomers (Figue 3.33), and the amount of bisGMA and bisEMA 

molecules inccqmnteû into the u-bis system are mughly the same (see sections 2.1.1, 

2.1.3 and 2.1.4), the amounts of the bisEMA product, E-bisPA, were higher than the 

amounts of the bisGMA degradation product, bisHPPP (Figures 3.47 and 3.48). It is 

thought that the urethane coupling of the bisGMA molecules has contriiuted to this 

difference by increasing the cross-linkage within the monomer system. The effect of the 

urethane coupling will be f.urther discussed in section 4.5. 

in a similar manner to the bisGMA system, the mono-vinyl derivative of bisEMA 

(Figures 4.9 and 4.10), was not detected in the incubation solutions. Since the HPLC 

method was capable of detecting this product, as evident in the ability to detect bisEMA 

monomer in standard solutions, it cm be assumed that this product was not present in the 

incubation solutions of the u-bis system in any measurable amount. Due to the similarity 

of this product to the mono-vinyl derivative of bisGMA, its absence in the incubation 

solutions of the u-bis system cm be explained in part by its low solubility in aqueous 

solutions mbaboura, 19%; Li, 19961 and its low difbion h u g h  the polymer matrix 

[Feracarie, 19941. While the mono-vinyi derivative of bisGMA was preseat in the D-PBS 

incubation of the bis system, the u-bis systern which shows a lower overall product 



formation, yielded no mono-vinyl derivatives for either bisGMA or bisEMA. This again 

refiects the relatively lower degree of resin monomer degradation. 

42.4 METHACRYLIC ACïû PRODUCTION 

Methacryiic acid, with a mass to charge ratio of 85 (Figure 3.23), is a common end 

product of d l  methacrylate based monomers hydrolyzed at the ester bond. As mentioned 

in section 4.1, a significant number of unreacted vinyl groups (-30 %) (Figures 3.7 and 

4.1) are available to be cleaved and form methacrylic acid. For both of the resin systems 

under study with varying filler content, increasing the amount of the enzymes showed an 

increase in the amount of methacrylic acid (Figures 3.34,3.35,3.36 and 3.37). These data 

are comparable to the results reported in other studies [Koda, 1990; Munksgaard, 19901. 

While methacrylic acid can be derived fkom the fully unreacted pure monomers such as 

TEGDMA (Figure 4.2 A), bisGMA (Figure 4.6) or bisEMA (Figure 4.9) and k i r  

intermediate degradation products such as TEGMA (Figure 4.3) or the mono-vinyl 

derivatives of bisGMA and bisEMA (respectively Figures 4.6 and 4.9), it can also be 

derived fiom the cleavage of their pendant monomers which have only reacted with the 

resin matrix via one vinyl group [Freund, 1990; Santene, 19991 (Figures 4.2, 4.7 and 

4.1 O). 

To fùrther investigate the sources of methacrylic acid, a theoretical caiculation of 

methacryiic acid production (based on the assumption that al1 bisHPPP, E-bisPA (in the 



U-bis system ody) and TEGMA products were derived fiom leached unreacted bisGMA, 

bisEMA (u-bis system only) and TEGDMA) was compared with the actual amount of 

isolated methacrylic acid in the incubation solutions. Following the hydrolysis of the 

ester bonds, dimethacrylate molecules, such as TEGDMA, bisGMA or bisEMA are 

capable of producing two molecules of methacrylic acid, while pendant molecules are 

capable of producing only one molecule and repeat segments of the polymer min matrix 

will not produce any methacrylic acid (Figures 4.6-4.1 1). 

Figures 4.12 and 4.13 depict a comparison between the theoretical calculation and the 

acnial isolated arnount of methacrylic acid for bis and u-bis composite resin systems with 

different filler content following 16 or 32 days of incubation in CE or PCE (37OC at 

pH=7.0). The fact that there is a relatively consistent imbalance of theoretical and 

measured methacrylic acid indicates that this product cannot be derived solely fiom 

leached components but must include degradation of the repeat segments in the cured 

matrix. For the bis system following 16 days incubation in either CE or PCE, it is noted 

that the acnial amount of isolated methacrylic acid is higher than the theoreticel values 

(p<0.01). The higher amounts of isolated methacrylic acid as compared with the 

theoretical values suggest that in addition to degrading leached monomers, for the first 16 

days of incubation, both enzymes are cleaving a significant arnount of methacrylate 

molecules h m  pendant moieties which have ody reacted with the resin polymeric 

matrix via one methaqlate group wunksgaard, 19901. Consequently, during this phase, 

cleavage of the repeat segments (i.e. triethylene glycol or bisHPPP) h m  the 
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Figure4.12 Cornparison of isolatrd methacrylic acid with the theoretical 

production by CE or PCE (1 uniümL) following incubation for 16 and 

32 days (37°C at pH=7.0); A) bis10 incubateà dth CE, B) bis10 

ineubatcd nlth PCE, C) bis60 incubated with CE and D) bis60 

incubated with PCE 
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matrix is relatively lower. However, following incubation for 32 days the results are quite 

different. The theoretical values of methacrylic acid exceed or equal those of the isolated 

methacrylic acid, suggesting that in the second 16 days of incubation, more of the 

monorneric segments within the polymeric resin rnatrix are being cleaved. Hence, the 

contribution of methacrylic acid h m  the second hydrolysis reaction of the moieties is 

minimal. The fact that the matnx is actually degraded by the enzymes is M e r  

mpported by the SEM analyses, which show that the resin matrix of the bis system is 

degraded and filler particles are exposecl following incubation in aqueous solutions for 32 

days (Figures 3.16 and 3.17). 

In the u-bis system, the first 16 days of incubation show a similar trend to that observed 

with the bis system, suggesting that the enzyme is degrading methacrylate groups fiom 

the pendant molecules within the resin matnx (Figure 4.13). However, unlike the results 

for the bis syaem, the trend of higher levels for isolated methacrylic acid as compared 

with the theoretical values is still observed following the additional 16 days of 

incubation. This indicates that for the u-bis system, the enzymes are mainly degrading 

methacrylate groups fiom the resin matru< as opposed to releasing partially reacted 

monomers. This also fcurther suggests that the repeat units and the pendant molecules 

within the polymeric ma& of the u-bis system are l e s  susceptible to the enzyme 

catalyzed hydrol ysis by CE and PCE. The SEM analyses support this by showing that for 

the u-bis system, the effect of CE and PCE on the degradation is minimal (Figures 3.18 

and 3.19). 



4.2.5 LEACHING OF üNREACTED MONOMERS 

As mentioned in section 4.1, the presence of residual monomer as well as unreacted 

methacrylate groups is inherent in the nature of the polymerization [Asmussen, 1982; 

Ruyter, 1985; Peutzfeldt, 1994; Park, 19961. Although most of the unreacted 

methacrylate groups are reported to be assodateci with pendant molecules that have 

reacted with the resin matrix via one methacrylate group, a significant amount of 

unreacted pure monomers become trapped in the resin matrix (Figure 4.1). In the 

remainder of this section, the tenn unreacted monomers refers to those monomers that did 

not polymerize at either of the methacrylate ends. 

For al1 composite resin materials incubated in D-PBS, a decrease in the isolated amount 

of isolated TEGDMA was observed as the composite samples were incubated for longer 

periods (Figures 3.43, 3.45, 3.46 and 4.5). Figure 4.14 provides an illustration of the 

variation in rates of TEGDMA accumulation, in the D-PB$ incubated bis60 composite, 

relative to the d a c e  area for different time periods. The rate of TEGDMA accumulation 

for the bis60 composite incubated in D-PBS staris at 86.5 pg/(cm2 IC day) for the first 2 

days (48 hours of pre-incubation), while the rates for the subsequent 16 days and the last 

16 days are respectively 12.5 * 1.7 and 6.3 * 0.3 Cig/(cm2 r day) (Figure 4.14). The 

significant release of this monomer into the incubation solution is associated with its 

relatively high solubility in aqueous solution and its relative ease of mobility to diffuse 

through the resin rnatrix and into the D-PBS solution Ferracane, 1990; Tanaka, 1991; 
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Figure4.14 Accumulation rates of TEGDMA following 2, 16 and 32 days 

incubation of bis60 composite simples in PPBS (3rC at pH-7.0). AU 

data are incremental. 

Ferracane, 19941. This process of diffision will proceed as long as the TEGDMA 

concentration gradient between the matrix and the incubation solution is present [Treybal, 

19871. As TEGDMA at the surface is rapidly removed fiom the resin (as shown initially 

in Figure 4.14 by the elevated rate of release at day 2), the arnount of this monomer 

available for immediate release h m  the d a c e  is diminished. Its repleaishment at the 

d a c e  is highly dependent on diffision rates within the cured matrix, thus the gradient 

between the matrix and buffer becomes smaller and consequently, the accumulation rate 

will decrease as well. 

The decrease in the accumulation rate may also be attriiuted to pst-&g following the 

initiai photocuring Fmcane, 19941. This pmcess, which continues for hom and days, 

consumes some of the unreacted monomers trapped in the min maük, thus reducing the 

amount of available monorner and reducing diffision since by Whie of the polymer's 



msslinked network being extended, the accumulation rate is ultimately affectecl. Hence, 

the mechanism of transport appears to be highly dependent on diffusion within the matrix 

and not on a saturated boundary layer at the liquidfsolid interface. 

The polymer network is composed of cross-linked molecules withùi which the unreacted 

monomers reside (Figure 4.1). As the buffer penetrates the ma& and swells the polymer 

matrix, monomers diffise out. Since the complete saturation of the composite with the 

buffer requires weeks and months Pearson, 19791, it is not clear whether the 

accumulation rate of TEGDMA in the D-PBS solution will continue to decrease 

following incubation for more than 32 days or would it begin to increase with an 

enhancement of diffusion rate, resulting from the degradation or release of repeat 

segments from the matrix. Following 32 days of incubation, the level of isolated 

TEGDMA in the bis system was between 100 to 200 pg/ cm2, depending on the filler 

content, which is well above the detection threshold of the HPLCNV detector (ngs). 

Hence, it could still be expected that the process could be continuously monitored beyond 

32 days. Therefore, M e r  experiments should be conducted in order to answer the above 

question regarding the kinetics of TEGDMA release over extended period of the. 

Studies bssed on weight loss techniques have estimated that approximately 50 % of the 

leachable species are eluted within three hours in water, [Ferracane, 19901. in the same 

studies, elution of nearly dl-leachable components was completed within 24 horirs. 

However, the HPLC analysis in the current thesis shows that the release of TEGDMA 

persists throughout the 32 days. Here, some consideration must be given to this apparent 



codict. It should be emphasized that weight loss measwements do not speciS> the nature 

of leaching components that contriiute to the weight loss. These can include, in addition 

to the resin components, other ingredients of the composite resin, such as filler and 

residual water [Siiderholm, 1996 and 19981. in addition, water sorption into the 

composite sarnples may interfere with the measurements [Soderholm, 1 9981. In 

cornparison, the HPLC analysis is a more sensitive method, which cm be used to detect 

specific products that are directly associated with resin [Santerre, 19991. Hence, the data 

reported in this thesis are believed to be a better representation of the levels of monomer 

release than whai would be anticipated based on weight loss alone. 

For the bis60 composite, the sum of accumulated TEGDMA during the 2 days of pre- 

incubation and the 32 days of the enperirnent was about 3.9 % of the total amount of this 

monomer in the sample and makes up about 12.45 % of the sample's unreacted vinyl 

groups. These data are within the range of values recorded in other studies. Ferracane 

[1994] reported values between 5 to 10 % of the unreacted monoma, when the 

composite was immersed in the incubation solution immediately following photonuing. 

Another study [Pearson, 19891 has reported values of released TEGDMA between 1.6 to 

5.5 % of the resin, when the composite was subject to a pst-curing effect process before 

immersion in the incubation solution. This is comparable to the cumulative isolated 

TEGDMA values following the 32 day of incubation period (Le. not including the pre- 

incubation release values). The values for the latter were 2.5 % for bis60 and bis t 0. It 

shodd also be noted that the vaiues for the cunent study, folIowing 32 days of 

incubation, do not represent the total amount of free TEGDMA, since significant levels 



of TEGDMA are still found in the final sample at the 32 day incubation period. There is 

every indication that the release of diis monomer is likely to continue for a longer period. 

Since the degree of vinyl group conversion for ail composite resin gcoups was found to 

be similar (Figure 3.7), it can be assumed that the composites with lower filler content 

would release a higha amount of TEGDMA. The latter composites contain more min 

and as a consequeme, more unreacted monomer within their polymeric matrix. 

Therefore, it is not surprising that the values of released TEGDMA in the incubation 

solutions for the different composite resins, following incubation in D-PBS are correlated 

(r 5 -0.953) (see section 4.2.1) with the arnount of filler in the composite resin matrix 

(Figures 3.43, 3.45, 3.46 and 4.5). For example, the amount of TEGDMA isolated with 

the lower filler (higher resin) content composite groups in both systems are significantly 

higher than that found for the higher filler (lower resin) p u p s  @<O.OS) (Figures 3.43, 

3.45, 3.46 and 4.5). in addition, the u-bis system, which contains a smaller amount of 

TEGDMA in the resin, shows a proportional reduction in the release of the latter 

monomer into the incubation solution as compared with the bis system (Figures 3.43, 

3 .45,3.46 and 4.5). 

It must also be considered that the accumulation of TEGDMA in the incubation solutions 

is equal to its release fkom the composite resin matrix minus its degradation to TEGMA, 

triethylene glycol and methacrylic acid. Therefore, the level of released TEGDMA in the 

D-PBS incubation solutions at any time point, as presented in Figures 4.6 and 4.14, do 

not soleiy represent the total amount released h m  the resin matrix, since fiactions of this 



monomer are readily hydrolyzed in the solution. Hence, the mounts in the incubation 

solution are lower than the levels of TEGDMA monomer actually released. 

Aithough the HPLC method used in this study was capable of detecting al1 of the 

monomers used in the study, no residual bisGMA, bisEMA or urethane-modified 

bisGMA monomers were isolated in either the D-PBS or enzyme incubated samples 

(Figure 3.20). This was similar to previous fmdings for commercial composites [Santerre, 

19991 and mode1 composites [Shajii, 19991. The absence of these monomers in the D- 

PBS incubation solutions is probably related to their lirnited solubility in water 

wababoura, 1996; Li, 19961, their hi& molecular weight, and the rigid nature of the 

phenol rings as well as the high hydrogen bonding capacity of bisGMA molecule which 

both limit the diffision of the monomers within the composite m i n  matrix Ferracane, 

19941. The low solubility in the aqueous solution and the low diffision rate of bisGMA 

and bisEMA are overcome in their relevant degradation products, respectively bisHPPP 

and E-bisPA, by the presence of additional hydroxyl groups at both ends of the molecules 

as well as their lower molecular weight. This latter feature enhances their polar character 

and thus solubility in water. 



4.3 MECHAMSM OF THE ENZYMATIC ACTION 

in this snidy, the mechanism of the enzymatic attack on the composite's resin polymeric 

matnx was investigated using two esterases, CE (EC 3.1.1.13) and PCE (EC 3.1.1.8). 

Both enzymes act on substrates via an acyl-enzyme intermediate, which is typical of 

serine esterases [Lombardo, 198 1 ; Quh, 1987 and 1992; Sutton, 1990; Taylor, 19901. 

Both enzymes catalyze the hydrolysis of nitrophenylesters @-MA, O-NPA, p-WB and 

o-NPB), which are water-soluble substrates (Figures 2.4 and 3.12) [Sutton, 1 9861. PCE is 

also capable of catalyzing the hydrolysis of butyrytthiocholine and butyrylthiocholine 

iodide (BTC) (Figures 2.5 and 3.12) [Soreq, 19921. Figure 4.15 outlines the cataly'c 

mechanism for CE and PCE. In the scheme, E-OH npresents the active serine site whose 

y-OH group attacks the carbonyl carbon of the scissile bond of the substrate via a 

nucleophilic reaction. The mechanism involves tetrahedrai intemiediates in both 

acylation and deacylation stages [Sutton, 1986; Quin, 1987; Quin, 19921. Finally the 

acylated enzyme complex is hydrolyzed, ûeeing the enzyme and liberating acetic, butync 

or other acids, depending on the nature of the substrate. Phenylrnethylsulfonyl fluoride 

(PMSF) is a serine estenise inhibitor, which alkylates the hydroxyl of the active serine 

site in the esterases [Labow, 19941. 

In order to investigate if CE and PCE catalyze the hydrolysis of the composite resin 

maaix via the same active site (Le. serine) as other substrates for the enzymes (such as 

nitmphenylesters and BTC respectiveiy for CE and PCE), the effect of PMSF on the CE 

and PCE biodegmdation activity was assessed. These studies were cornpanxi with the 



activity of the enzymes with and without PMSF, as measu~ed using pNPA and BTC 

substrates for CE and PCE respectively. 

The inhibition, by PMSF, on the generation of biodegradation products from the 

composite's polymeric matrix (Figures 3.38, 3.39 and 3.40) was comparable to the 

inhibition of the hydrolysis with other substrates @-NPA and BTC for respectively CE 

and PCE) (Figure 3.1 S), providing evidence that hydrolysis of the resin matrix occuned 

at the same active site as the more usual substrates of the enzymes. 

Acy lation: 

Deacylation: 

Figure 4.15 Catalytk mechanhm for CE and PCE [adapted from Sutton, 1986; 

Som,  19921. 



Hence, the first hypothesis of this study- "that the enzyme catalyzed hydrolysis of the 

resin components by CE and PCE occurs at the ester bonds of the methacrylate based 

resin rnonomers, is dose dependent and occurs via the same active enzyme site expressed 

ont0 other substrates of the enzymes"- was shown to be tnie. As a redt ,  the release of 

hydrolysis degradation products, such as methacrylic acid, TEGMA, üiethylene glycol. 

E-bisPA and bisHPPP, as well as unreacted monomers (TEGDMA), becomes of 

biological relevance. The literature has reported on the presence of enzymatic activity in 

human saliva [Chauncey, 196 1 ; Nakamura, l983a; Zambon, 1985; Ryhinen, 1983a and 

1983b; Yamalik, 19901, which has been associated with the degradation of composite 

resin materials [Freund, 1990; Munksgaard, 1990; Larsen, 159 1 and 19921. The current 

thesis has demonstrated that enzyme levels, between 0.09 to 0.26 unit/mL and 0.004 to 

0.0 18 unit/mL for CE and PCE-like activities respectively in human saliva (Figures 3.13 

and 3.14), are within the range capable of degrading the composite's polymers (Figures 

3.34-3.37). Since the degradation process showed a dependence with the enzymes' 

açtivity levels, the difference in the salivary hydrolase activity for different subjects, will  

affect the release of degradation products h m  composite restorations placed in different 

recipients. 

The above hdings are particlady important since recent studies have demonstrated that 

bisphenol-A derivatives, isolated in the saliva of fissure sealer recipients [Olea, 19961, 

have shown xenoestrogenic effects in vitro [Olea, 1996; Schafer, 19991 while 

cornonomers such as EGDMA and TEGDMA may promote the proliferation of important 



cariogenic rnicmorganism, Lactobacillus acidofilus and Sneptococfil~ sobrinus [Hansel, 

19981. This latter observation corroborates the hypothesis that bacteria proliferating 

within the gap between the composite resin restoration and the cavity walls might be a 

p&cipal causative factor for alteration of the pulp as well as the cause of recment caries 

p&trom, 198 1; Cox, 19921. Other studies have shown that bisEMA, bisGMA and 

n G D M A  caused a depression in DNA synthesis with concentrations of approximately L 

CimoVL, 10 pmoVL and 100 pmoüL for the respective monomers [Hanks, 199 11. The 

l a m  concentrations are lower than the concmtrations established in the cunent studies, 

however, the concentrations to be found in vivo have yet to be determineci. The 

psibility of elevated locai concentrations as well as diluted salivary concentration have 

to be considered. 

4.4 INFLUENCE OF FILLER CONTENT ON THE 

BIODEGRADATION OF COMPOSITES 

AS mentioued before in section 4.2.1, a significant correlation (r 1 -0.953) was found 

between the amount of released weacted monomer (TEGDMA) and the amount of the 

filla (Figures 3 -43 and 4.5). While this correlation was also observed for some of the 

bidegradation products in the enzyme catalyzed hydrolysis (Figure 3.41 and 4.M), it 

wm not observed for others (Figures 3.44 and 4.1 7). It is seen in Figure 4.16 that the 

m e t h â ~ l i ~  acid content is conelated (r = 0.9380, p < 0.001) at diffaent times with the 

differences in resh content. On the other hand, bisHPPP showed no corretation (r = 

0.336 1, p = 0.3 12) with the resin content of the composite (Figure 4.17). 



Figure 4.16 Cornparison of mcthacrylic acld isolatecl in the incubation solutions of 

bis10 and bis60 foiiowing 16 and 32 days incubation wiîh CE (3YC at 

pEx7.0). AU data i r e  ineremental. 

b i s  10 / 

Figure 4.17 Cornparbon of bisfIPPP isolated in the incubation solutions of btlO 

u d  bîs6û foUowiag 16 and 32 days incubation with CE (37% rt 

pH=7.0). AU data are incmmentai. 



Since no bisGMA and only negligiile amounts of its mono-vinyl derivative were isolated 

in the incubation solutions, the bisHPPP isolated in the incubation solutions is suspected 

to have primarily originated from the degradation of unreacted bisGMA monomer 

located within the ma&, pendant bisGMA molecules or repeat segments of the 

polymerized bisGMA. The release of bisHPPP h m  any of the latter would require 

polymer chah degradation. Thus, the amount of isolated bisWPP in the incubation 

solution is a good indicator of resin rnatnx degradation. On the other hand, methacrylic 

acid is a common end product for ail methacrylate-based monomers that did not react on 

either side of the monomer. Its release is therefore also dependent on the arnounts of 

TEGDMA and TEGMA available in the incubation solution, which was shown to be 

correlated with the monomer content of the composite (Figure 4.5). Since the presence of 

leached TEGDMA monoma is relatively hi@ even in the absence of clear matrix 

degradation, the rate of methacrylic acid production is not as good an indicator of resin 

matrix degradation as is bisHPPP. 

XPS analysis (Table 3.1) of the d a c e  on cured bis composites, prior to the incubation 

in the aqwous solution, suggests that the surface is composed maidy of resin and no 

correlation between the filla content and the d a c e  concentration of the corresponding 

silicon element was found. The dominant elements found by XPS were carbon and 

oxygen, corresponding to the methacrylate-based resin system. SEM studies (Figures 3.5 

A and B) confirm the XPS andysis and indicate that the immediate d a c e  of al1 samples 

consist mainiy resin. Hence, one wuld expect a similar level of degradation for both high 

and low fillei materials. In fact, the amount of isolated bisHPPP following the first 16 



days of incubation in CE, for the high filler content group is equal to the amount isolated 

for the lower filler content group (Figure 4.17). However, this is not the case at 32 days. 

This observation requires some M e r  discussion and elaborates on the relationship of 

bisHPPP release with matrix degradation. 

The enzyme associated biodegradation mechanism of the resin matrix cm be divided into 

three major steps: 1. Transport of the enzyme through the incubation solution to the 

surface of the resin. 2. Chernical reaction of the enzyme with the resin and 3. Release of 

degradation products into the incubation solution. The CE that was used in this study has 

been reporteci to have molecular weight values between the range of 45,000 [Labow, 

19831 to about 173,000 Kd [Somenbom, 19821. Due to its large size, which prevents its 

absorption into solid substrates, the enzyme is thought to exert predominantly an attack at 

the d a c e  of the materials. The SEM studies (Figures 3.16 and 3.17) show that fiIler 

particles are completely exposed on the surface, for both filler content groups following 

32 days of incubation in CE solutions. However, incubation in CE for 16 days shows less 

particle exposure (compare Figure 4.18 A with B). This suggests that for a significant 

part of the initial 16 days, the aizymatic degradation occurred prirnarily within the top 

surface layer of the composite min  samples, which was composed mainly of resin. In 

this case, for the initial L6 days of incubation, the two composites with different filler 

content should expose a similar SUfface area of resin and hence, both materials incubated 

in CE should exhiiit similar amounts of bisHPPP, since tbis latter product is 

representative of matrix degradation. 



A B 

Figure 4.18 Scanning electron microgrrphs of bis60 composite foliowhg (A) 16 

days and (B) 32 days incubation CE (1x10' original magiirncation) 

Between 16 to 32 days of incubation with CE, a significant decrease is observed in the 

genenition of bisHPPP for both filler content groups, however the decrease for the higher 

filler content group is significantiy @<O.OS) greater than the decrease found for the lower 

filler content group (Figure 4.17). It is believed that once the upper surface layer has been 

eliminated, then the process becornes dependent on the presence of the filler content. 

Therefore, it is anticipateci that the higbly filled material, which contains less exposai 

resin and thus less effective d a c e  area available for degradation, will show fewer 

degradation products associated with bisHPPP. 

The remlts for the enzymatic attack of CE on bis 10 and bis60, following incubation for 

32 days (Figures 3.16 and 3. I7), wouid indicate that the degradation pmcess in both 

materials is not limited to the extemal d a c e  of the composites and suggest that with 



time, the enzyme would penetrate W e r  into the matrix while creating pores in the 

material. In such a case, the first step of the degradation process, i.e. the transport of 

enzyme to the surface of the resin, is taking place within the pores created into the 

material, Again, the higher filler content composite should show more resistance to the 

enzymatic degradation, since in a given volume, the arnount of filler is higher in bis60, 

and thus intert8ère with the enzymatic attack. 

The trend depicted fiom these results contradicts the observations found in another study 

[Shajii, 19991, which demonstrated that higher filler content composites show a greater 

release of bisHPPP following similar incubation petiods. However, it must be noted that 

the composite resin systern in the latter study was quite diffeient from that of the current 

thesis. The Shajii study used smooth (colloidd silica) surfaced, unsilanated sub-micron 

filler particles, which could lead to eesy release of the filler particles following the initial 

degradation, and exposure of f k h  resin and concomitantly an increase in surface area 

which could lead to nipid product formation as degradation proceeds. In conhast, the 

average particle size used in the c m t  study was 50 times larger (1 micron average 

particle diameter) than that of the Shajii study. Furthemore, the particles in this study 

contained relatively hydrophobic silanizing agents on their irreguîar surfaces. Both the 

shape and the hydrophobic nature of the particles would lead to reduced loss of the filler 

in a polar media. 

For aii bis composite materials, the accumulation rates of bisHPPP are decreased during 

the last 16 days of incubation with CE (Figures 3.44 and 4.1 7). This is primarily thought 



to be a temporal phenornenon, dependent on the transport of the enzyme, degradation 

products and filler [Shajii, 19991. This phenomenon would be affecteci by the ability of 

the enzyme and the degradation products to adsorô ont0 the polymeriCc mataial. In vivo, 

the materiais are subject to physical forces, which may promote transport of the enzyme 

and degradation products away fiom the materials thus increasing the degradation 

process. These physical forces are also capable of removing filler particles fiom tbe 

attacked composite and exposing fresh resin to the enzymatic attack. In the latter 

scenario, product formation for the higher filler content material would be more elevated 

as coinpareci with the amount found when no forces are applied. in this latter case, the 

results may more closely reflect those found by Shajii et al [1999]. 

In the u-bis system, the SEM studies show that both CE and PCE only had a minor effect 

on the degradation of samples, followiiig the 32 days of incubation (Figures 3.18 and 

3.19). The surfaces of the composite sarnples are still composed mainly of resin and no 

filler particles were exposed. In this case, it would be anticipated that both u-bis 10 and u- 

bis60 should expose a similar surface area of resin. Hence both materiais incubated with 

CE or PCE should show similar amounts of bisHPPP for each enzyme in both incubation 

periods, since the latter pioduct is a good indicator of polymeric resin degradation. 

Therefore, it is not surprising to see that the levels of isolated bisHPPP for both u-bis10 

and u-bis60, following incubation with CE or PCE are sirnilar to each other, at both time 

points (Figures 3.47 and 3.48). in conclusion, the enhancd stabiLity of the polymeric 

resin in the u-bis system, as also suggested in section 41.4, has delayed the impact of 

mer content on the degradation profile of the composite within the 32 day eIrpamient. 



In a similar manner to the bis system incubated with CE, the accumulation rates of 

bisHPPP for the u-bis samples are decreasing during the last 16 days of incubation with 

both CE and PCE. This can be explainecl by the fact that the u-bis system showed greater 

stability as compared with the bis system, hmce limiting product diffiion with the 

gradua1 depletion of unreacted bisGMA monomer and partially reacted pendant 

molecules from the polymeric resin surface. 

4.5 INHERENT BIOSTABILITY OF DIFFERENT RESIN 

SYSTEMS 

A recent study [Santerre, 19991 has show that CE cm generate the breakdown of 

TEGDMA and bisGMA components fiom commercial dental composite resins. In the 

latter study, HPLC analysis had shown that the levels of released bisGMA and 

TEGDMA-associated biodegradation products were almost one order of magnitude 

greater for Silux-Plus and 2-100 (3M) as compared with that found for T'PH 

(DENTSPLY/L.D. Caulk), a composite with a min fomulation similar to that used in 

the u-bis system of the current study. nie  tbree commercial materials differed in th& 

composition with respect to monomer types, monomer ratios, monomer content, 

monomer chemistry and m1er type. While any one or combination of the above 

parameters could have been responsible for the observecl diEeraces, it was hypothesized 

that the most significant factor was related to differences is the monomer composition 

and their ratios. Silux-Plus and 2-10 are both based on bisGMA-TEGDMA monomers, 

whüe TPH diffets in its nsui by the presaice of urethane linked bisGMA oiigoma and 



the substitution of a significant portion of the TEGDMA monoma for bisEMA. 

Therefore it was anticipated that the chetnical stnicture of a dental composite resin wodd 

dictate the stability of the polymenc matrix with respect to enzyme cataiyzed hydrolysis 

via the ester groups. Since the current thesis used composites that differed only in their 

resin chemistry, it was possible to test the above hypothesis. 

The u-bis composite resin material in both filler content groups, exhibited a lower amount 

of released products (degradation products and residual monomer) as compared to the bis 

systern after incubation in D-PBS, CE or PCE. The differences ranged between 2.6 to 180 

fold, depending on the specific product (Figures 3.34-3.37 and 3.4 1-3-48), Since no 

difference was found in the number of unreacted vinyl groups between the bis and u-bis 

composite resin groups (Figure 3.7), the difference in the amounts of released products 

could only arise fiom their differences in chernical structure. While the arnount of 

bisGMA molecules in both bis and u-bis composites are roughly the sarne (see sections 

2.1.1, 2.1.3 and 2.1.4), the arnounts of the bisGMA derived pmduct, bisHPPP, is 1 0  to 

180 fold hi* in the bis composites compared with the amounts found in the u-bis 

groups (compare Figures 3.34, 3.35, and 3.44 against Figures 3.36, 3.37, 3 -47 and 3.48). 

It is thought that the urethane couplhg of the bisGMA molecule has contniuted 

sipificantly to this enhmced stability. This is fhther explainexi below. 

Braden [1986] compared the water absorption of unfilied bisGMA based resin and a 

series ofvinyl wethane resins. BisGMA resin was shown to undergo greater sorption as 

cornparrd with the d a n e  resins. Watts [1986] showed that a cornmerciai composite 



resin, Ful-Fil (L.D. Caulk), which contained the same urethane modified bisGMA as 

fouad in TPH and the u-bis system, exhibited a greater water stability and lower water 

uptake. This could be explained by the decreased flexibility of the urethane modified 

bisGMA oligomer as weil as the elhination of the hydroxyl groups fiom the bisGMA 

monomer by the urethane links (Figure 2.2), thus increasing the hydrophobicity of the 

monomer. As discussed earlier, the penetration of water into the resin rnaûix will lead to 

swelling of the polymer and ultimately an increase in the diffusion of monomers h m  

within the polymeric materials. Hence, the reduction in water uptake that could 

potentially be achieved by the presence of the methane coupling agent may be partially 

responsible for the improved performance of the u-bis system. 

Santerre and Labow (1997) reported that the presence of urethane structures within 

polymeric materials could reduce the susceptiibility of polar groups to hydrolysis within 

the vicinity of the urethane. The urethanes were shown to contribute to the formation of 

hydrogen bonded structures which provided a cohesive system that minimized the 

enzyme's access to the cleavage sites. In the u-bis system, the urethane groups may 

possibly be generating hydrogen-bonded bridges with the hydrolyzable ester groups, thus 

inhibithg or delaying the enzymatic reaction. Hence, this impiirts u-bis composites with 

increased chernical stability. XPS and SEM data (Table 3.2 and Figures 3.16-3.19) render 

some support for this hypotbesis. The presence of uretbane groups at the d a c e  of the o 

bis system was c o n h e d  by the XPS analysis (Table 3.2) and the FT-IR analysis (Figure 

3.1). XPS data show that the ester bonds (Ce) of the resin were present at the surface of 

both bis and u-bis materials and hence were potentially available for hydrolysis. While a 



higher content of these bonds were present at the surface of the bis composite (between 

9.85 + 1.10 % to 11.54 * 0.68 %) as compared with the amount for the u-bis system 

(between 5.65 0.17 % to 6.76 0.22 %), the ratio of these two values was only about 2 

fold. This ratio is significantiy l a s  than the 100-1 80 fold difference in bisHPPP products 

isolated for bis versus u-bis systems. Hence, the available surface esters must be 

configured in a marner which does not render them as readily hydrolyzed. SEM data 

(Figures 3.16-3.1 9) dernonstrates the stability of the u-bis configuration, showing 

minimal changes to their surface following 32 days of incubation with either CE or PCE, 

while the bis system shows extensive degradation of the resin maûix around the filler. 

Another factor contributing to the stability of the u-bis system is the fact that most of the 

bisGMA is incorporated as an oligomer containing 7-9 repeated bisGMA units coupled 

with hexane diisocyanate (see GPC data, Figure 3.2, section 3.1.2) [Ruyter and 0ysred, 

1987al. No products associated with the urethane-linked bisGMA molecules were 

isolated in the degradation solution of the u-bis system. This could be attributed to the 

increased stability of the resin and/or the low solubility of such oligomerk products in 

aqueous solutions. Theu Iow solubility can be explained by dieir high molecular weight, 

4900-7600 (GPC data, Figure 3.2, section 3.12) puyter L987a and 1987b], which 

prevents th& difision through the =sin ma& and into the incubation solution. 

Hydrolysis of the ester bond of the monomeric segment within the min matrix would not 

necessarily allow the release of such products, since the molecule would be stiil 

connected to the resin polymaic maüix via the urrthane linlted HDI molecules. This 

unbiaae bond is relatively more stable to hydroiysis [St. Piem, 19861. The latter 



consideration is supported by the remlts of the '4~-u-bis experiment. A higher amount of 

radiolabel release was found in the incubation solution following treatment with CE and 

PCE (Figure 3.46) as compareci with D-PBS incubation. However, the data suggests that 

the amount of the water-soluble radiolabeled products are reiatively small. in an attempt 

to isolate and identify the different radiolabeled degradation products, HPLC fiactions 

were collected every minute and counted for radiolabel content. Since the radioactive 

products were water soluble, it was assurneci that they would be relatively low molecular 

weight oligomers as well as possibly some L,6 hexane diamine (HDA). If present, HDA 

would be a hydrolysis product of the original HDI molecule. Attempts to find a specific 

radioactive product failed due to the low total radiolabel count that came out of the 

column and was counted in the HPLC hctions. Al1 the count values were in the order of 

the background count, i.e. between 20-30 CPM. 

in addition to the incorporation of tuethane-linked bisOMA molecules in the resin matrix, 

the u-bis system contains less TEGDMA as compared with the amount in the bis system 

(10 to 20 % for the u-bis resin as compared with 45 % weight fraction for the bis resin). 

The literature has reported that Uicreasing the ratio of TEGDMA to bisGMA in a resin 

matrix systems leads to an increase in their wata uptake [Kalachancira, 1987; Beatty, 

19931. while TEGDMA monomer was shown to have a higher degree of enzymatic 

hydrolysis as compared with other monomers, such as bisGMA ~mksgaarci, 19901. 

Furthemore, an elevation in the amount of methiicryiic acid production was shown when 

the amount of TEGDMA in the bisGMA-TEGDMA based composite resin samples was 

increased. As discussed eulier, the penetration of water into the min matrix will lead to 



swelling of the polymer and ultimately an increase in the diffusion of monomers tiom 

within the polymeric materials. The above results may well reflect the relative 

hydmphilicity of TEGDMA [Deb, 19981. Hence, the substitution of TEGDMA with 

bisEMA (which is less water-soluble) into the u-bis system likely has contributeci to the 

o v d l  chernical stability of the resin. While it was noted that the u-bis system did 

generate an additional product, ethoxylateà bis-phenol A, which was a bisEMA derived 

product that was aot found in the bis system, the levels of this product were still 

cornparatively lower than the bisHPPP levels of the bis system (Figures 3.36, 3,37, 3.47 

and 3.48). 

In summary, the u-bis system shows an increase in its chemical stability over that of the 

more traditional bis system. Since the mode1 composite resins diffa oniy in their 

monomers, this change in chemical stability has been associated with the rein chemistry. 

Therefore, the second hypothesis of ihis thesis- %at the chemical structure of a dental 

composite resin affects its stability with respect to the enzyme catalyzed hydrolysis of the 

monomers' ester group9'- is shown to be tme. 

4.6 PCE VERSUS CE SPECIFICITY 

Although both CE and PCE show similarit. in their active sites, as discussed in section 

4.3, their reactivity toward naairal and synthetic substrates are quite different. CE 

catalyzes the interfacial hydrolysis of long chah fatty acid esters of cholestetol, while 

PCE catalyzes the turnover of low molenilar weight choüne esters, such as 



butyryicholine [Sutton, 1 99 11. The composite resin matrix contains diffetent 

cornonomers that differ in their chernical structure and may show similarities or 

dissimilarities with respect to their interaction with the esterases. Therefore, it cm be 

hypothesized that the different esterases have distinct specificities for denned composite 

resin components. 

The differences in the specificities between CE and PCE are reflected in the composite 

biodegradation experiments. Following 16 days of incubation with bis60 or bis10 

composite samples, the amount of bisHPPP released by CE (1 unit/mL) was 7-9 fold 

higher than that released with PCE ( 1 unit/mL). The elevated ratio for bisHPPP irnplies 

that CE must have some degree of specificity over PCE for the cleavage of bisGMA 

compoaents and hence degradation of the composite itself, since it was indicated earlier 

(section 4.4) that the release of bisHPPP was reasonably well correlateci with the extent 

of maûix degradation. Interestingly, for the same conditions, the bis60 group exhiiited 

only a two fold inmase in the amount of methacrylic acid released by CE as compared 

with that released by PCE, while in the bis 10 groups there was no difference for levels of 

methacrylic acid (Figures 3.34,3.35,3.4 1 and 3.44). 

As mentioned beforc (section 4.2.4), methacrylic acid is a common end product of al1 

methacrylate based monomers hydrolyzed at the ester bond. Among the possible sources 

for methaayiic acid production are unreacted TEGDMA, its intemediate degradation 

product TEGMA, as well as its pendant moieties within the min polymdc ma&. It is 

to be noted that for each of the enzymes, an identical amornt of unreacted TEGDMA was 



available for cleavage in each of the filler content groups. All of this TEGDMA was 

eliminated for both enzyme systems at L unit/mL (Figures 3.34, 3.35 and 3.42). In the 

bis60 composite at 0.1 unit/ml, PCE showed a greater elimination of TEGMA compared 

with CE (compare Figures 3.34 and 3.35). This suggests a more rapid generation of 

methacrylic acid fiom TEGDMA, TEGMA and the matrix, for PCE versus CE. This may 

explain in part why the methacrylic acid ratio between CE and PCE was not as high as 

the product ratio for bisHPPP in the bis60 or the bis10 groups. Also, the increased 

amount of TEGDMA in the bis10 composite as compared with the bis60 material may 

explain the total elimination of the difference in the methacrylic acid production between 

CE and PCE. in the latter experiment it is thought that PCE has more of the available 

TEGDMA to further compensate for its poor ability to hydrolyze methacrylic acid fiom 

the bisGMA components. 

Data for 32 days of incubation with the bis samples and CE showed a decrease in the 

amount of isolated bisHPPP as compared with the 16 days period, while the amounts for 

PCE showed no changes (Figure 3.44). This possibly suggests that CE rapidly consumed 

the readily available unreacted bisGMA monomer and pendant bisGMA molecules, and 

caused a depletion of the latter molecules in the resinienzyme interface zone. After the 

initial degradation, the hydrolysis rate is limited by the diffusion rate of bisGMA 

molecules within the composite tesin ma&, which is relatively slow Ferracane, 19941. 

On the other han& the slowa hydrolysis rate of bisGMA by PCE relative to CE (Figure 

3.33) does not generate a depletion of available bisGMA and therefore does not establish 



a diffusion rate limited system for the release of bisHPPP. Hence there is no change in 

the amount of bisHPPP between 16 and 32 days (Figure 3.44). 

The above discussion is supporteci by the measwements of monomer hydrolysis rates 

(Figure 3.33). PCE shows a higher specificity with respect to the to cleavage of the 

relatively water-soluble substrate, TEGDMA, at 29.55 * 1.78 pghourhnl of methacrylic 

acid production. In coatrast, the respective hydrolysis rates of bisGMA and bisEMA are 

much lower, 0.49 * 0.01 and 0.57 0.03 Cigmour/ml. Contrary to this behavior, the CE 

hydrolysis rates are relative1 y similar, with respective values of 7.7 i 0.5, 6.3 0.65 and 

5.83 rt 0.16 pg/hour/ml for TEGDMA, bisGMA and bisEMA (Figure 3.33). Accordingly, 

the PCE catalyzed hydrolysis rate for TEGDMA was 3.8 fold higher than that of CET 

while CE catalyzed the hydrolysis of bisGMA and bisEMA at respectively 12.79 and 

10.23 fold higher that that for PCE. 

In addition to the different degradation activities, CE and PCE show diffeient activities 

with the soluble unnatural substrates, O- and p-nitrophenyl esters (Figure 3.12). The 

approach taken to fiirther observe the differmt specificities of the two enymes was to 

use four water-soluble syathetic nitrophenyl ester substrates with diffemt lengths and 

position of the fatty acid side chah. When a factoriai analysis for the length and position 

of the side chah was p a f o d ,  only the length of the side chah was a significant 

variable for CE activity @<0.001), with a higher hydrolysis rate for the longer side chah 

nitrophenyl esters. This agrees with previous reports that CE hydrolyzes the non-water 

soluble long chah fatty acid esters of cholesterol when these are solubilized by bile salts 



in the digestive tract [Labow, 19831. For PCE, only the location of the side chairi was a 

significant variable for the enzyme activity, with a higher hydrolysis rate for the ortho 

positioned side chahs. However, when the side chah was located in the ortho position, a 

higher hydrolysis rate was found for the butyrate as mmpared with the acetate side chah 

(p<0.05). Williams [L985] reported similar results for this enzyme. On the other hand, a 

possible explanation for the PCE higher prefaences for the ortho location of the side 

chsiin was not found in the literature. 

The greater specificity of CE to hydrolyze water-insoluble substrates, such as bisGMA, 

was dso demonstrated by its ability to cleave bisEMA (ethoxylated bisphenol-A 

dimethacrylate) to form E-bisPA in the u-bis system, while no such product was detected 

for the PCE incubated groups. Furthemore, the net increase in the amount of a 

radiolabeled urethane-containhg moiecde, originating fiorn the '4~-urethane-modified 

bisGMA, following incubation in CE is 3 fold higher than that released following 

incubation in PCE (Figure 3.49). These data M e r  emphasize the specific differences 

between CE and PCE. 

The similarities arnoag bisGMA, bisEMA and the urethane-modified bisGMA (Figures 

1.3, 1.6 and 1.7) as well as the n a d  substrate of CE (Figure 4.19) is that they dl have a 

rigïd ring structureci domain linked to a long chah via an ester-type bond. Since CE 

appears to be more active for this type of structure [Labow, 19941, it is perhaps not 

surpripag that CE is more active with respect to bisGMA, bisEMA and the urethane- 

modified bisGMA relative to PCE. On the odser hand, the similarities (Le. the presence of 



ethylene oxide in a relatively low molecular weight substrate) between butyrylcholine 

(Figure 4.20), TEGDMA and TEGMA (Figures 1.3, 4.2 and 4.3) could explain the 

preference of PCE for the latter molecules. 

in summary, CE and PCE show diffaent activities with respect to diffkrent monomers, 

and these activities bear some resembiance to their interaction with naturai substrates. 

Therefore, the hypothesis "that the different esterases have distinct specificities for 

defined composite rein components"- is shown to be true. 

Figure 4.19 The structure of eholesteryl oleate, the most common nahiral 

substrate of CE Labow, 19941 

Figure 4.20 Structure of bntyryleliolhie 



4.7 HYDROLASE ACTMTY IN HUMAN SALIVA 

Numerous -dies have reportai on the presence of enzymatic activity in human saliva 

[Chauncey, 196 1 ; Nakamura, 1 983a; Ryhben, l983a and l983b; Zambon, 1985; 

Yamalik, 19901, which has been associated with composite resin material degradation 

[Freund, 1990; Munkgaard, 1990; Larsen, 199 1 ; Larsen, 19921. Hence, it is of interest to 

consider which hydrolase activities CO-exist in human saliva and can they degrade 

composites in a similar maMer to PCE and CE. Therefore, it can be hypothesized that 

saliva contains hydrolase activity, CE and/or PCE-like, wiihin the defiaed limits of 

activity that affect ester containing composite rein materials. 

The saliva analysis data show a CE-like hydrolase activity in different human subjects 

[Figures 3.131. Al1 subjects show activities wiîh the differait substrates and the average 

activity level, m e m e d  using p-NPA as a substrate was 0.19 0.02 U1it/mL. This value 

is well within the activity range used for this study (0.01 to 1 unit/mL) (Figure 3.13). 

Lower stock CE activity levels, as measured with p-MA, have been shown to 

significantl y degrade the composite resin sarnples (Figures 3 -34 and 3.36). 

The approach taken to compare the salivary esterase activity with that of the stock 

enzymes was to use four water soluble synthetic substrates that exhibit différent leagths 

and positions (Le. O orpnitrophenyIesters) of the fatty acid side chah so that the activity 

profile could be descn'bed and c o m p d  with that of the stock CE. ButyryIthhiocboline 

(ETC) was used to assess the activîty compareci with the stock PCE. The effct of the 



ester position on the substrate was similar for both stock CE enzyme and the saliva; i.e. 

the para position shows higher activity in al1 cases. The selectivity of @PB over that of 

the other substrates suggests a similarity for d l  subjects with the stock CE enzyme 

[Labow, 19941. 

As well, the presence of PCE-iike activity in human saiiva was confimeci, with an 

average of 0.01 1 * 0.001 unitlmL (Figure 3.14). This activity level is slightly above the 

lower limit of stock PCE used in this study (Figures 3.35 and 3.37). Similar results, with 

respect to the PCE activity levels in saliva, were found by others [Ryhhen, 1983a and 

1983b; Yamalik, 1990 and 199 11. The fact that the stock CE enzyme does not show any 

activity with the BTC substrate (Figure 3.12) while the saliva does, is not surprising and 

indicates that saliva has a broader activity spectnim than does the stock CE. It can be 

suggested that the kinetics of composite degradation in saliva may Vary substantidly 

from that with the individual enzymes. 

The cunent thesis has dernonstrated levels between 0.09 to 0.26 unit/mL for CE-like and 

0.04 to 0.018 unit/mL for PCE-like activities in human saliva (Figwes 3.13 and 3.14), 

which were within the range used in this study for CE and PCE (Figures 3.34-3.37). 

Since the degraâation process illustrated a dependence on the enzymes' activity levels, 

this study suggests that the level of degradation product generated for a material will 

depend on the esterase make-up for an individual's saliva. It is therefore uiferred that 

dental testorative products may be selected based on a patient's saliva activity profile. 



The results show that CE and PCE are suitable models for esterase induced composite 

resin degradation in the oral cavity. Furthemore, the broad activity of human saliva, as 

demonstrated by its ability to hydrolyze BTC in addition to the nitrophenyl esters, 

suggests that it is capable of degrading composite resins in vivo. In fact, that was 

documented in a ment study with commercial composites [Jaffa, 20001. 

in addition, the literature reports that particdate matter in saliva can contribute 

significantly to the overall enzymatic activity of human saliva [Chauncey, 196 1 ; 

Lindqvist, 1977; Nakamura, 1983al. In the study by Ja& et al [2000], only the 

supernatant activities of the saliva were assessed. As a consequence, in vivo degradation 

processes are suspected to be higher than that projected based on the supernatant 

activities reporteci in the curent thesis and used by Jaffer [2000]. Therefore, the 

hypothesis "that saliva contains hydrolase activity, CE and/or PCE-like, within the 

dehed  limits of activity that affect ester containhg composite resin materials"- is shown 

to be true. 

4.8 MUTUAL INFLUENCE BETWEEN CE AND PCE ON THE 

BIODEGRADATION OF THE COMPOSITES 

It has been shown in this thesis and is well documented that human saliva contains 

different enymatic activities [Chauncey, 196 1; Pershaâ, 19991 and these activities may 

originate h m  different sources including oral mimrganisms, selivary glands and 

gingival crevicular fluid makamura, 1983al. Since multiple activities are present in 



saliva, it was of interest to detennine if there could be a mutual influence between 

different esterases, and more specifically, between CE and PCE. 

The remlts of the biodegradation experiments show that when both enzymes are present 

in incubation solutions with bis or u-bis composites, the amount of composite 

degradation is higher than that compared with the arithmetic sum of the degradation 

produced by each enzyme alone (Figures 3.50-3.53). However, it is difficuit to detennine 

if this effect was due to a synergistic mechanism on the enzymes' activity, maintenance 

of enzyme stability, access to sites on the materid or other factors. 

4.8.1 STABUIZATION OF ENZYME ACTMTIES 

The CE stability assays (Figures 3.8 and 3.9) showed that the addition of bis60 

composites to the incubation solution reduced the stability of the enzyme over the first 6 

to 24 hours (Figure 3.8). When PCE was added to the incubation solution, the effect of 

the composite on the stability of CE was significantly reduced. However, since PCE itself 

has a hydrolytic activity with respect to the substrate used to measure CE activity, p-NPA 

(Figure 3.12), it becomes necessary to take into account the activity profiles of PCE 

(Figure 3.10 and 3.1 1) in order to truly assess the possibility of enhanced CE stabikity by 

PCE in the presence of composite. This cm be done by calcdating the net change in 

enzyme activity for CE, upon adding PCE, and cornparhg these values for the case with 

and without Gmposite samples. Data for such an analysis is presented in Figure 4.21. In 

the bis system, the net increase for the CE d v i t y  in the presence of composite is 



Figure 4.21 Cornparison of the net hicrease of CE stability in the presence of PCE, 

with and -out composite samples. A) bis60 system, B) u-bb6û 

system 



significant for several time points in the 96 hour experiment (Figure 4.21A). This 

suggests that the effect of PCE on the stability of CE in the presence of composite is not 

merely associated with PCE's inherent contniution to the hydrolysis of the substrate, but 

to a synergistic effect. The same effect is not observed in the u-bis system, where the data 

show no statistically significant differences between PCE enhancement of CE stability 

with and without composite (Figure 4.218). As an aside comment, this also fllrther 

highiights important diflerences between the two material types. It also indicates the 

potential existence of active complexes between composite materials and multiple 

biochernical agents found in saliva. Hence, in the case of CE and PCE with the bis60 

system, it would appea. that a mechanism of enhanced maintenance of CE activity is in 

part responsible for the synergistic degradation effect observed in Figures 3.50-3.53. 

The PCE stability assay (Figures 3.10 and 3.1 1) shows that the addition of bis60 

composites to the incubation solution shows a reduced stability as compared with the 

enzyme incubated alone but only following 32 days of incubation (Figure 3.10). When 

CE is added to the incubation solution, the effect of the composite on the stability of PCE 

is eliminated. Since CE does not show any activity with the BTC substrate that was used 

to measure the PCE (Figure 3.12), no fbrther analysis is needed, and it cm be assumai 

that CE increases the stability of PCE in the presence of composite samples. 

One explanation for the reduced hydrolytic activity of enzyme in the presence of bis60 

composites is related to the nature and amomt of leached unreacted monomers, and/or 

degradation products generated during the perîod of the experimentt The fact that one 



material (bis60) shows an effect and the other (u-bis) does not, can only be related to the 

resin type since this is the only differing parimieter. Radic et al [ 199 11 reported that acetyl 

cholinesterase is inhibited by high levels of its substrate, acetyl choline, while 

Augustinsson [1948 and 19631 demonstrateà that PCE was inhibited by certain aromatic 

estm such as benzocholine and acetyl-salicylcholine. If this observation is hue for both 

enzymes, then the reduced stability in the presence of bis60 composite rnay very well be 

related to the greater release of unreacted monomers and degradation products for this 

composite. As an example, the rapid release of TEGDMA during the first 48 hours 

(Figure 4.14) could explain the dnunatic reduction in the CE activity in the b t  24 hours, 

upon the addition of bis60 composites. Since PCE has been shown to have a higher 

specificity than CE for the cleavage of TEGDMA (Figure 3.33), the addition of PCE to 

the incubation solution may reduce the amount of TEGDMA at a faster rate (Figure 3.35) 

and minimize the inhiiition effect of the monomer. in a sirnilar manner, the addition of 

CE to incubation solutions of PCE may increase the cleavage rate of TEGDMA and 

TEGMA and d u c e  the inhibitory effect of these pmducts. The only question that 

remains is how does one enzyme work to help the other in eliminating this effect? 

Experiments to further probe these ideas were not pursued in this thesis but would be of 

significant interest for fume work. 

4.8.2 COOPERATIVE DEGRADATION OF COMPOSITES BY ENZYMES 

Although the u-bis60 composite did not show an effect on the stability of CE or PCE, a 

synergistic eflect between the enzymes is noticed on the degradation of u-bis60 (Figure 



3.53). Therefore, one must consider an aiternate explmation to that of the effect on 

enzyme activities, in order to explain the apparent enzyme syneigy with respect to the 

generation of polymer derived degradation products. This may be related to a cooperative 

effect with respect to the cleavage sites. As discussed in section 4.7, CE and PCE showed 

distinct specificities for defined composite resin components. For example, CE showed a 

greater specificity than PCE to hydrolyze bisGMA and bisEMA components of the 

composites, while PCE showed a greater specificity toward TEGDMA and TEGMA 

components. The measurement of hydrolysis rates for the monomers (Figure 3.33) 

demonstrateci a similar trend for the enzymes. Since degradation of the resin matrix could 

proceed via the different rnonomer components, the CO-existence of both enzymes should 

generate a more efficient hydrolase activity with respct to al1 these units. in doing so, 

one enzyme may gain faster access to its prefmed sites because the other enzyme is 

rapidly cleaving out products for which the first enzyme was not particularly efficient at 

degrading. In this man.net, the overall ma& would be cleaved with a greater efficiency. 

in summary, both CE and PCE are suitable as models for esterase induced composite 

resin degradation in the orai cavity. Furthemore, the inaeased stability and activity of 

each enzyme in the presence of the other (Figures 3.8-3.1 1 and 421) suggests that an 

even greater degradation effect, than the sum of the individual effects by each enzyme 

measured alone, may occur in the oral cavity, where it is hown that a variety of estetases 

are present together. It should be kept in mind that the in vivo system also contains many 

other co-factors which can inhibit or facilitate the action of enzymes, and these will also 

need to be! considered in hture studies. 



Human saliva contains hydrolase activities, CE and PCE like, that are in levels which 

cari degrade restorative composite resin materials, present in the oral cavity. 

incubation of the composites with CE or PCE has been show to be dose dependent. 

Since different subjects exhibited different hydrolase activities, it can be postulateci 

that the extent of the degradation process will also be determineci by the principal 

activities present in an individual's saliva. 

The u-bis composite resin materials show a significant increase in stability over that 

of the more cornmon bis composite resin materials. This has significant clinical 

relevance since it reproduces observations made with commercially available 

materials representing both of these commonly used restorative materials in the dental 

field today (namely TPH fiom L.D. CauWDENTSPLY and 2-100 fiom 3M 

Corporation) [Santem, 1 9991. 

CE and PCE show distinct specificities for defied composite min components. The 

mutual enhancement of each enzyme activity in the presence of the other enzyme is 

very important, since saliva contains a mixture of different enzymes that may also 

enbance each other's stability andor activities and increase the degradation of 

composite resîns present in the oral cavity. 



This snidy suggests that the level of degradation products generated for a materiai will 

depend on the esterase make-up for an individual's saliva and the specific formulation of 

monomer components in the composite. Since resin formulation has a significant effect 

on the composite chernical stability, manufacnirers shouid consider testhg biochemical 

stability as part of their routine product evaluation. 



5.0 CONCLUSIONS 

1. The enzyme catalyzed hydrolysis of dental composite resin components by cholesterol 

esterase and pseudocholinesterase occm at the ester bonds of the methacrylate based 

resin monomeric units, in a dose dependent manner. Both enzymes increased the rate of 

hydrolysis for rnonomenc units in the methacrylate-besed polyrners, as evident by the 

increased production of methacrylic acid and bisHPPP. Their inhibition by a specific 

serine esterase inhibitor, PMSF, suggests that the hydrolysis of the monomers occurs via 

the same active site (serine) that the enzymes utilize to attack other substrates of the 

enzymes (i.e. nitrophenyl esters). 

2. TEGMA, bisHPPP and E-bisPA were shown to be formed via enzymatic hydrolysis of 

the ester bonds contained in their corresponding monomeric unit, Le. T E G D W  

bisGMA and bisEMA. These products are partially generated by the cleavage of pendant 

monomers and repeat segments of the monomers within the polymerized maüix as well 

as some leaching monomer. The hypothesis of maûk degradation is supporteci by the 

SEM analyses. 

3. Methacrylic acid was shown to be formed fiom al1 methacryiate based monomers 

hydrolyzed via the ester lhkage. The sources for methacrylic acid in composites can be 

h m  the cleavage of unreactd monomers or their pendant derived molecules, which 

have ody reacted with the resin matrix via one vinyl group. Different levels of 

methacrylic acid wae found, depending on the resin system and the hcubation perid 



4. Unreacted TEGDMA monomer releasd into the incubation solution was shown to be 

correlated with the amount of TEGDMA uicoiporated within the composite resin 

materials. This relation is probably attributed to its relatively high soiubility in aqueous 

solutions and its relative ease of mobility to di f i se  through the resin ma&. This 

diffision process is dependent on the established gradients tiom within the resin matrix 

to the interface of the composite/incubation solution. With t h +  this gradient is 

diminished and less TEGDMA is released into the incubation solution. 

S. The release profiles for the biodegradation products of the enzyme catalyzed 

hydrolysis show a trend with respect to the filler content of the composites. Following the 

initial enzyme attack ont0 the polyrner matrix, the higher filler composite (bis6O) was 

shown to be less susceptible to degradation than the lower filler content material (bislO). 

This would suggest that the former material's resin component has a reduced exposure to 

the enzymes. Accordingly, the amounts of bisHPPP generated fiom the higher filler 

materials showed a reduction in its accumulation rates between the 16 and 32 days 

incubation periods with CE. 

6. CE and PCE show distinct specificities for denwd composite resin components. The 

diffetences in the specificities are reflected in the composite's biodegraâation 

expaiments, which show a greater production of bisHPPP for the CE incubated groups as 

cornpareci with the PCE incubated groups, while the elhination rate of TEGMA h m  the 

PCE incubation solutions with composites is faster than that for the CE incubated gmups. 



This is fiutha supported by the measurements of hydrolysis rates for the monomers. 

These data showed a higher rate for the cleavage of TEGDMA by PCE while CE shows a 

greater ability than PCE to eliminate bisGMA and bisEMA. 

7. The u-bis system shows an elevated biochemical stability relative to the bis system, 

which is evident by the lower production of degradation products. SEM micrographs also 

supported this finding. Since the mode1 composite resins diffa nom each other only in 

their resin, this increased stability must be associated with the resin chemistry. Possible 

explanations for the greater stability could be due to the presence of urethandbisGMA 

oligornen that can hinder the hydrolysis of groups and limit difision. The reduceâ 

amount of TEGDMA in the u-bis system could also increase its chernical stability. E- 

bisPA was only produced by the u-bis system following incubation with CE but not PCE. 

8. Saliva anaiysis shows the presence of different levels of CE and PCE-like hydrolase 

activities for different human subjects, and these activities were within the range used to 

study the degradation of composites in this thesis. The acnial hydrolase activity in human 

saliva may be higher, since most of the hydrolase activity within saliva onginam fkom 

the particulate matter of saliva, while in the current study only the supernatant was 

assesseci. Furthmore, the syaergistic interactions between the enzymes suggests that an 

even greater degradation effect than that observed for single enzyme systems would exist 

within the oral cavity, where a variety of esterases are present together. 



6.0 RECOMMENDATIONS 

1. Saliva analysis shows CE and PCE-like hydrolase activities for the different human 

subjects. The activities with the different substrates are well within the activity range 

used for this study, as measured by p-NPA and BTC for CE and PCE respectively. 

However, the exact nature of these activities and their origin have not been defined 

within this study. 'Ikerefore, it would be of a great interest to M e r  investigate the 

origin and the nature of such activities in human saliva. 

2. As mentioned above, human saliva fiom different subjecîs has shown the presence of 

CE and PCE-like activities, as measured by their corresponding substrates, pNPA and 

BTC. However, the capability of human saliva to degrade composite resins was not 

investigated. A pilot study has been conducted in our labontory for commercially 

available dental composites [Jaffa, 20001. The m l t s  show diflerent stabilities for 

different materiais. Since the commercial materials diffm in more than th& resin 

chemistry, it would be important to investigate the hydrolytic capacity of human saliva 

with respect to the mode1 dental composite resins, used in the current thesis and to 

determine the specific effects of resin chemisby. 

3. The release of composite tesin componaits, such as urireacted monomers is of great 

importance, since numerou saidies have show that they can have toxic effects in vitro 

[Hanks, 1988; Heil, 19%; Oka, 19%; Scvheweikel, 19981. However, the eEects of 

degradation pducts in vitro have not ken thorougMy investigated. Since the saliva has 
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the ability to degrade the composites, it is recommended that studies, which would 

investigate the efiect of degradation products on human cells, be carried out. Specifically, 

toxicity levels, mutagenic capacity and effects on ce11 f'unction are particularly important. 

4. As mmtioned in the literature review, the polyrnerization contraction of composites 

may lead to the formation of a gap around the cavity margins, resulting in micro-leakage 

and passage of bacteria. These latter organisms may include mutans streptococci and 

Iactobacilli, which have been specifically identified in plaque found at the margins of 

composite fillings [Svanberg, 1990; Kidd, 19931. In addition, it has been documented that 

CO-monomers such as EGDMA and TEGDMA may promote the proliferation of 

important cariogenic micro-organisms, Lactobacilfw acidofiius and Sireptococcus 

sobrinus [Hansel, 19981. It was also noted that most enzymes were partially or entirely 

produced by mimrganisms, which nonnally inhabit the oral cavity [Chauncey, 196 1 ; 

Nakamura, 1983aI. Therefore, it is of great significame to investigate the effects of the 

biodegradation products on oral flora as well as the effects of oral microsrgenisms on 

the degradation of composite reins.  

5. Since the oral enviromnent exposes composite resins to mechanical forces and Wear 

processes in addition to the chernical attack, it would be desired to study the materials in 

a manner that more closely resembles their oral environment. Such studies would include 

a combination of mechanical loading wncmently with exposure to enzymes. In previous 

work [deGee, 19961, the effect of an enzymatic medium on the in vitro Wear of 

commetçial dental composite resin matexiaIs w u  evaluated. However, it was difficult to 



determine if the difference in the Wear rates between composites wase due to resin type, 

filler type and concentration. As well, these studies rneasured material Wear and did not 

assess the presence of degradation products. The use of mechanical Wear is more 

representative of the in vivo conditions, and thus would yield a better evaluation of the 

clinical perfonnauce of composite resin materials. The use of mode1 composites would 

enable the direct assessrnent of the resin and filler formulations for clinicai applications. 

In addition, since it was noted that the lower degradation of the bis60 composite as 

compared to the bis10 group was attnbuted to the interference of the filler particles, the 

above weadenzyme experiment might provide an ideal system for confirrning whether 

the interference of particies was the true cause for the observeci difference. Since the wear 

apparatus would remove degraded debris and filler particles from the composites and 

may yield higher rates of degradation for the bis60 material as compared with bis10 

group, in a similar marner to that dernonstrated by Shajii et al [1999]. 

6. All materials exhibiteci a significant release of resin components, unreacted monomen 

or degradation products up to 32 days of incubation. However, nothing is hown about 

the process beyond this time frame. Therefore, it wodd be important to nui the 

biodegradation experiments for periods beyond 32 days, so as to observe the pro- of 

ma& degradation following the exposure of its sub d a c e  layer to enzyme. 

7. In this snidy, the sampling regime for the accumulation of pmducts in the incubation 

solutions was only done after 16 and 32 days of incubation. This is not fkquent enough 

to pemiit a detailed analysis of the depidation kinetics. mefore, it is recommended 



that fiture work should include more fiequent sampling times for product accumulation 

in the incubation solutions. Due to the high anticipated number of samples, it would be 

expected that fester HPLC methods would need to be developed. 

8. It was suggested in the discussion that the reduced activity of the enzyme in the 

presence of composite samples may be due to the effect of leached unreacted monomers 

and/or degradation products released during the period of the experiment. To fùrther 

investigate this hypothesis, an activity assay for each of the enzymes, in the presence and 

absence of the other should be conducted. The studies would be c h e d  out in the 

presence of puified monomers or degradation products to mess their effect on the 

enzymes activity. 
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8.0 APPENDICES 



8.1 METHACRYLK ACID CALIBRATION CURVE 

O 1 3 4 S 6 7 

Ami [Volt x Sec.1 



8.2 TEGDMA CALIBRATION CURVE 

O 0.5 1 15 2 2.5 3 3 5  4 

Area (Volt x Sec.1 



8.3 TEGMA CALIBRATION CURVE BASED ON METHACRYLIC 

ACID AS A MODEL PRODUCT 

O 2 3 4 6 7 

h a  [ Volt x Sec.1 



8.4 bisHPPP CALIBRATION CURVE BASED ON bisPHENOL A 

PROPOXYLATE AS A MODEL PRODUCT 



8.5 E-bisPA CALIBRATION CURVE BASED ON bisPHENOL A 

PROPOXYLATE AS A MODEL PRODUCT 



8.6 MASS SPECTRUM (MS) OF TRIETENLENE GLYCOL 

d z  

151 

173 

Ion chmical structure 

[HO-(CH~CH~O)~H]H+ 

[HO-(CH~CH~O)~HIN~+ 



8.7 MASS SPECTRUM (MS) OF MONO-VINYL bisGMA 

Ion chernical structure 



8.8 HPLC CHROMATOGRAM OF A STANDARD bisGMA 

MONOMER 




