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The purpose of this work was to evaluate the use o_f ethanol ~nd methanol as 
·, ' 

solvents for resin monomers and more specifically to evaluate their 'e'ffects on the 

expansion and modulus of elasticity of infiltrated demineralized dentin matrices, and the _ 

subsequent matrix shrinkage following solvent evap·oration. 

Twenty-eight dentin specimens approximately 200 J..tm thick were demineralized 

with thirty-seven percent phosphoric acid for four hours. The linear variable differential 

transformer portion of four thermomechanical analyzers were used to measure changes iti 

demineralized disc thickness upon solvent application, model-primer saturation, and 

solvent evaporation. Dentin matrix modulus of elasti~ity was measured while saturated 

with watervs. model primers. 

One-way analysis of variance and Students-Newman-Kuels post-hoc tests 

demonstrated a significant (p < 0.05) correlation between the solvent's Hoy's solubility 

parameter for hydrogen bonding, 8h, and its ability to expand the matrix. Solvents with 

higher 8h were able to expanded the matrix at a higher rate and extent. Regression 

analysis and analysis of covariance showed a significant (p < 0.05) correlation between 

the model primer concentration and matrix collapse upon solvent evaporation. Model 

primers with higher monomer concentrations demonstrated less matrix collapse upon 

solvent evaporation than more dilute primers. 

INDEX WORDS: Alcohol model-primer, demineralized dentin matrix, Bis-GMA, 
HEMA 



ACKNOWLEDGl\1ENTS 

I would like to express my sincere gratitude to my research committee for their 

guidance and support in helping me complete this Master's thesis. To Dr. David Pashley, 

for his encouragement and "lucid moments" that made this thesis possible. To Dr. 

Anthony Joyce, Dr. Frederick Rueggeberg, and Dr. James Borke for volunteering their 

time and wisdom. 

I would also like to thank everyone else that contributed to my project over the 

past two years.· To Kelli Agee, to whom I am indebted for her endless assistance with my 

project from the first sectioned dentin disc to the last statistical analysis. To Nadia Sviero 

D' Alpino, for mixing all the sticky model primers. To Dr. Waller, for her statistica!' 

support. 

I would also like to thank my endodontic mentors, Dr. Anthony Joyce and Dr. 

Steven Roberts, for allowing me the time to complete this project. 

Finally, I would like to thank my wife, Pamela, son, Hunter, and daughter, Natalie 

for their love and support during the past two years. 

iii 



TABLE OF CONTENTS 

Page 

I. INTRODUCTION ................................................................................................. 1 

II. MATERIALS AND METHODS ......................................................................... 17 

III. RESULTS ............................................................................................................ 30 

IV. DISCUSSION ...................................................................................................... 76 

V. SUMMARY ........................................................................................................... 90 

VI. REFERENCES OF LITERATURE CITED ........................................................ 92 

VII. APPENDIX .......................................................................................................... 97 



LIST OF FIGURES 

Figure Page 

1. Two dimensional chemical stru.ctures and molecular weights of solvents 
and adhesive -n'lonomers ........................................................................................ 12 

2. The linear variable differential transformer portion of the thermal 
mechanical analyzer used to measure changes in thickness of acid 
demineralized dentin matrix ................................................................................ 23 

3. Example of experimental design using HEMA as the primer ............................ 27 

4. Solvent expansion of demineralized matrix with water producing the maximum 
expansion ............................................................................................................. 33 

5. Average percent matrix expansion vs. f5~z of the solvent ...................................... . 34 

6. Expansion of a specimen representing the typical rate of change of 
matrix exnansion produced with water, methanol and ethanol ........................... 35 

I -
7. Average maximum rate of expansion of dried demineralized dentin vs. l5h 

of the solvent ...................................................................................................... .. 36 

8. Mean matrix n'lodulus of elasticity produced by solvent saturation .................. 37 

9. Mean matrix modulus of elasticity (MPa) vs. f5h of the solvent ............................ 38 

10. Mean solvent saturated matrix modulus of elasticity vs. mean matrix 
expansion of th~ three test solvents ..................................................................... . 39 

11. Dimensional change in thickness of water-expanded matrix produced by 
HEMAl ethanol model primer addition and solvent evaporation ....................... .. 43 

12. Composite graph of a specimen representing the typical thickness changes 
of water-expanded matrix by HEMAl ethanol model primer infiltration and 

solvent evaporation ........................................................ .-..................................... 44 

13. Dimensional change in thickness of water-expanded matrix produc_ed by 
BEMA/methanol model primer infiltration and solvent evaporation .................. 45 

14. Composite graph of a specimen representing typical thickness changes 
of water-expanded matrix by BEMA/methanol model primer infiltration and 
solvent evaporation ............................................................................................. 46 

v 



' ' ' 

15. Dimensional changes in thickness of methanol-expanded matrix produced 
by BEMA/methanol model primer infiltration and solvent evaporation ............ 41 

16. Composite graph of a specimen representing typical thickness 
changes of methanol-expanded matrix by BEMA/methanol model primer 
infiltration and solvent evaporation ..................................................................... 48 

17. Dimensional changes in thickness of ethanol-expanded matrix produced 
by BEMA/ethanol model primer infiltration and solvent evaporation .............. . .49 

18. Composite graph of a specimen representing typical thickness 
changes of ethanol-expanded matrix by BEMA/ethanol model primer 
infiltration and solvent evaporation ..................................................................... 50 

19. Dimensional changes in thickness of water-expanded matrix produced 
by Bis-GMA/ethanol model primer infiltration and solvent evaporation ............ 51 

20. Composite g':'aph of a specimen represenling typical thickness 
changes of water-expanded matrix by Bis-GMA/ethanol model primer 
infiltration and solveni evapl?ration .. ." .......................... ; ........ ; ........... ~ .................. 52 

21. Dimensional changes in thickness of water-expanded matrix produced· 
by Bis-GMA/methanol model primer infiltration and solvent evaporation ...... ~ .. 53 

22. Composite graph of a specime·n representing· typical thickness changes 
of water-expanded matrix by Bis-GMA/methanol model primer infiltration 
and solvent evaporation ............ · ...... ~-·.·~ ............................... ~ ....... ·.~ ..... -.................. 54 

23. Dimensional change in thickness ·of ethanol-expanded matri~ produced 
by Bis-GMA model primer infiltration and solvent evaporation ......................... 55 

24. Composi"e graph of a specimen representing typical thickness changes 
of waterrexpanded matrix by Bis-GMA/ethanol model primer infiltration 
and sozvfnt evaporation ..... : ................................................................................ 56 

25. Dimensional change in thickness of methanol-expanded matrix produced 
by methanol/Bis-GMA model primer infiltration and solvent evaporation ......... 51 

- • I • . 

26. Composite graph of a specimen representing typical thickness changes 
of methanol-expanded matrix by Bis-GMA/methanol model primer infiltration 
and solv~nt evaporation ................................................ ;!· ••••••••••••••••••••••••••••••••••••• 58 

I 

27. Regression analysis of mean matrix shrinkage upon solvent evaporation 
comparing model primer concentrations for all BEMA model primer 
groups ··~··············································: ................................................................ 66 

vi 



28. Regression analysis of mean matrix shrinkage upon solvent evaporation 
comparing n'wdel primer concentrations for all Bis-GMA model primer 
groups .................................................................................................................. 67 

29. Net expansion of water-expanded matrices treated with HEMA model 
primers ................................................................................................................. 10 

30. Net expansion of ethanol-expanded matrices treated with ethanol/ HEMA 
model primers ...................................................................................................... 71 

31. Net expansion of methanol-expanded matrices treated with 
methanol/lfEMA model primers ................................................. ~ ....................... 72 

32. Net expansion of water-expanded matrices treated with Bis-GMA model 
primers ................................................................................................................. 13 

33. Net expansion of methanol-expanded inair'ices treated with methanol/ 
Bis-GMA model primers ............................... : ..................... · ................................. 74 

34. Net expankion of ethanol-expanded matrices treated with 
ethanol!Bis-GMA model primers ......................................................................... 75 

. I 
I . 

vii 



LIST OF TABLES 

Table Page 

I. Hoy's solubility parameter for collagen with different saturations of 
water, ethanol and methanol ............................................................................... . 18 

II. Hoy's solupility parameters of solvents and monomers ...................................... 19 
I 
I 

III. Hoy's solu:bility parameters for model primers ................................................... 20 
i 
! 

IV. Model primer concentration (moles/L) and alcohol/monomer molar ratios ....... 21 
! 

j 

V. HEMA m1del primer induced matrix modulus of elasticity ................................. 60 

VI. Bis-GMA kodel primer induced matrix modulus of elasticity ............................. 61 

Vll. Least sqjre means comparison of HEMA model primer concentrations and 
I . 

matrix co~lapse upon solvent evaporation ........................................................... 64 
I 
I 

VIII. Least square means comparison of Bis-GMA model primer concentrations 
and matrif collapse upon solvent evaporation .................................................... 65 

I 

IX. Dimensional changes of dehydrated dentin due to application of 
ethanol/B:is-GMA model primers ......................................................................... 97 I . . 

X. Expansioh produced by ethanol application to dried d~ntin matrices vs. 
ethanol application to water saturated matrices ................................................. 98 

I 
XI. Micro-tettsile bond strengths produced by Single Bond and model primers ...... . 99 

I 
I . 

XII. Evaporatlon of solvent from methanol/Bis-GMA model primers .............. : ......... 1 01 
I 
I 

Xlll. Evapora,ion of solvent from ethanol/Bi~~GMA model primers ........................... 102 

XIV. Evapora~ion of solvent from .methanol/HEMA model primers ............................ 1 03 
: . 

I ' . . . . .. 
XV. Eva~oratn of solvent ~~m ethanol!HEMA mo~el primers ................... : ..... , ..... 104 

XVI. Hoy s method for solublllty parameter calculatlon ............................................. 105 

viii 



I. INTRODUCTION 

A. Stateme~t of the Problem 

Current dentin bonding techniques focus on the formation of a hybrid layer comprised 
: 

of polymeri.ied resin and collagen fibers. Formation of a complete hybrid layer requires 

demineraliJtion of th(( dentin surface and expansion of the collagen matrix to allow 

maximum ijfiltration of resin monomers. Water or acetone is generally used to "wet" the 

dentin and Laintain expansion during resin permeation (Roulet, 2000). Water, as a 

solvent, nejessitates the use of hydrophilic adhesive monomers or a combination of 

hydrophilic/ihydrophobic monomers in the bonding system. Hydrophilic resins promote 

ingress of jater within the hybrid layer as they infiltrate into interfibrillar spaces (Ta:y et 

al., 2003). However, hydrophobic dimethacrylates used to cross-link adhesives are not 

water solufule, and undergo phase changes wheri placed on water-saturated dentin 

(Spencer alct Wang, 2002). Residual water in the hydrophilic resin or hybrid layer 

decreases tt cohesive strength of the polymer fOrmed. by plasticizing it. This decrease in 

the cohesit strength of hydrophilic resins (Yiu et al. 2004) may compromise the 

longevity J composite resin restorations. If more hydrophobic resins could be coaxed to 

infiltrate Jmineralized dentin, they would absorb less water and should increase the 

durability jfresin-dentin bonds. . . 

1 
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I 

The purpqse of this study was to evaluate the use of ethanol and methanol as solvents 
i ' 

for a very w*ter-soluble monomer (HEMA) and a very water-insoluble monomer (Bis-

GMA), iti.relation to the effects the mixtures have on modulus of elasticity, expansion, 

and subsequ~nt shrinkage of the demineralized -matrix following solvent evaporation. 

Values obtai~ed using water as a solvent were used as control. 
I 

It was hy~othesized that (1) solvent-induced expansion of shrunken, dehydrated, acid-
1 

demineralize~~ dentin matrices is dependent on the Oh value for the solvent, (2) model . 

primer-indurd dimensional changes in dentin matrix thickness are dependent on the oh 

value or concentration of the model primer, and (3) -shrinkage of primer-infiltrated, acid 

demineraliJd dentin matrices following solvent evaporation is dependent upon the 

closeness of {)h values of the solvent/monomer combination to that of the collagen matrix 

modulus of elasticity (stiffness). 

The spfific aims to test the hypotheses are (1) evaluate model primer-induced 

changes in tight a~dmodulus of elasticity of dentin matrices expanded using different 

solvents (water, methanol or ethanol), (2) test the relation of primer-induced matrix I ·. - . . . 

modulus o~ elasticity to subsequent shrinkage following solvent evaporation, and (3) 

determine ~he alcohol/monomer concentration required to maximally maintain matrix 

I 
. . 

. . 
. d 1' . b . . h .. k . d . . . . . . .. . expansion an tmtt su sequent s nn age unng solventevaporatton. 
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B. Review of the Literature 
I 

Importance bf dentin bonding in dentistry 

I 
Each j year, more and mpre patients demand aesthetic restorations, which has 

I 

promoted us~ of posterior composite resins over traditional amalgam. Historically, resin 

I 
restorations have not provided longevity equal to those of amalgam (Letzel, 1989). 

Developmenl of new composite materials and more reliable bonding systems has 

increased thJ durability and longevity of resin restorations. Today, the primary causes of 

resin compolite restoration failure are related to secondary caries, restoration fracture, 

composite +ar, an~ Farginal micro-leakage (Collins et al., 1998). Composite wear and 

bulk fracture depend, in part, on the type and amount of fillers and characteristics of the 

composite pflymer matriJ~:, but are also dependent on restoration size and the magnitude 

of occlusal filorces. S~condary decay and marginal micro-leakage are related to each other 

by the fact hat marg1nal leakage can be the predecessor to subsequent recurrent decay. 

Leakage cj result from inappropriate use of restorative materials or failure of the dentin-

. I 
adhesive bond. 

Structure of dentin · 

I 
Methods for dentin and enamel bonding differ significantly due to the different 

compositiJ of each substrate. Enamel bonding is a reliable and reproducible procedure 

I 
due to the ~act that enamel contains large, stiff inorganic prisms, allowing evaporation of 

water with<i>ut substrate shrinkage and permitting use of hydrophobic adhesives (Pashley 

I . 
et al., 1994). Dentin bonding is considered to be more complex, due to the presence of 
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much more protein (i.e. collagen), the movement of fluid through dental tubules, and the 
I .. 

compliant nature of the acid-etched dentin ·matrix (Marshall, 1993). 
I . 
! • . 

Dentih is a complex, hydrated, biologic composite consisting of several 

components: i oriented tubul~s lined by a highly mineralized peri tubular dentin embedded 

i 
in an intertuqular matrix consisting largely of type I collagen covered by nanometer-sized 

I 

i 
plate-like apatite crystals, and dentinal fluid (Marshall, 1993). The mineralized dentin 

matrix is colposed of inorganic (50%v/v) and organic matter (30~ v/v). as well as water 

(20% v /v) (farshall, 1993; Marshall et al., 1997). The inorganic component is mostly 

composed oi hydroxyapatite, while the organic portion is mostly type I collagen, 90% v/v 

(Pashley,. 2002). There are two distinct types of dentin: peri tubular and intertubular. 

Peritubular ~entin lines the dentinal tubules and intertubular dentin occupies the area 

r 
between tubules. Peritubular dentin is considerably more mineralized, 95% v/v, 

compared tj 50% v/v in intertubular (Pashley, 2002). Intertubular dentin co~tains a much 

higher amolnt of collagen than is found in peri tubular dentin. 

Dentin bo,ding 

Du1ng. restorative procedures, a denti~ smear layer i~ formed on cut tooth 

surfaces rerltmg from use of hand or rotary mstruments (Gwmnett and Pang, 1984). 

This smear/layer is composed of individual particles (0.05-0.1J.Ull diameter) derived from 

tooth substlate that are burnished together as well as to underlying hard tissue (Pashley et . 

al., 1988). The presence of a smear layer decreases bond strength between dentin and 

relatively hydrophobic resins, because the bond is made to the superficial smear layer 
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rather than to dentin Therefore, this layer must be removed or altered prior to bonding 
I . 

procedures (Toledano et al., 1999). Smear layer removal is generally accomplished by 

application Jan acid, traditionally 30-40% (v/v) phosphoric acid (Roulet et al., 2000). 

Acid applicaton removes the smear layer and superficial peritubular dentin, and causes 

demineralizahon of the external 3-5 f.Lm of intertubular dentin (Pashley et al., 2002). 

Removal of the most superficial peritubular dentin is due to its high mineral and low 

organic content. Hydroxyapatite is re:moved during the demineralization of intertubular 
I . . 

dentin, therefby exposi~g the underlying coll~genous fibrils. After rinsing with water, the 

organic mat · x is left saturated with water. 

Call gen and elastin are two fibrillar proteins that compose the structural 

elements J connective ·tissue. COllagen is an extracellular structural protein 

. characterize~ by ~e prese~ce of a tri~le-helical domain, whi.ch is formed by an assemb~y 
of three polypeptide chains (a chains) bound by hydrogen bonds and hydrophobic 

interactions (Okiji, 2002}. · Collagen is synthesized by numerous cell types including 

fibroblasts, chondroblasts, osteoblasts, cementoblasts, and odontoblasts (Okiji, 2002). 

Prior to de tin demineralization, collagen fibrils of mineralized dentin are surrounded by 

h ydrox yap1tite mineral crystallites. Acid-etching solubilizes these inorganic 

components, leaving the demineralized matrix saturated with water, allowing water to fill 
I . :. . 

and maintain the width of the spaces between collagen fibrils that were previously filled 

with minJ 1 crystalliteS. Dentin collagen interfibrilar spaces range from 10-30 nm in 

width (Pas1 ley et al., 1994; Carvalho et al., 2003). Upon dehydration, the support 

water is removed, and collagen fibrils collapse on each other and rapidly 
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I form weak molecular associations between fibrils. Hydrogen bonding is the strongest of 

these weak fLees. These forces tend to prevent matrix expansion and stiffen the matrix 

in a collapsJ state. 
. I 
· The i~tentive strength of resins to dentin is derived from three different sources: 

resin tag formation inside dentinal tubules, surface adhesion, and micromechanical 

retention of resin that has diffused into interfibrillar spaces between exposed collagen 

fibrils (Gwinnett, 1993). Resin tags enhance strength by bonding to peritubular dentin or 

by retention of tags inside tubules. A significant contribution to bond strength is due to 

the inter-dispersion of resin between collagen fibrils of intertubular dentin (Nakabayashi 

I . . 
et al., 1982). This interspersion of collagen fibrils and resin, first described by 

N akabayashf, is termed "hybridization" (N akabayashi et al., 1982). The layer of resin

hybridized ratrix is called the hybrid layer and, ideally, it should be the same thickness 

as the depth of demineralization produced by the acid. etchant. Formation of perfect 

hybrid layJs would produce collagen fibrils totally enveloped by resin to the level of 

mineralizJ dentin. When resin permeation is not complete, the unsupported collagen 

fibrils are Lrrotinded by water and remain very compliant. When placed in tension, 

fibrils undfrgo extensive (10- 20%) strain that causes an irreversible mechanical 

disruption ~Tay et al., 2000). Lack of complete resin infiltration exposes naked collagen 

fibrils to ploteases (Pashley et aL 2004) and water that can slowly lead to resin bond 

degradatio 1., debonding, and eventually inCreased marginal leakage (Hashimoto et al., 

2000, 2001,.2002, 2003). 
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Dentin bonding techniques 

The to basic techniques Of bonding to acid-etched dentin are dry vs. wet bonding 

(Tay et al.,; 1996). Dry bonding entails application of a bonding agent to a dried 
I 

demineraliz~d dentin matrix. Drying causes collapse of the demineralized collagen fibril 
I ... 

network. AJ the matrix collapses, interfibrillar spaces disappear. These spaces function 
! ' . ' 

as diffusion i channels for resin infiltration into the demineralized dentin matrix (Tay et 

al., 1996). Lack of complete hybrid layer formation is caused, in part, by collagen 

collapse in he dried matrix, and the inability of some adhesives to expand the matrix 

there by injrfering with resin infiltration •. This collapse results in poor or absent hybrid 

·layer fomiatn and low bond·strength (Tay et al., .1996). . · . 

Wet bonding uses a solvent to "wet" demineralized collagen~ and tore-expand or 

maintain expansion of interfibrillar spaces, thus facilitating resin diffusion into the 

collagen neLork. Traditionally, wet bonding has used water as a solvent, that allows for 

I . . 
more complete hybrid layer formation and subsequently higher bond strengths (Kanca, 

1992). Mot complete hybrid layer formatiOn occurs due to water maintaining the width 

of interfiblllar spaces, allowing resin to permeate and polymize between fibrils. 

However, Lis technique requires use of very hydrophilic adhesive monomers, such as 

HEMA. D'methacrylates, such as Bis-GMA, which are sparingly miscible in water, are 

included to permit cross-linking between polymer chains but tend to form separate phases 

when appl' ed to water-saturated dentin. Formation of separate phases may lower bond 

strength (S encer and Wang, 2002, 2004 ). 
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' ' 

Self-rching bonding syStems are the latest attempt to Simplify dentin bonding 

techniques. '[hese systems use a single acidic comonomer blend to etch, prime, and bond 

to enamel ald dentin. Theoretically, self-etching adhesives eliminate the concern of 

possible dislrepancies between the depth of etching and the depth of resin infiltration 
I . 

(Lopes et at., 2002). These systems all contain about 30% water to ionize the acidic 

monomers, to solubilize the liberated calcium and phosphate, and possibly prevent 

collagen-col agen hydrogen bond formation during. infiltration. Once these agents have 

etched denti , water must be evaporated f~om the mixture to bring the monomers closer 
','• .. .' 

together fo efficient free radical propagation. However, water evaporation may also 

bring collagen fibrils closer together. There is concern that this approximation may 

permit intereptide hydrogen bonding and could extrude monomers from interfibrillar 

sp.aces prioj to polymerization. The bond durability of these system has been tested with 

mtxed results (Asmussen and Peutfeldo, 2003; Armstrong· et al., 2003). 

Hybrid Ia rr composition 

Obtaining an ideal resin-dentin bond depends on the degree of resin-collagen 

interdiffusiln, and thus mechanical interlocking of polymerized resin with demineralized 

collagen fi~rils in relation to depth of demineralization, and to the ability of resin to wet 

exposed d1ntin (Finger et al., 1994). Maximizing resin-collagen int~rdiffusion requires a 

solvent to either expand a collapsed matrix (i.e. dry dentin), or to maintain the expansion 

of the cfllagen matrix (i.e. wet d~ntin) · during water removal by adhesive 

monomer/solvent substitution, thus allowing adhesive co-monomers to permeate between 
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collagen fibrils. Pashley et al. (2001) demonstrated a direct correlation between a 

solvent's HLsen's solubility parameter for hydrogen bonding (lit,) and its ability to 
I 
I 

expand coll~psed dentin matrices. They showed that water, with the highest Hansen's 8h 

of 37.3 (J/c~3) 112 , expanded the matrix more rapidly than other solvents. Methanol, with 
. I 

a Oh of 22.3 fJ/cm3)
112

, was able to expand the matrix to the same extent as water, albeit at 

a slower rate. The Hansen's solubility parameter for hydrogen-bonding forces of 

I 
hydrated (3(])% water) collagen was calculated to be 23.6 (J/cm3)

112 (Miller, 1995). Later 

it was estilated that the water content of collagen that was alcohol-dehydrated (i.e. 

dehydrated ~mineralized dentin) is.probably closer to 10 wt% rather than 30% (Miller, 

1995; Kutrletsova et al., 1997). This finding gave a corrected calculated 8h for collagen 

of 18.2 (J/cL3)
112 (Pashley et al., 2001). Solvents with hydrogen bonding forces less than 

. I . 
18.2 (J/cm3)

112 where unable to expand the collagen matrix due to the solvents' inability to 

compete Jth collagen hydrogen bonding (Pashley et al., 2001). It was speculated that 

I 
18.2 (J/cm3)

112 represents the f~nctional strength of interpeptide hydrogen bonding in 

dehydrated collagen (Pashley et al., 2001).: The expansion rate of dehydrated dentin 

matrix by solvents· is dependent on 'the ·solvent 8h, with water (37.3 (J/cm3)
112

) producing 

the most rtid exp~sion ~ompared to solvents With smaller Oh values. Solvents with a Oh 

greater than that of relatively dry collagen (18.2 (J/cm3)
112

) are able to .. expand the 

collagen 4atrix to varying degrees, although at different rate~ (Pashley et al., 2001 ). The 

larger the Sh of the solvent, the higher the rate of expansion and the degree of expansion 

of drieddLneralized dentin matrices. . . . . · 
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Adhesives used in dentin bonding 

H ydrfx yeth yl methacrylate (HEMA), triethylenegl yeo! dimethacrylate 

(TEDGMA)t and 2,2-bis[ 4(2-hydroxy-3-methacryloyloxy-propyloxy)-phenyl] propane 
J 

(Bis-GMA) ~are commonly used resin monomers in bonding agents. These monomers 

have differeht chemical properties, which determine their use in dentin bonding. HEMA 

I 
is a relatively hydrophilic monomethacrylate capable of diffusing throughout a collagen 

matrix expJded in water. · Bis-GMA, on the Other hand, is a very viscous, almost sytupy, 

hydrophobil dimethacrylate and will not diffuse through a Water-expanded matrix. The 

hydrophobil· nature of Bis-GMA ne~e~s~tates ·.use of diluents such as HEMA or 

TEGDMA; alone or in combination with polar solvents such as acetone or ethanol. 

TEGDMA- is a relatively hydrophobic diinetha7rylate monomer, but not to the extent of 

Bis-GMA. TEDGMA is often combined· with Bis-GMA to r6duce viscosity of Bis-

GMA, resulting in greater monomer conversion with m·ore shrinkage and also results in 

higher con,ersion and streng~ than if Bis-GM~ were ~sed al~ne. · 

All contemporary restn monomers used tn denttn bondtng are unable to overcome 

interpeptidl collagen hydrogen bonds, because their oh values are .less than 18.2 

(J/cni3)
112,ie interpeptide Oh value. This low Oh value m~es the resin unable to expand 

the fil:atrix or maintain it's expansion during water removal. Interfibrillar space 

maintenance requires use of a solvent to open or sustain this space allowing resin 

infiltration! Most bonding systems use water, ethanol, acetone, or mixtures as a solvent 

Acetone is unable to compete with collagen fibril hydrogen bonding, due to its relatively 

low 8h (7.0 (J/cm3)
112

) (Pashley et al., 2001). Water maintains interfibrillar spaces, but at 



t > 

11 

the same time, raises several other concerns. Use of water, as a solvent, necessitates 
I : 
J -

either incotjoration of a hydrophilic- resin (i.e. HEMA), or a hydrophilic/hydrophobic 

combinati?1 (i.e.· HEMA and Bis-GMA). Use of a strictly hydrophilic resin may 

predispose the hybrid layer to excessive water sorption (Burrow et ai. 1999), which may 
I . 

compromisb long-term bond durability. The combination of hydrophobic and 
i 

hydrophilij resins presents a problem due to the potential for physical separation (phase 
~ . . . 

separation) when they are applied to water-saturated dentin (Spencer and Wang, 2002). 

The higher water content of dentin and primer systems cause phase separation of 

HEMA/BiLGMA nlodel resins, in vitro (Spencer and Wang, 2002). This separation into 

hydropho,iC and ~y~ophilic p~ases could compromise the structural integrity .~f the 

polymer formed w1th1n the·hybnd layer and thus lower bond strength and durabthty of· 

I . 
resin bonded to demineralized dentin (Spencer and Wang, 2002). 

I -
Ethanol and methanol are attractive alternative solvents because they can 

soluboliJ both HEMA and Bis-GMA. However, the ()h value for ethanol is only 20 

(J/cm3
)

1121 making it difficult to coritplete with collagen-coilagen H-bonding that is 

estimated (Table I) to have a Hoy's oh of 18.2 (J/cm3
)

112
• Methanol, with a oh of 24 

I . 
(J/cm3

)
112

, should expand dried, shrunken, dentin matrices.more rapidly than ethanol. 



I 
Figure 1: Two dimensional chemical structures and molecular weights of solvents and 

adhesive monomers. 
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Solubility parameters 

The "wetting" of dentin by bonding resins increases the dentin-resin bond strength 

by insuring intimate association between adhesive monomers and the bonding substrate 

(Asmussen and Uno, 1993).· The.ability of a primer to '~wet" dentin is a function of the 

primers' wetting characteristics, which are_ related to the surface energy of the substrate 

and the surface tension of the solution for that substrate, which is measured as the contact 

angle. These factors are proportional to differences in solubility parameters between 

primer and substrate. The solubility parameter (o), first d~scribed by Hildebrand (1916), 

has been further extended by Hansen, using solubility parameter theory (Hansen, 200q). 

Hansen's total solubility parameter ( ~ ) corresponds to t~e overall Hildebrand solubility ·:, 

parameter ·(o). Three types of molecular interactions determine the Hansen parameters: 

dispersion factors or "non-polar" interactions, permanent dipole-permanent dipole 

interactions, and hydrogen bonding interactions (Hansen, 2000). Two other interactions 

not described by Hansen which may occur with primers are dipole-induced dipole "Derby 

forces" or induce dipole-induced dipole "dispersion or London forces". 

"Non polar" interactions are derived from atomic forces present in all molecules. 

These interactions are also called dispersion interactions and are calculated as the 

dispersion cohesive energy (E0 ). Permanent dipole-permanent dipole (molecular) 

interactions are termed polar cohesive energy (Ep) and are found between molecules that 

have non-uniform charge distributions. This energy is proportional to the dielectric 

constant of materials. Hydrogen bonding CEH) arises from the attractive force created by 
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sharing of a hydrogen atom covalently bound to an electronegative el~ment with another 

electronegative element. AlcohC?ls display· high hydrogen bonding levels. The total 

cohesive energy ( 81

2
) of a fJuid is calculated by the .sum of ~hese three interactions and is 

expressed as (Hansen, 2000): 

(1) 

where V= molar volume, cm3/gram molar weight. This equation is equivalent to the 

following relationship (Hansen, 2000): 

(2) 

E 
where 8~ = _P which is the Hansen solubility parameter for permanent dipole

V 

permanent dipole (molecular) interactions, 8; = Eh which is the Hansen solubility 
v 

parameter for hydrogen bonding, and 8; = Ed which is the Hansen solubility parameter 
v 

for dispersion interactions. 

A fourth interaction not included in the Hansen solubility parameter is induced-

dipole or Derby forces. These forces occur between molecules with permanent dipole 

moments and neighboring molecules. These dipole induction interactions are 

"unsymmetrical", involving the dipole moment of one molecule and the polarizability of 

other molecule (Barton, 1991). 
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A fifth possible interaction is "induced dipole-induced dipole interaction, which 

exist between all adjacent pairs of atoms or molecules. These interactions are induced by 

electrons from one molecule polarizing an electron cloud of adjacent molecules, which 

causes instantaneous dipoles of opposite polarity (Barton, 1991). 

Effect of solvents on demineralized dentin modulus of elasticity 

The degree of interpeptide bonding within the collagen matrix determines the 

modulus of elasticity of the matrix (Maciel·et al. 1996, Pashley et al., 2001, Nalla et al. 

2004). Water saturation provides the maximal expansion of the matrix and least modulus 

of elasticity. In a water-expanded matrix, water occupies the interfibrillar spaces and 

allows little opportunity for hydrogen bonding between the collagen fibrils because the 

fibrils are shielded by clusters of hydrogen bonded water molecules (Pashley et al., 

2001). This lack of interpeptide bonding results in minimal matrix modulus of elasticity. 

When water is removed from the matrix, the matrix collapses upon .itself, forming 

interpeptide bonds and thus. incre·asing ·matrix modulus of elasticity. The modulus of 

elasticity of air-dried dentin matrix is ITiaxima!', while that of water-saturated ~at~x is 

minimal (Maciel et al., 1996). ·A similar effect can be seen when solvents with a 8h lower 

than water are used to saturate demineralized dentin. These solvents allow more 

hydrogen bonding between the collagen peptides and th~s incr~ase matrix modulus of 
. . ·' 

elasticity. 

A recent' UV Raman study reported a statistically significant inverse relationship 

between peak height' of amide I and amide III peak positions and peak heights with 
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Hansen's solubility parameter for H-bonding of aqueous media vs. acetone, ethanol, and 

methanol (Nalla et al. 2004). Modulus of elasticity seems to be directly related to extent 

of expansion of the matrix with more expansion causing less stiffness. It is thought that 

evaporation of solvents from monomer/solvent mixtures within interfibrillar spaces may 

create small shrinkage stresses that can cause collapse of compliant matrices, but not of 

more stiff matrices. Collapsed matrices tend to extrude monomers from interfibrillar 

spaces. This may compromise the durability of resin-dentin bonds. 

Eddleston et al. tested matrix expansion produced by model solvent/primer 

systems made from 35% HEMA and 65% of either ethanol, methanol, or propanol 

(Eddleston et al., 2003). In their study, water as a solvent, produced the most expansion, 

but also produced the greatest shrinkage when evaporated with a stream of air. They also 

discovered a direct correlation between modulus of elasticity of the expanded matrix just 

prior to solvent evaporation, and subsequent shrinkage following solvent removal. The 

ability of alcohol-based solvents, such as methanol and ethanol, to increase matrix 

modulus of elasticity may permit less collapse of the collagen matrix during solvent 

evaporation. This condition could result in more net resin uptake to form a complete 

hybrid layer resulting in higher bond strengths (Carvalho et al., 2003). 



18 

Dentin discs were demineralized by exposure to 37% phosphoric acid for four hours at 

25°C under constant stirring. Demineralization produced a dentin disc composed 

primarily of type 1 collagen. Following demineralization, discs were rinsed with copious 

amounts of distilled water. Although previous work indicated that the thickness of 

mineralized dentin discs did not change when they were demineralized (Carvalho et al., 

1996), the thickness of each disc was verified in three locations using a noncontacting 

videomicrometer microscope .(Opticpec, Micro Enterprises Inc., Norcross, GA). The 

average of the three measurements was 1:1sed as the disc thickness. During storage 

periods, specimens were placed in 0.9% sodium chloride and 0.02% sodium azide (Sigma 

Chemicals, St Louis, MO) .. TABLE 1 represents Hoy's solubility parameters for dentin 

collagen at different saturations of water, ethanol, and methanol. 

TABLE I. Hoy's solubility of collagen with different saturations of water, ethanol and 
Methanol (Eddleston et al. 2003) 

Solvent/collagen (demineralized dentin matrix) 
concentration Hoy•s solubility parameters (J/cm) 112 

8ct 8o .8h 8t 
1 0°/o water, 90°/o collagen 11.7 13.1 17.3 25.0 
30°/o water, 70°/o collagen 11.8 15.3 22.5 30.1 

30°/o ethanol, 70°/o collagen 12.0 12.5 18.1 25.8 
30o/o methanol, 70o/o collagen 11.7 13.1 19.3 26.4 
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PREPARATION OF MODEL PRIMERS 

TABLE II. Hoy's solubility parameters of solvents and monomers. Values calculated 
using modified Excel spread-sheet (Miller, 2000). 

Hoy•s solubility parameters (J/cm3
) 

112 

Oct Oo oh Bt 
Water 12.2 22.8 40.4 48.0 

Ethanol 12.6 11.2 20.0 26.1 
Methanol 11.6 13.0 24.0 29.7 

HEMA 13.4 12.5 16.8 24.9 
Bis-GMA 13.9 12.8 10.5 21.6 

19 

All-solvents and monomers were· American Chemical Society (ACS)-grade and 

were purchased from Sigma Chemicals (St. Louis, MO). Four different concentrations of 

model primers were used during experimentation. Model piimer concentrations were 

90/10 vlv (solvent/monomer), 70/30, 50/50 and 30/70. Model primers were blended by 

use of a~ ultrasonic blender (Polyton Kinematic, Switzerland) and kept tightly capped in 

the dark. The Hoy's 8h of dentin at different saturations of water~ ethanol, and methanol 

was calculated using a modified Excel spread~sheet (Hoy's Method II, Miller, 2000) that 
. . 

sums the relative contribution of the various solvent's functional groups to Hoy's 

solubility parameters as a function of ·their fractional composition (Table XVI, 

Appendix). The calculated ·Hoy's solubility parameters for all solvents and model 

primers are listed on Tables II and ill. The following equation was used to calculate the 

Hoy's solubility parameters for individual model primer concentrations: 

8= (% solvent)(() of solvent) + (% monomer)(() of monomer). 
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TABLE ill. Hoy's solubility parameters for model primers. 

MODEL PRIMER/ALCOHOL CONCENTRATION Hoy's solubility parameter (J/cm3
)
112 

()d Dp ()h <>t 

HEMAl Ethanol 10/90% 12.7 11.3 19.7 26.0 

30/70% 12.8 11.6. 19.0 25.7 

50/50% 13.0 11.9" 18.4 25.5 

70/30% .13.2 12.1 17.8 25.3 

HEMAl Methanol 10/90% 11 ~a 13.0 23.3 29.2 

30/70% 12.1 12.9 21.8 28.3 

50/50% 12.5 12.8 20.4 27.3 

. 70/30% 12.9 ·12.7 19.0 26_.a-~ 
' '. 

Bis-GMAI Ethanol 10/90% 12.7 11.4 -19.1 25.7 

30/70% 13.0 11.7 17.2 24.8 

50/50% 13.3 12.0 15.3 23.9 

70/30% 13.5 12.3 13.4 23.0 

Bis-GMAI Methanol 10/90% 11.8 13.0 22.7 28.9 

30/70% 12.3 12.9 20.0 27.3 

50/50% 12.8 12.9 17.3 25.7 

70/30% 13.2 12.9 14.6 24.0 
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TABLE IV. Model primer concentrations (moles/L) and alcohol/monomer molar 

Alcohol/Monomer Alcohol/ 
Alcohol% Alcohol (moles/L) Monomer% Monomer (moles/L) Molar Ratio hydroxyl ratio 

90% Ethanol 19.6 10% HEMA 0.8 25.5 25.5 
70% Ethanol 15.2 30% HEMA 2.3 6.6 6.6 
50% Ethanol 10.9 50% HEMA 3.8 2.8 2.8 
30% Ethanol 6.5 70% HEMA 5.4 1.2 1.2 

90% Methanol 28.1 10% HEMA 0.8 '36.6 36.2 
70% Methanol 21.9 30% HEMA 2.3 9.5 9.5 
50% Methanol 15.6 50% HEMA 

/ 

3.8 4.1 4.1 
30% Methanol 9.4 70% HEMA 5.4 1.7 1.7 
90% Ethanol 19.6 10% Bis-GMA 0.2 100.3 50.1 
70% Ethanol 15.2 30% Bis-GMA 0.6 26.0 13 
50% Ethanol 10.9 50% Bis-GMA 1.0 11.1 5.5 
30% Ethanol 6.5 70% Bis-GMA 1.4 4.8 2.4 

90% Methanol 28.1 10% Bis-GMA 0.2 144.2 72.1 
70% Methanol 21.9 30% Bis-GMA 0.6 37.4 18.7 
50% Methanol 15.6 50% Bis-GMA 1.0 16.0 8 
30% Methanol 9.4 70% Bis-GMA .. , 1.4 6.9 3.5 

ratios 

MEASUREMENT OF EXPANSION, SHRINKAGE, AND MODULUS OF 

ELASTICITY OF DEMINERALIZED DENTIN MATRIX 

Demineralized dentin discs were glued to the bottom of a 3 em long x 1.5 em 

wid~ x 1 em deep acrylic chamber using viscous cyanoacrylate (Zapit, Dental Ventures of 

America, Anaheim, CA). A: niodi:fied contact probe of the linear variable differential 

transformer (LVDT) portion of a thermomechanical analyzer (Model TM-2, EG&G Inc, 

Wellesley, MA) was used to measure thickness changes of the dentin disc (Figure 2). A 

0.6 mm diameter modified cont~ct probe '\~as made from a disposable 1 ILl glass 

micropipette (Fisher Scientific, Atlanta, GA), which was heat-sealed and flattened on the 

end. The modified probe was fixed to the end of the quartz rod and served as the contact 

probe. The effective weight of the probe and pan was 1.1 grams, which is able to 

overcome the buoyancy of the hydraulically-damped probe assembly. The unit recorded 

changes in matrix height every 3 seconds for the duration of the experiment. The 
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response time of the LVDT is 50 J.lm sec-1
, its range is 2 mm, and its sensitivity is ± 0.2 

J.lm. 

All changes in dimensional thickness are described as a percentage of the water 
·, 

expanded (maximally expanded) height. For example, a water-expanded specimen _with a 

thickness of 100 J.lm that collapsed 50 J.lm upon dehydration would be described as a 50% 

decreased in thickness. Upon application of a solvent, if it expanded 20 J.lm the percent 

expansion would be 20%, which is 20% of the original water expanded thickness. A 

subsequent 10 J.lm collapse upon solvent evaporation would be considered 10% 

shrinkage. 

Rate of dimensional change was calculated by dividing the amount of 

dimensional change by the time. Maximuin rates of expansion were determined by 

identifying the largest rate of dimensional change during. three seconds. This value was 

·than divided by three to calculate the rate of dimensional change per second. 



. ·~ 

Figure 2. The linear variable differential transformer portion of the thermal mechanical 
/\., 

analyzer used to measure changes in thickness of acid demineralized dentin matrix. 
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MATRIX MODULUS OF ELASTICITY (STIFFNESS) MEASUREMENT 

Modulus of elasticity (E) of the demineralized dentin matrices was calculated using 

the following equation (Toyras et aL, 2001): 

E = F(1-v
2
). 

a 
2aw(-) 

h 

(3) 

where F is the applied force (kg) placed on t~e. probe, v is the Poisson's ratio estimated at 

0.01 (Wood, 2004) for demineralized dentin, a is the contact radius of the probe, w is the 

indentation depth, and h is the original thickness of the disc prior to weight application. 

Demineralized dentin is like a sponge. When it is compressed, there is no lateral 

displacement because of the collapse of its intrinsic porosity. Such structures have 

Poisson's ratios near zero. 

The modulus of elasticity of the matrix was measured by weight application (1-50 

grams) to the disc that caused a 3-10% specimen compressive strain. Percent negative 

(i.e. compressive) strain (E) was calculated using the following equation: 

w 
E =-. 

h 
(4) 

where w is the indentation depth and h is the original thickness of the disc prior to weight 

application. 

The weight was applied for only sixty seconds to avoid inducing matrix creep (Pashley et 

al., 2003). 



25 

EXPERIMENTAL DESIGN 

Two model adhesive monomers were tested. One, BEMA is very water soluble, 

while the other, Bis-GMA is immiscible in water. Thus, these two monomers represent 

extremes of what· might be found in potential bonding formulations. Each experiment 

began with a demineralized dentin disc fully expanded with distilled water. A weight 

was added to all of the water-expanded matrices to determine modulus of elasticity· by 

compressive indentation. Water was removed by combination of suctioning with an 18 

gauge needle (Becton Dickinson and Co., Franklin Lakes,_ NJ) attached to a vacuum 
·' 

source (Gaston, Benton Harbour, Ml) and evaporation by directing a stream of nitrogen 

gas across the surface of the dentin disc. Weights were added to the pan to determine 

modulus of elasticity of the dehydrated dentin discs at 3-10% negative strain. The water 

expanded and dehydrated modulus of elasticity demonstrated the minimum matrix 

modulus of elasticity (water expanded) and maximum matrix modulus of elasticity 

(dehydrated state) for each specimen. These measurements "Yere used to compare 

inherent variability of modulus of elasticity among specimens. The dehydrated discs 

were then saturated .with one of the three solve~ts (water, ethanol, or methanol) to induce 

matrix expansion. At the completion of the expansion phase, which was determined by 

dimensional stability for five minutes, a weight was applied to determine matrix modulus 

of elasticity of the solvent-expanded matrix. Following measurement of modulus of 

elasticity, solvents were removed by aspiration and a model primer added. 

Each water-expanded disc was randomly saturated with one of the eight ethanol-

or methanol-BEMA mixtures shown in Table III. Discs expanded with ethanol were 
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treated with the four ethanol mixtures, and methanol-expanded discs treated with the four 

methanol mixtures. Model primers were replaced every fifteen minutes to ensure 

constancy of primer concentration. Following the dimensional change induced by model 

primer saturation, weights were added to measure model primer-induced matrix modulus 

of elasticity. Finally, the model primers were removed and a stream of nitrogen gas was 

directed across the dentin to evaporate the solvent (ethanol or methanol). At the 

completion of the solvent evaporation, modulus of elasticity was again determined. 

Following the· final modulus of elasticity measurement, specimens were rinsed 

multiple times with either ethanol or methanol to extract all residual primer. At the 

completion of HEMA experiments, the same experiments were performed on fourteen 

different demineralized dentin discs substituting Bis-GMA for HEMA. Figure 3 presents 

a flow chart for Phase I using HEMA as a monomer. 



Figure 3: Example of experimental design using HEMA as the primer. 
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TYPES OF DATA GENERATED 

Independent variables include three solvents: water, ethanol, and methanol, and 

two primer monomers: HEMA and Bis-GMA. Dependent variables were matrix 

expansion rate, changes in matrix thickness, and matrix modulus of elasticity. All data 

were continuous. Data were recorded using computer software (Thermal Analysis 

Software, version 3.21.0, Instrument Specialists Incorporated, Spring Groove, IL) and 

transferred to spread sheet format (Microsoft Excel, version 2000, Microsoft Corporation, 

Redmond, WA). 

METHODS OF DATA ANALYSIS 

Four separate one-way analyses of variance determinations were used .to evaluate 

the differences in solvent expansiC?n, dimensional change upon model primer addition, 

dimensional change induced by solvent evaporation, modulus of elasticity of model 

primer saturated matrices, and. net expansion. Post-hoc multiple comparisons tests were 
- ' . .~ ' . 

evaluated using the Tukey test for dimensional changes upon model primer ~ddition and 

dimensional change induced by solvent evaporation. Net expansion and solvent 

expansion were tested compared using the Student-Newman-Kuels·te_s.t, and differences 

in modulus of_ elasticity of model primer saturated matrices were compared using Dunn's 

test. The above comparisons were performed with the aid of a computerized statistics 

program (Sigma Stat software v 2.03, SPSS, Chicago, IL). Regression analysis was used 
\.-'".' 

to examine the relationship between solvent evaporation-induced matrix shrinkage and 

the monomer/solvent concentration of the model primer, modulus of elasticity of the 
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primer infiltrated matrix, and 8h of the primer. R2 and t values were calculated to 

determine significance. Analysis of covariance (ANCOV A) was used to examine 

differences in concentrations of the adhesive with solvent, primer, and adhesive type. A 

Bonferroni adjustment to the overall alpha level of 0.05 was used to determine post-hoc 

differences between concentrations. The ANCOV A was performed using a computerized 

statistics program (SAS Version 8.2, SAS, Cary, NC). 



III. RESULTS 

Expansion of dried demineralized dentin matrices 

All demineralized dentin discs began each experiment infiltrated with water and 

in a fully expanded state. Water removal was performed by aspiration from the well, 

followed by directing a stream of nitrogen gas across the surface of the disc. This 

dehydrated the disc and produced maximal shrinkage.- From this dehydrated state, one of 

three solvents (water, ethanol or methanol) was applied to each disc. All three solvents 

induced expansion of the dentin matrices, although at different rates and to different 

extents. One-way analysis of variance of the extent of expansion indicated significant 

differences (p < 0.001) among the solvents. Post-hoc multiple comparison tests using 

Dunn's method determined statistically significant differences (p < 0.05) between the 

amount of expansion produced by water compared to either methanol or ethanol. Water, 

with the highest ()h of the test solvents (Table II), produced significantly more expansion 

than methanol or ethanol, while methanol and ethanol demonstrated similar amounts of 

expansion ( p > 0.05) (Figure 4). A positive significant correlation between ()h of the 

solvent and expansion was observed (Figure 5). 

Figure 6 compares the rates of expansion, of a typical specimen, produced by the 

three solvents. Water produced the highest maximum rate (2.66 J.un/sec), followed by 

methanol (1.56 f .. un/sec) and ethanol (0.18 f .. unlsec) (Figure 6). Methanol expanded the 

30 
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matrix 8. 7 times faster than ethanol. Water and methanol displayed high initial 

expansion rates that fell rapidly, while ethanol produced a slower constant rate 

throughout the expansion. Figure 7 represents regression analysis showing a positive 

correlation between the mean maximum rate of matrix expansion in relation to the 8h of 

the solvents. Solvent-expanded matrices demonstrated different amounts of modulus of 

elasticity (Figure 8). One-way analysis of v,ariance determined that there was a 

significant difference (p < 0.001) in modulus of elasticity produced by saturation of 

demineralized dentin matrices with water, methanol, ethanol or drying. Dunn's method 

of multiple comparison determined that the matrices were statistically (p < 0.05) lower 

when saturated in water (ca. 2 MPa) compared with methanol (ca. 17 MPa), ethanol (ca. 

31 MPa) or when they were air-dried (ca. 45 MPa). No significant differences were seen 

between the modulus of elasticity of the matrices expanded by ethanol or methanol. Air

dried demineralized dentin matrix had a significantly (p < 0.05) higher modulus of 

elasticity than methanol expanded matrices, but no significant difference (p > 0.05) was 

shown between air-dried and ethanol expanded matrices (Figure 8). Regression analysis 

showed a highly significant negative correlation between solvent 8h and the modulus of 

elasticity of matrices infiltrated by that solvent (R2 = 0.99, r = -0.99) (Figure 9). Matrix 

saturation using sol vents with higher 8h values produce lower matrix moduli of elasticity 

than solvents of lower 8h. Figure 10 repre.sents a regression analysis showing a negative 
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correlation between matrix modulus of elasticity and percent expansion. Water, with the 

highest 8h, 40 (J/cm3
)

112
, produced the lowest matrix modulus of elasticity (ca. 2 MPa), 

while ethanol, with a 8h of 20 (J/cm3
)

112 produced the highest matrix modulus of elasticity 

(31 MPa). 



Figure 4: Solvent expansion of demi!leralized matrix with water produced the maximum 
expansion. This degree of expansion was assigned a value of 100% to permit . 
matrix expansions produced be methanol and ethanol to be expressed as percent 
relative to water. Groups identified by different lower case letters are 
significantly different (p < 0.05). N = 14 per experimental group. Vertical 
bracket = + 1 standard deviation. Height of bar =·mean. 
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Figure 5: Average percent matrix expansion vs. ~h of the solvent. Each data point 
represents the mean of N = 14 specimens. Vertical brackets= ± 1 stqndard 
deviation. 
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Figure 6: Expansion of a specimen representing the typical rate of change of 
matrix expansion produced with water, methanol and ethanol. N = 14 specimens. 
These tracings were made by taking the first derivatives of the original data. 
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Figure 7: Average maximum rate of expansion ofdried demineralized dentin vs. ~h of the 
solvent. N = 14 specimens per group .. Vertical brackets= ± 1 standard 
deviation. 
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Figure 8: Mean matrix modulus of elasticity produced by solvent saturation. Groups 
identified by different lower case letters are significantly different (p < 0.05). N 
= 14 specimens per group. Vertical brackets= + 1 standard deviation. Height of 
bar = mean. The modulus of elasticity of the air-dried specimens is shown to 
indicate the maximal modulus of elasticity that demineralized dentin matrices 
develop spontaneously in air. 
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Figure 9: Mean matrix modulus of elasticity (MPa) vs. ~h of the solvent. N = 14 
specimens per group. Vertical brackets = ::t: 1 standard deviation. Square 
symbols = mean values of each group. 



38 

50 EtOH 
...--. 
as 45 
c. 
:2E 40 .._.., 

~ 35 
(.) ·- 30 ... 
tn MeOH y = 469.41 e·0.14x as 25 - 2 Cl) R = 0.99 
~ 20 r = 0.99 0 
tn 15 :1 -::::J 10 "'C 
0 

5 H20 
~ 

0 
15 20 25 30 35 40 45 

()h of the solvent 



Figure 10: Mean solvent saturated matrix modulus of elasticity vs. mean matrix 
expansion of the three test solvents. N = 14 specimens per group. Symbols = 

mean values of each group. 
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Model primer saturation 

After expansion of demineralized dentin matrices with one of the three solvents, 

model primers were. placed on the disc and dimensional changes recorded. These 
. . 

changes in thickness upon model primer infiltration and solvent evaporation were 

calculated as a percent of the average water expanded height (defined a·s 109% ). The 

average water-expanded height was calculated by averaging the eight water-expanded 

values for each specimen. Thus each specimen served as it's own control. 

Infiltration of HEMA/alcohol model primers to water-expanded matrices (i.e. 

fully expanded) resulted in a 5 - 15% matrix shrinkage with all concentrations of model 

primers (Figures 11, 12, 13, 14). In those figures, the first bar of each primer 

concentration demonstrates dimensional change upon model primer infiltration and the 

second bar is the additional dimensional change caused by solvent evaporation. One-way 

analysis of variance and Tukey multiple comparison tests were performed to identify 

statistically significant differences between various primer concentrations and their 

induction of matrix shrinkage. There were no significant differences (p > 0.05) in the 

primer-induced infiltration-shrinkage regardless of the model primer concentration or 

combination (methanol/HEMA or ethanol/HEMA). 

HEMA/methanol model primer addition, to methanol-expanded matrices resulted 

in a slight expansion of the matrix in all specimens (Figures 15, 16). Two-way analysis 

of variance and Tukey multiple comparison test showed no statistical difference between 

the different methanol model primer concentrations in methanol-expanded matrices. 

There was a significant difference (p < 0.05) between the same model primer 
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concentrations added to methanol-expanded matrices compared to those expanded with 

water. This observation is evident in the shrinkage of water-expanded matrices compared 

to the slight expansion of the methanol-expanded matrix upon HEMA/methanol model 

primer infiltration (compare Figures 13 vs. 15). 

HEMA/ethanol model primer infiltration into ethanol-expanded matrices resulted 

in a slight expansion of the matrices with primers with the highest monomer 

concentration producing the greatest increase in matrix expansion (Figures 17, 18). 

However, this apparent increase of expansion with higher monomer concentrations was 

not statistically significant (p > 0.05). Similar slight expansions were seen with 

methanol-expanded matrices. Both of these slight infiltration-induced expansions were 

significant! y different (p < 0.05) from the matrix collapse produced by these same model 

primers seen with water-expanded matrices. 

Addition of Bis-GMA/alcohol model primers to water-expanded matrices resulted 

in matrix shrinkage with all concentrations of model primer (Figures 19, 20, 21, 22). 

Similar to the results seen with HEMA, there were no significant differences (p > 0.05) in 

the dimensional change in the matrix regardless of the model primer concentration or 

combination (methanol/Bis-GMA or ethanol/Bis-GMA). 

Bis-GMA/ethanol model primer infiltration into ethanol-expanded matrices 

resulted in a slight expansion of the matrix in specimens treated with 90% ethanol/ 10% 

Bis-GMA, while the other concentrations maintained the same expansion as that induced 

by ethanol (Figures 23, 24). Statistical analysis did not identify any significant 



42 

differences (p > 0.05) between ~he dimensional changes induced by the differing model 

primer concentrations. 

Addition of Bis-GMA/methanol model primers to methanol-expanded matrices 

resulted in a slight expansion of the matrices with 90% methanol/10% Bis-GMA (Figures 

25, 26). The other three _methanol/Bis-GMA model primer concentrations induced 

shrinkage of the matrix. Two-way analysis of variance and Tukey multiple comparison 

test revealed significant differences (p < 0.05) among the primers (Figure 25). Model 

primers with higher amounts of monomer caused more matrix shrinkage than those. with 

lower monomer concentrations. 



Figure 11. Dimensional change in thickness of water-expanded matrix produced by 
HEMAl ethanol model primer infiltration (open bars) and solvent evaporation 

(filled bars). Groups identified by the different letters are significantly different 
(p < 0.05). Primer infiltration-induced shrinkage and solvent evaporation 
shrinkage were compared separately. ~h values ( J/cm3 

/
12 represent primer values 

prior to their application. N= 14 specimens per group. Heights of bars= mean 
values. Vertical brackets = 1 standard deviation. 
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Figure 12. Composite graph of a specimen representing typical thickness 
changes of water-expanded matrix produced by BEMA/ethanol model 
primer infiltration and solvent evaporation. (Relative to water-saturated 
disc thickness) 
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Figure 13. Dimensional change in thickness ofwater-expanded matrix produced by 
BEMA/methanol model primer infiltration (open bars) and solvent evaporation 
(filled bars). Groups identjfied by different letters are significantly different (p 
<0.05). Jh values (J!cm3

/ represent primer values prior to their application. 
Primer infiltration-induced shrinkage and solvent evaporation shrinkage were 
compared separately. N= 14 specimens per group. Heights of bars= mean 
values. Vertical brackets= 1 standard deviation. 
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Figure 14. Composite graph of a specimen representing typical thickness 
changes of water-expanded matrix produced by BEMA/methanol model primer 
infiltratio_n and solvent evaporation. (Relative to water-saturated disc thickness) 
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Figure 15. Dimensional changes in thickness of methanol-expanded matrix produced by· 
HEMA/methanol model primer infiltration and solvent evaporation. Groups 
identified by the different letters are significantly different (p < 0.05 ). 
~h values ( J/cm3 / 12 represent primer values prior to their application. Model 
primer infiltration-induced shrinkage and solvent evaporation shrinkage are 
compared separately. N= 14 specimens per group. Height of bars = mean 
values. Vertical brackets = 1 standard deviation. 
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Figure 16. Composite graph of a specimen representing typical thickness 
changes of methanol-expanded matrix produced by BEMA/methanol model 
primer infiltration and solvent evaporation. (Relative to water-saturated disc 
thickness) · 
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Figure 17. Dimensional changes in thickness of ethanol-expanded matrix produced by 
BEMA/ethanol model_primer infiltration and solvent evaporation. Groups 
identified by the different letters are significantly different (p < 0.05 ). 
ch values ( J/cm3 

/
12 represent primer values prior to their application. Model 

primer infiltration-induced shrinkage and solvent evaporation -shrinkage are 
compared separately. N= 14 specimens per.group. Height of bars= mean · 
values. Vertical bracket= 1 standard deviation. 

I 
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Figure 18. Composite graph of a specimen representing thickness changes of 
ethanol-expanded matrix produced by HEMNethanol model primer infiltration 

and solvent evaporation. (Relative to water-saturated disc thickness) 
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Figure 19. Dimensional changes in thickness of water-expanded matrix produced by 
Bis-GMA/ethanol model primer infiltration and solvent evaporation. Groups 
ident~ed by the different letters are significantly different (p < 0.05). ~h values 

( J/cm / 12 represent primer values prior.to their application. Model primer 
infiltrati,on-induced shrinkage and solvent evaporation shrinkage are compared 
separately. N= 14 specimens per group. Height of bar =·mean values. 
Vertical bracket = 1 standard deviation. 
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Figure 20. Composite graph of a specimen representing typical thickness changes 
of water-expanded matrix produced by Bis-GMA/ethanol model primer 
infiltration and salven~ evaporation. (Relative to water-saturated disc thickness) 
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Figure 21. Dimensional changes in thic~ness of water~expanded matrix produced by 
Bis-GMA/methanol model primer infiltration and solvent evaporation. Groups 
identij!ed by the different letters are significantly different (p < 0.05). ()h values 

(]/em / 12 represent primer values prior to their application. Model primer 
infiltration-induced shrinkage and solvent evaporation shrinkage are compared 
separately. N= 14 specimens per group. Height of bars = mean values of each 
group. Vertical bar = 1 standard deviation. 
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Figure 22. Composite graph of a specimen representing typical thickness 
changes ofwater-expanded matrix produced by Bis-GMA/methanol model 
primer infiltration and solvent evaporation. (Relative to water-saturated disc 
thickness) 
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Figure 23. Dimensional change in thickness of ethanol-expanded matrix produced by 
Bis-GMA model primer infiltration and solvent evaporation. Groups 
identified by the different letters are significantly different (p < 0. 05 ). ~h values 
( J/cm3 

/
12 represent primer values prior to their application. Model primer 

addition shrinkage and solvent evaporation shrinkage are compared separately. 
N=4 specimens per group. Horizontal bars= mean values. Vertical bracket= 
1 standard deviation. 
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Figure 24. Composite graph of a specimen representing typical thickness 
changes of ethanol-expanded matrix produced _by Bis~GMA/ethanol model 
primer infiltration and solvent evaporation. (Relative to water-saturated disc 
thickness) 
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Figure 25. Dimensional change in thickness of methanol-expanded matrix produced by 
methanol/Bis-GMA model primer infiltration and solvent evaporation. Groups 
identified by the different letters are significantly different (p < 0.05). ()Jz values 
( J/cm3 

/
12 represent primer values prior to their application. Model 

primer infiltration-induced shrinkage and solvent evaporation shrinkage are 
compared separately. N= 14 specimens per group. Height of bars= mean 
values. Vertical brackets= 1 standard deviation. 
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Figure 26. Composite graph of a specimen representing typical thickness 
changes of methanol-expanded matrix produced by Bis-GMA/methanol model 
primer infiltration and solvent evaporation. (Relative to water-saturated disc 
thickness) 
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Model primer-jnduced changes in matrix modulus of elasticity 

Matrix modulus of elasticity was determined following the infiltration of 

HEMA and Bis-GMA model primers to water, ethanol, and methanol-expanded 

matrices. One-way analysis of variance followed by post-hoc multiple comparison 

using Dunn's method determined statistically significant (p < 0.05) differences among 

the groups . 

. Table V lists the modulus of elasticity of demineralized dentin matrices 

following infiltration of BEMA model primers. There were no significant differences 

(p > 0.05) in modulus of elasticity among different model primer concentrations and 

combinations (BEMA/ethanol and BEMA/methanol) and differen~ solvents. However, 

within any solvent group the subgroup with the highest BEMA concentration always 

has the highest modulus of elasticity (Table V). 

Table VI presents the modulus of elasticity of demineralized dentin matrices 

following infiltration of Bis-GMA ·model primers. There were rio significant 

differences (p > 0.05) in matrix modulus of elasticity when primers were added to 

ethanol or methanol expanded matrices, but there were significant differences (p < 

0.05) with water-expanded, matrices. Addition of high .monomer concentration Bis

GMA model primers to water-expanded matrices produced lower moduli of elasticity 

(e.g. 4-10 MPa) than when added to either ethanol or methanol saturated matrices (30-

31 MPa). 



TABLE V. HEMA model primer induced changes in 
matrix modulus of elasticity. No Significant differences 
existed among any of the groups. N=14 specimens per 
experimental group. Values are mean ± SD. 

Expansion solvent · Model primer concentration 

Water 90/10 ethanol/HEMA 

Water 70/30 ethanol/HEMA 

Water 50150 ethanol/HEMA 

Water 30/70 ethanol!liEMA 

Water 90/10 methanol/HEMA 

Water 70/30 methanol/HEMA 

Water 50150 methanol/HEMA 

Water 30/70 methanol/HEMA 

_Methanol 90/10 methanol/HEMA 

Methanol 70/30 methanol/HEMA 

Methanol 50150 methanol/HEMA 

Methanol 30/70 methanol/HEMA 

Ethanol 90/10 ethanol/HEMA 

Ethanol 70/30 ethanol/HEMA 

Ethanol 50150 ethanol/HEMA 

Ethanol 30/70 ethanol/HEMA 

60 

Modulus of 
elasticity (MPa) 

33.8 ± 14.6 

29.9 ± 11.8 

34.0 ± 16.1 

36.8 ± 17.5 

18.6 ± 7.3 

17.4 ± 6.2 

22.4 ± 9.2 

24.3 ± 10.0 

15.4 ± 6.8 

15.6 ± 5.5 

18.5 ± 9.7 

22.7 ± 9.8 

21.7 ± 10.2 

22.5 ± 11.5 

25.7 ± 15.2 

29.3 ± 16.8 



TABLE VI. Bis-GMA model primer induced changes in 
matrix modulus of elasticity. Groups identified by different 
lower case letters are significantly different (p < 0.05 ). 
Significant comparisons were only made within in each 
solvent/model primer groups. N= 14 specimens per 
experimental group. Values are mean± SD. 

Expansion solvent Model primer concentration 
Water 90/10 ethanoi/Bis-GMA 
Water 70/30 ethanoi/Bis-GMA 
Water 50/50 ethanoi/Bis-GMA 
.Water 30/70 ethanoi/Bfs-GMA 

,, 

· Water 90/1 0 methanoi/Bis-GMA 
Water 70/30 methanoi/Bis-GMA 
Water 50/50 methanoi/Bis-GMA 
Water 30/70 methanoi/Bis-GMA 

Methanol 90/10 methanoi/Bis-GMA 
Methanol 70/30 methanoi/Bis-GMA 
Methanol 50/50 methanoi/Bis-GMA 
Methanol 30/70 methanoi/Bis-GMA 

Ethanol 90/1 0 ethanoi/Bis-GMA 
Ethanol 70/30 ethanoi/Bis-GMA 
Ethanol 50/50 ethanoi/Bis-GMA 
Ethanol 30/70 ethanoi/Bis-GMA 

Dimensional change induced by solvent evaporation 
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Modulus of elasticity 
(MPa) 

42.3 ± 19.5b 
45.9 ± 21.1b 
21.8 ± 14.4b 

9.7 ±8.8a 

22.3 ± 7.6b 
24.1 ± 8.3b 
10.1 ±5.1a 
4.3 ± 2.7a 

14.6 ± 5.7a 
16.1 ± 7.2a 
20.6 ± 9.4b 

31.4 ± 16.9b 

26.2 ± 13.2a 
21.0 ± 7.0a 
21.8 ± 7.3a 

30.0 ± 24.5a 

Regression analysis was used to examine the relationship between solvent 

evaporation-induced matrix shrinkage and the alcohol/monomer concentration of the 

model primers and 8h of the primer. Calculation of t values showed statistical 

significance p < 0.0001 between different HEMA and Bis-GMA model primer 
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concentrations and 8h of the primer for matrix shrinkage upon solvent evaporation with 

all three expanding solutions (water, methanol, and ethanol) (Figures 27, 28). The 

following are the linear equations and R 2 values for each group: water-expanded with 

ethanol/HEMA primers (y = 9.17x - 149, R2 = 0.90), water expanded with methanol/ 

HEMA primers (y = 5.29x - 84, R2 = 0.99), ethanol-expanded with ethanol/HMEA 

. primers (y = 6.47x - 109, R2 = 0.32), methanol-expanded with methanol!HEMA 

primers (y = 4.43x - 77, R 2 = 0.95), water-expanded with ethanol/Bis-GMA primers (y 

= 0.78x ·_ 7.05, R2 = 0.08), water-expanded with methandl/Bis.:.GMA primers (y = 
. ' . . 

1.81x- 5, R2 = 0.42), ethanol-expanded with ethanol/Bis-GMA primers (y = 3.19x-

43, R2 = 0.92), methanol-expanded with methanol/Bis-GMA primers (y = 2.97x- 42, 

R 2 = 0.97). Analysis of covariance ··determined significant. (p < 0.05) relationships 

between monomer concentration of model primer and matrix collapse upon solvent 

evaporation (Table VII and VIII). Model primers with higher monomer concentrations 

produced less shrinkage upon solvent evaporation. 

Analysis of covariance models utilizing least squares mean was used to examine 

differences in concentration of adhesive within solvent, primer, and adhesive type. 

Modulus of elasticity was used as a covariate. There were no significant relationships 

(p > 0.05) between model primer induced modulus of elasticity and matrix collapse 

upon solvent evaporation of any of the other primer combinations. Regression analysis 

did not show a significant relationship (p > 0.05) between primer infiltrated matrix 

modulus of elasticity and matrix shrinkage upon solvent evaporation. 
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HEMA model primers demonstrated a fairly consistent decrease in matrix 

collapse as the monomer concentration increased, regardless of the expansion solvent 

or monomer type (Table VII). Bis-GMA model primers did not display the same 

consistent decrease in matrix collapse in water-expanded matrices, and demonstrated a 

more dramatic decrease in collapse- with higher monomer concentration when the 

matrix was saturated with either ethanol or methanol (Table VIII). 



TABLE VII. Least square means comparison of HEMA model primer concentrations 
and matrix collapse upon solvent evaporation. Negative values indicate shrinkage. 
Groups identified by different lower case letters are significantly different (p< 0.05 ). 
Significant comparisons were only made within individual solvent/model primer 
groups. N= 14 specimens per experimental group. 

Model primer Least squares 
Expansion solvent concentration Means Standard deviation 

Water 90/10 ethanol/HEMA -41.3b 6.4 

Water 70/30 ethanol/HEMA -26.5a 6.5 

Water 50150 ethanol/HEMA -24.1a 6.4 

Water 30/70 ethanol/HEMA -21.3a 6.4 

Water 90/10 methanol/HEMA -43.1 c 9.1 

Water 70/30 methanol/HEMA -32.0b 7.7 

Water 50150 methanol/HEMA -21.4a 8.1 

Water 30/70 methanol/HEMA -18.5a 8.2 

Methanol 90/10 methanol/HEMA -34.5b 8.0 

Methanol 70/30 methanol/HEMA -16.4a 7.9 

Methanol 50150 methanol/HEMA -17.0a 7.5 

Methanol 30/70 methanol/HEMA -11.9a 9.0 

Ethanol 90/10 ethanol/HEMA -28.0~ 7.0 

Ethanol 70/30 ethanol/HEMA -16.3a 6.9 

Ethanol 50150 ethanol/HEMA -1 0.4a 6.8 

Ethanol 30/70 ethanol/HEMA -11.5a 7.2 
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TABLE VIII. Least square means comparison ofBis-GMA model primer 
concentrations and matrix collapse upon solvent evaporation. Negative values indicate 
shrinkage. Groups identified by different lower case letters are significantly different 
(p< 0.05). Significant comparisons were only made within individual solvent/model 
primer groups. N= 14 specimens per experimental group. 

Model primer Least squares 

ExQansion solvent concentration Means Standard deviation 

Water 90/10 ethanol/Bis-GMA -32.1a 11.1 

Water 70/30 ethanol/Bis-GMA -28.3a 11.2 

Water 50150 ethanol/Bis-GMA -13.1 b 1'0.3 

Water 30/70 ethanol/Bis-GMA -26.1 a 12.4 

.. 
Water 90/10 methanol/Bis-GMA -45.0a 13.8 

Water 70/30 methanol/Bis-GMA -39.0ab 9.6 

Water 50150 methanol/Bis-GMA -17.6° 9.6 

Water 30/70 methanol/Bis-GMA -26.7b 13.9 

Methanol 90/10 methanol/Bis-GMA -34.2a 6.0 

Methanol 70/30 methanol/Bis-GMA -24.1b 5.9 

Methanol 50150 methanol/Bis-GMA -9.1° 5.9 

Methanol 30/70 methanol/Bis-GMA -3.8° 6.0 

Ethanol 90/10 ethanol/Bis-GMA -25.7a 5.0 
Ethanol 70/30 ethanol/Bis-GMA -17.1 b 5.0 
Ethanol 50150 ethanol/Bis-Gl.\1;A -3.0° 5.0 
Ethanol 30/70 ethanol/Bis-GMA -2.2° 5.0 



Figure 27. Regression analysis of mean matrix shrinkage upon solvent evaporation 
comparing model primer concentrations for all HEMA model primer groups. 
N= 14 specimens per experimental group. Model primers for each group from 
left to right are 30/70, 50150, 70/30 and 90/10 (% alcohol/monomer). 



45 

40 

\35 

Q) 30 
0) 
m 
~ 25 c 
·~:: 
.s:: 20 en 
?fl. 15 

10 

5 

0 
15 16 17 18 191 20 21 22 

oh of model primer 
• Water expanded ethanoi/HEMA 

• Ethanol expanded ethanoVHEMA 

-unear (Water expanded ethanoVHEMA) 

• Water expanded methanoVHEMA 

• Methanol expanded methanoVHEMA 

-Linear (Ethanol expanded ethanoi/HEMA) 

-unear (Methanol expanded methanoi/HEMA) -unear (Water expanded methanoi/HEMA) 

66 

23 24 



Figure 28. Regression analysis of mean matrix.shrinkage upon solvent evaporation 
comparing model primer concentrations for all Bis-GMA model primer groups. 
N= 14 specimens per experimental group. Model primers for each group from 
left to right are 30/70, 50150, 70/30 and 90/10 (% alcohol/monomer). 
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Net expansion 

Net expansion is the thickness of the demineralized dentin disc following 

solvent expansion, model primer infiltration, and solvent evaporation. One-way 

analysis of variance was used to identify any significant difference between the net 

expansion within HEMA and Bis-GMA primer treated samples. Post-hoc multiple 

comparison using the Tukey test showed statistical differences (p < 0.05) among the 

primers. Paired t-test was used to identify statistically significant differences (p < 0.05) 

in HEMA and Bis-GMA model primers of the same concentrations. 

HEMA model primers demonstrated similar net expansion for water, methanol, 

and ethanol expanded matrices with all concentrations of model primers (Figures 29, 

30, 31). There were no statistically significant differences (p > 0.05) between any of 

the HEMA model primer groups tested. 

Bis-GMA model primers demonstrated more variability in net expansion 

compared to HEMA model primers.· Water, ethanol, and methanol-expanded matrices 

demonstrated significant differences (p< 0.05) among the primer concentrations with 

higher monomer primer concentrations producing more net expansion (Figures 32, 33, 

34). 
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Net expansion of similar monomer concentrations and the same solvent between 

HEMA and Bis-GMA model primers showed two significant (p < 0.05) differences: 

water expanded 70% methanol/ 30% _HEMA vs. 70% methanol/ 30% Bis-GMA and 

methanol expanded 50% methanol/ 50% HEMA vs. 50% methanol/ 50% Bis-GMA. 

For all other concentrations and solvents, the net expansion of HEMA and Bis-GMA 

were not statistically significant (p > 0.05). 



-\ 

Figure 29. · Net expansion of water-expanded matrices treated with HEMA model 
primers. No significant differences were identified among the groups (p > 
0.05). N= 14 specimens per experimental group. Horizontal bars are mean 
values. Brackets = + 1 standard deviation. H= HEMA, E= ethanol, M= 
methanol. 
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Figure 30. Net expansion of ethanol-expanded matrices treated with ethanol/ HEMA 
model primers. No significant differences were identified among the different 
model primer groups (p > 0.05). N= 14 specimens per experimental group. 
Horizontal bars = mean values. Bracket = + 1 standard deviation. H= HEMA, 
E= ethanol 
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Figure 31. Net expansion of methanol-expanded matrices treated with 
methanol/BEMA model primers. No significant differences identified among 
the primer concentrations (p > 0.05). N= 14 specimens per experimental 
group. Horizontal bars = mean values. Brackets = + 1 standard deviation. 
M= methanol, B= Bis-GMA 
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Figure 32. Net expansion of water-expanded matrice$ treated with Bis-GMA model 
primers. Groups identified by the different lower case letters are significantly 
different (p < 0.05). N= 14 specimens per experimental groups. Horizontal 
bars are mean values. Brackets = + 1 standard deviation. M= methanol, E= 
ethanol, B= Bis-GMA 



73 

30/70 M/8 b 

50/50 M/8 b 

c 70/30 M/8 ab 
0 

90/10 M/8 ;; 
ca a 
:lo. .., 

30/70 E/8 c: 
-

I b . 
C1) 
(.) 

50/50 E/8 c ab 
0 
(.) 

70/30 E/8 :lo. 
I ab . 

C1) 

E 90/10 E/8 ·;::::: 
:a 

-
0. Ethanol expansion 

Methanol expansion 

Water expansion 
I 

0 20 40 60 80 100 120 
0/o Net expansion 



Figure 33. Net expansion of methanol-expanded matrices treated with methanol/ 
Bis-GMA model primers. Groups identified by the different lower case letters 
are significantly different (p < 0.05). N.= 14 specimens per experimental 
groups. Horizontal bars are mean values. Brackets= + 1 standard deviation. 
M= methanol, B= Bis-GMA 
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Figure 34. Net expansion of ethanol-expanded matrices treated with 
ethanol/Bis-GMA model primers. Groups identified by the different 
lower case letters are significantly different (p < 0.05). N= 14 
specimens per experimental groups. Horizontal bars are mean values. 
Brackets = + 1 standard deviation.· E= ethanol, B= Bis-GMA 



75 

30/70 E/8 I :b I 

-

c 50/50 E/8 ab 
0 
~ co 

70/30 E/8 '-..... ab 
s::: 
(L) 
u 

90/10 E/8 s::: a 
0 
(.) 

'- Ethanol expansion (L) 

E -
"i: 
c. Methanol expansion 

-

Water expansion 

0 20 40 60 80 100 120 
0/o Net expansion 



. ,_ 

IV. DISCUSSION 

The following findings support the first -hypothesis that solvent-induced 

.. . 
expansion of dehydrated, acid-demineralized dentin matrices· is dependent _on the oh of the 

solvent. Pashley et al. (2001) demonstrated a correlation between the oh of a solvent and 

the rate and extent of expansion induced by infiltration of solvents to demineralized 

dentin. Their results demonstrated that solye~ts with higher oh produced more expansion 

at an increased rate. The expansion of dry, collapse-d demineralized dentin matrix is 

caused by the ability of the solvents to compete for the interpeptide hydrogen bonds. 

Solvents with higher oh can more readily break interpeptide bonds and thus expanded the 

matrix. The present study confirms these findings comparing water, ethanol, and 

methanol. Water with a Hoy's oh of 40.4 (J/cm3
)

112 expanded the matrix to a greater 

extent and· at a higher rate than methanol or ethanol with Hoy's oh values of 24.0 

(J/cm3
)

112
. and 20.0 (Jfcm3

)
112

, respectively: Water is· most effective for expanding dried, 

demineralized dentin matrices due to its strong H-bonding capacity, 40.4 (J/cm3
)

112
, its 

small size and its high molar concentration (Pashley et al. 2001). The current findings 

are similar to those of Pashley et al. (2001) with the exception that, in the present study, 

the extent of expansion induced by methanol and ethanol was significantly less than that 

induced by water. 

By saturating the dried matrix with an alcohol that has a Hoy's oh ~ 20 (J/cm3
)

112
, 

one can expand the matrix by successfully breaking peptide-peptide H-bonds estimated to 

76 
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have a 8h ·= 18.2. (J/cm3
)

112 (Pashley et al . 2001). Methanol~ with a Hoy's 8h of 24 

(J/cm3
)

112
, expands shrunken dentin matrices almost nine times faster than ethanol (Figure 

6) that has a Hoy's 8h of 20 (J/cm3
)

112
• Indeed, ethanol expanded dries matrices so slowly 

that one wonders if it· would be clinically useful. ·Once. the interpeptide H-bonds are 

broken and spaces develop between the collagen fibrils, the opportunity for interpeptide 

H-bonding is remote, since these weak forces lose their influence over distance with even 

small interfibrillar width. 

It is likely that even in methanol-saturated matrices, there is some interpeptide H

bonding. The evidence for this is the apparent modulus of elasticity of the dentin matrix 

when saturated with methanol (18 ± 8 MPa) compared to water (2 ± 1 MPa)(Figure 8) 

and their corresponding expansions of 79 ± 12% versus 100%, respectively. Any solvent 

that increases the modulus of elasticity of the matrix does so by permitting a "controlled" 

amount of interpeptide H-bonding. Increased modulus of elasticity may prevent matrix 

collapse during evaporation of solvent that seems to induce small shrinkage stresses. 

Obviously, there is a conflict between modulus of elasticity and shrinkage. Too little 

modulus of elasticity permits full expansion but cannot prevent matrix shrinkage and 

extrusion of monomers when solvents are evaporated. The development of too much 

modulus of elasticity during primer infiltration would signal the development of too 

much interpeptide H-bonding and· a collapse of the interfibrillar spaces that need to be 

used to protect the collagen fibrils and to provide retention of resin composites. 

If, in wet bonding techniques, water is substituted by ethanol or methanol prior to 

application of a primer or adhesive, the demineralized matrix is already partially 
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expanded, leaving interfibrillar spaces open to serve as diffusion channels for 

monomer/solvent infiltration. The Hoy's 8h values of solvent/monomer mixtures need 

not be > 17.3 (J/cm3
)

112 since ethanol (8h = 20) or methanol (8h = ·24) are already 

occupying the volume of those spaces. As the mixtures of solvent and monomer dilute 

the original alcohol in the tubules and interfibrillar spaces, the Hoy's 8h values in those 

spaces will fall below 17.3 (J/cm3
)

112 and may begin to permit m~re interpeptide H

bonding, resulting in only a slight increase in matrix modulus of elasticity (from 18-30 

MPa, Figure 8) that may prevent collapse of the monomer-infiltrated· matrix that could 

squeeze monomer out of the meshwork if the matrix fully collapsed. 

Hybridization of the demineralized dentin and resin is required to maximize bond 

strength (Finger et al. 1994). Formation of a hybrid layer can be obtained by expanding 

the dentin matrix with a solvent, applying a primer~ and allowing the primer to permeate 

between the collagen fibrils; or it may be possible to apply the primer directly to the 

collapsed matrix which, may or may not induce expansion and monomer infiltration 

depending on its 8h. The difference. i.n ·these two approa~hes is that in the solvent

expanded state the primer only needs to be able to maintain the expansion; in the second 

technique, the primer must be able to expand the matrix. For example, 50% ethanol/ 50% 

Bis-GMA is able to maintain the expansion produced by ethanol substitution of water and 

only collapses 2% ± 3 (Fig':lre 23) during solvent evaporation leaving· a net expansion of 

71% ± 11 (Figure 34). Application of the same primer concentration to dried matrix 

produces no matrix expansion thus no interfusion of the primer within the collagen 

(TABLE IX, Appendix). 
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Comparing these results demonstrates the ability of a primer with a Hoy's 8h 

value less than that of collagen,· ca. 19 (J/cm3
)

112
, to maintain the solvent-induced 

expansion, but the inability of same primer to produce expansion of a collapsed dried 

matrix. Since several of t~e model primers concentrations (Table Ill) possess a Hoy's 8h 

less than that of collagen (19.0 (J/cm3
)

112
), very few of them should be abh~ to expand the 

collapsed matrix. Without solvent expansion, model primers with low monomer to 

solvent concentrations, thus higher 8h, would need to be used. This phenomenon may 

explain why acetone-based adhesive systems produce high bond strengths on wet dentin. 

Although the Hoy's 8h value for acetone is only (11.0) and when combined with HEMA 

(16.8) and Bis-~MA (10.5) or biphenyldimethacrylate (11.0) give very low 8h values, 

water has pre_-expanded the interfibillar spaces creating channe~s for adhesive resin 

permeation. ·Acetone and hydrophilic monomers such as HEMA are very miscible with 

water. Bis-GMA would tend to form resin globules as acetone diffuses into water and · 

vice versa. Most · manufactu:t~es have replaced Bis-GMA. with more hydrophilic 

dimethacrylates. Solvent expansion ·of interfibrillar spaces allows infiltration of model 

primers with higher monomer concentrations (i.e. lower 8h), that slowly displace the 

original alcohol in the interfibrillar· spaces, which maintain much of the solvent-induced 

matrix expansion. Cho and Dickens -(2004) compared micro tensile bond strength 

(MTBS) using varying concentrations of pryromellitic glycerol dimethacrylate 

(PMGDM) and 2-hydrqxyethyl methacrylate {2-HEMA) dissolved in acetone, applied to 

water-saturated dentin. Their results demonstrated a direct correlation between acetone 

concentration and MTBS, with lower acetone concentrations producing greater MTBS. 
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They attributed the lower bond strengths· produced by high in~tial' acetone content in their 

bonding agent to the effects caused by evaporation of the solvent which led to thin and 

possibly porous, poorly polymerized hybrid/adhesive layers (Cho and Dickens, 2004). If 

·the same concept of utilizing higher concentrations in adhesives were to be applied to the 

alcohol model primers in the current study, the use of an expansion solvent would be 

required to produce a hybrid layer due to the inability of high monomer concentrations to 

expand dried matrices. 

In the current experiment, an alcohol solvent was used to expand the matrix to aid 

model primer infiltration and to avoid phase changes seen when hydrophobic monomers 

interact with water. The matrix was expanded from a dehydrated (collapsed) state with 

water, methanol or ethanol. Water and methanol demonstrated high rates of expansion 

while ethanol produced a much slower rate (Figure 6). The slow rate of ethanol may 

reduce its practicality in clinical dentistry. An alternative method may be to expand the 

matrix with water then apply ethanol. Application of ethanol (8h=20) to water-expanded 

matrix (8h=40) causes a partial collapse of the matrix. The net matrix height after this 

·collapse is greater than that produced by ethanol-induced expansion of a dried matrix 

(Table X, Appendix). Ethanol application to water-expanded matrices may be a faster 

and more efficient method~ resulting in a greater expansion height, than using only 

ethanol to expand a collapsed matrix. The concern with using a water-expanded matrix 

would be the amount of residual water remaining (Tay and Pashley, 2003). 

Application of alcohol-model primers to water-expanded matrices caused a 

collapse of the matrix with all concentrations (Figure 4 ). The primers, which all have a 
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oh lower than that of water (Figure 5), are unable to maintain the complete expansion 

produced by water. That is, they are unable prevent formation of some interpeptide H

bonds. When primers, with lower oh than water, infiltrate the matrix and displace water 

they allow for some interpeptide bonding within the collagen matrix. This interpeptide 

bonding causes some collapse of the matrix and an increase in modulus of elasticity. 

rhis collapse and increase in modulus of elasticity of water-expanded matrices occurred 

with both solvents (ethanol and methanol) and with model primers c·ontaining either 

solvent or adhesive monomer. Apparently, in acetone-based adhesives, the rate of 

collapse of the matrix is slower than the rate of coinonmer/solvent infiltration, leading to 

resin uptake. However, acetone-based adhesives produce very narrow interfibrillar 

spaces. Whether this jeopardizes the durability of the resi~-dentin bond is not known, but 

should be studied. in the future. 

Application of model primers to matrices saturated only with ·ethanol or methanol 

demonstrated different dimensional changes than those seen with water-expanded 

matrices. There are several reasons why the collapse seen with alcohol-expanded 

matrices differs from water-expanded matrices. The oh of both ethanol and methanol 

expanded matrices, 18.7 and 19.9 (J/cm3
)

112 respectively (Table I), are closer to the values 

of the model-primers (Table ill) compared with water, 40.0 (J/cm3
)

112
• This similarity in 

oh allows the primer to infiltrate the matrix without collapse and, in some instances, to 

induce matrix expansion. Another reason model primer infiltration to alcohol-saturated 

matrices does not collapse as much as water-expanded matrices may be the lower 

expansion produced by alcohols. compared to that of water. Methanol . and ethanol 
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produced less expansion than water (Figure 4), because they permit some interpeptide H

bonding to develop. Apparently, this interpeptide bonding creates a critical modulus of 

elasticity in the matrix (17-30 MPa, Figure 8), which makes it less likely to collapse upon 

model primer infiltration. 

Evaluation of the dimensional changes induced by model primer concentrations 

requires the accepta~ce of hypothesis #2 that the primer-induced dimensional changes in 

dentin matrix thickness are dependent on the 8h of the model primers. These dimensional 

changes are also influenced by the state of dentin matrix expansion, in addition to the 

properties of the solvent used to expand the collagen matrix. 

Application of higher concentration Bis-GMA model ·primers (30%/70% 

ethanol/Bis-GMA, 30%/70% methanol/Bis-GMA, _and 50%/50% methanol/ Bis-GMA) to 

water-expanded matrices produces relatively little increase in modulus of elasticity. That 

is, they remained as compliant as if they were still saturated with water. This finding is 

verified by the significant difference in modulus of elasticity induced by high monomer 

vs. lower monomer concentrations (Table VI). This lack of increase in modulus of 

elasticity is believed to be due to the inability of Bis-GMA in alcohol to displace water 

from the matrix. If the model primer could fully penetrate the matrix, and if the alcohols 

could replace the water in the int~rfibrillar spaces, the modulus of elasticity of the matrix 

should be greater than was measured (Table VI).· In a similar experiment performed 

under a video microscope, addition of .low concentration monomer Bis-GMA primers 

(10% and 30%) in alcohol to water-expanded matrices produced an outward movement 

of water droplets from the dentinal surface, while higher monomer concentrations did not 
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produce droplet formation (unpublished observations). In a bond strength test, the 

application of a 50 % ethanol/ 50% Bis-GMA to the water-expanded matrix resulted in 

very low bond strength values (2.50 MPa) compared to the bond strength of 50%/50% 

ethanol/Bis-GMA (49.98 MPa) or 30%/70% ethanol/Bis-GMA (46.34 MPa) ethanol-

expanded dentin (Table XI). The inability of higher monomer concentrations to displace 

water could be due to the primer's low 8h which does not let it compete with water for 

hydrogen bonding or·'it may be d1:1e to the· hydrophobic nature of these concentrations, 

which may caus~ phase changes within water-expanded matrix. 

Spencer and Wang (2004) applied im adhesive composed of Bis-GMA and 

HEMA to water and ethanol-saturated 'demineralized dentin matrices. They 

demonstrated that HEMA diffused more·readily into the water-saturated demineralized 

dentin than Bis-GMA. The lack of infiltration of Bis-GMA was due to its hydrophobic 

nature. 

The inability of hydrophobic adhesives to penetrate water-saturated matrix was 

supported in a separate experiment by Spencer et al. (2004 ). They investigated the 

derttin/adhesive interfacial characteristics of three commercially available adhesives with 

different relative hydrophilic/hydrophobic compositions. They utilized a "wet" bonding 

technique, which uses water to maintain collagen matrix expansion. To this water-

expanded matrix they applied one of three adhesives. Following polymerization, the 

specimens ·were stained and viewed under light microscopy. Adhesive-encased collagen 

fibrils stained differently than did naked exposed collagen fibrils, thus allowing the 

measurement of adhesive penetration. Their results showed that the more hydrophilic 



. ·j' 

84 

adhesive was able to penetrate the water-saturated demineralized matrix to a greater 

extent than more hydrophobi.c adhesives. 

The current study used "wet bonding" with alcohol in place of water, which may 

allow more penetration of Bis-GMA than was seen in the Spencer and Wang (2004) 

study. The penetration of Bis-GMA through an alcohol-saturated matrix may be similar 

to that seen with the application of HEMA to a water-expanded matrix. 

Regression analysis and ANCOV A demonstrated a significant (p< 0.05) 

relationship between the monomer concentration or 8h of the model primer (Figures 27, 

28)(Tables· 7, 8), an:d the matrix collapse upon solvent evaporation. Matrices saturated 

with model ·primers with higher monomer concentrations (e.g. 50/50 or 30/70% 

(alcohol/monomer)) demonstrated less collapse upon solvent evaporation. That is, the 

higher the primer's 8h, the higher the shdnkage. The amount of collapse can be due to 

the amount of solvent that evaporates or the structural integrity of the matrix. It is 

possible that the higher monomer concentration produced a more stable matrix structure, 

thus less _ matrix collapse. Another reason these matrices -demonstrated decreased 

amounts of collapse may be due to the inabiiity to evaporate the solvent. 

To test this, known weights (ca 2.5g) of all eight concentrations of Bis-GMA and 

HEMA model primers were placed in a tared vessel on a digital analytical balance. A 

stream of air from a 3-way dental syringe was directed across the surface to determine 

weight loss from solvent evaporation. Pure ethanol and methanol completely evaporated 

within a twenty-minute period. The model primers witP,low concentrations of monomer 

demonstrated increased we~ght loss due. to solvent evaporation. Fifty percent and thirty 
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alcohol-model primers demonstrated minimal weight loss during the experiment (Tables 

XII, XIII, XVI, XV, Appendix). Since these compositions were simple binary solutions, 

at the completion of solvent evaporation, the new concentration of the model primers 

could be calculated because there were involatile. Although the initial solvent 

concentrations were 90, 70, 50, 30%, the final concentrations were all between 27-40% 

for Bis-GMA model primers and 10-37% for HEMA model primers (Tables XII, XIII, 

XIV and XV, Appendix). Bis-GMA demonstrated less range in monomer concentrations 

(65-73% )(Tables XII, XIII), following solvent evaporation compared to the larger range 

of monomer concentrations (63-80%) with HEMA model primers. Bis-GMA contains 

two hydroxyl groups, compared to ·a single hydroxyl group on HEMA, that are able to 

hydrogen bond. The lack of complete solvent evaporation may be due to hydrogen 

bonding between monomer and solvent alcohols. At the higher monomer concentrations,. 

a majority of the solvent may be hydrogen bonded to the monomer, and thus unable to 

evaporate. At lower monomer concentrations more solvent is unbound and thus able to 

evaporate. 

Another mechanism responsible for preventing alcohol evaporation from primers 

with' high monomer concentrations is Raoult's law (Weast, 1970). This law states that 

"molar weights of non'.,.volatile, non-electrolytes, when dissolved in a definite weight of a 

given solvent·urtder the same conditions, lowers the solvent's freezing point, elevates its 

boiling point, and reduces its vapor pressure equally for all such solvents." In the present 

context, this means that whenever high molar concentrations of monomers are dissolved 



86 

in relatively low molar concentrations of solvents, they would lower the solvent vapor 

pressure of the solvents so much that they cannot evaporate (Spencer and Wang, 2004). 

In tables XII, XIII, XIV, and XV in the appendix, the rates of evaporation of 

methanol or ethanol from various alcohol-monomer model primers are shown. While 

90% methanol/10% Bis-GMA has a, low viscosity and spreads well on dentin, as the 

methanol evaporates, the Bis-GMA concentration increases from 10% to 60%. At this 

\ 

solute concentration, the vapor pressure of methanol must be lower even though original 
.· . 

methanol concentration fell from 90% to ·the calculated residual methanol concentration 

of 40%. The lowe~t ·calculated residual methanol concentration was· 29% in the 30% 

methanol/70% -Bis-GMA mixture. Virtually none of the methanol evaporated from the 

30% methanol/70% Bis-GMA model primer. That is, such solutions do not lose weight 

when air is blown over their surface. Thirty percent residual methanol may prevent close 

approximation of growing polymer chains during polymerization. This can be 

determined by FfiR analyses. This amount of residual alcohol might als.o plasticize the 

polymer, giving it lower mechanical properties than one that is alcohol-free. Over time, 

the alcohols would be replaced by water. How this would affect the durability of resin-

dentin.bonds remains to be seen. This should be tested in future experiments. 

The effect of Raoult's law on water evaporation from 35% HEMN65% water . 

primers was the subject' of a paper by Pashley et al. (1998). They demonstrated that, as 

water evaporated from relatively dilute water-HEMA mixtures, HEMA became more 

concentrated. This change lowered the colligative properties of water, including 
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lowering of the vapor pressure, making it impossible to remove residual water from 

concentrated water-HEMA solutions. 

These studies need to be repeated with acetone, an organic sol vent with a much 

higher vapor pressure .. than ·ethanol or ~ethanol. However, it is likely that concentrated 

solutions of adhesive monomers in acetone, may prevent all of the acetone from being 

evaporated. This concept is an inherent problem with the use of solvated resin 

formulations., That is, even if one begins with a high solvent/low monomer 

concentration, ~s the volatile solyent evaporates, the monomer concentration rises to the 

point that it lowers the vapor pressure of the remaining solvent so much that residual 

solvent remains in the resin. However, it is also possible that some of the solvent would 

be driven out by the heat that develops during polymerization. 

Hypothesis #3 that shrinkage of primer-infiltrated, acid-demineralized dentin 

matrices following solvent evaporation is dependent upon closeness of the 8h values of 

the solvent/monomer combination. relative to the 8h of the collagen matrix was rejected. 

The results showed that most ·shrinkage occurred when the 8h values of the 

solvent/monomer mixtures were closest to the 8h of collagen. Instead, the collagen 

matrix collapse is strongly correlated to model primer alcohol concentration, which may 

relate to the ability to evaporate solvent :from the primer mixture. That is, the higher the 

alcohol concentration, the greater the matrix shrinkage when the solvent was evaporated. 

In a previous experiment, a correlation w~s seen between the modulus· of 

elasticity of the matrix and it's subsequent shrinkage upon solvent evaporation 

(Eddelston et al., 2003). However, all of that work was done with 35% HEMA in 65% 
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methanol, ethanol, and propanol. The current experiment demonstrated few significant 

differences in the modulus of elasticity of demineralized dentin matrices saturated with 

model primers. The only differences seen were with the water-expanded matrices upon 

addition of high Bis-GMA monomer primer concentrations. This difference in modulus 
J 

of elasticity is believed to be due to lack of primer infiltration arising from the 

hydrophobic nature of the primer and/or a low ()h· All other model primers produced 

similar levels of modulus of elasticity of demineralized dentin matrices. Each specimen 

yields· unique values for modulus of elasticity. The modulus of elasticity of water-

expanded matrices ranged from 0.99 to 2.40 MPa. This variability makes it difficult to 

determine correlations between modulus of elasticity and shrinkage upon saturation with 

model primers. Regression analysis and ANCOV A did not show a significant 

relationship between matrix primer.:.infiltrated modulus of elasticity and subsequent 

matrix collapse upon ·solvent expansion. 

Net expansion is the final matrix height· following solvent expansion, model 

primer infiltration, and solvent evaporation. This· parameter provides an indication of the 

amount of adhesive monomer that remains in the matrix after both infiltration and solvent 

evaporation. Matrices with higher amounts of net expansion should have more monomer 

remaining within the matrix,_ depending on t~e amount of solvent remaining in primer. 

There were differences in expansion betw·een water, . ethanol, and methanol 

application along with· differences in ·dimensional change ·caused by various 

model primer infiltrations and subsequent solvent evaporation. If the goal were to solely 

produce the thickest hybrid layer, then a clinician would want to optimize net expansion. 
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HEMA model primers did not show any significant differences in net expansion. With 

no significant differences in net expansion among HEMA model primers, any of the 

expansion solvents and/or model primer concentrations could be utilized to produce a 

similar net expansion. This result is probably due to the equally high solubility of 

HEMA in water, ethanol, and methanol. 

Bis-GMA model_primers differed from HEMA-based model primers in that they 

produced significant differences in net expansion depending on their concentrations. The 

net expansion difference obtained with Bis-GMA model primers applied to water-

saturated matrices may be due to the inability of this hydrophobic monomer to penetrate 

water-filled interfibrillar spaces in the matrix. The significant increases in infiltration 

with Bis-GMA-based alcohol-saturated matrices can be attributed, in part, to the higher 

solubility of Bis-GMA in alcohols and to the· inability to remove .hydrogen bonded-

alcohols from the Bis-GMA model primers upon evaporation. Retention of residual 

alcohol may be undesirable because it is likely that water will replace the alcohol once 

. . . 

the bonded specimens .are exposed to water. The results of this work demonstrate the 

utility of this· simple model system for determining the influence ··of both adhesive 

formulations (e.g. solvents vs. monomers) and procedures (e.g. solvent evaporation) on 

the dimensions of the macromodel of the hybrid layer. 
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V.SUMMARY 

Hypothesis #1 that solvent-induced expansion of shrunken, dehydrated, acid

demineralized dentin matrices is_dependent on the Oh value for the solvent, was validated 

with the findings that solvents with higher oh values produced greater expansion at a 

higher rate than those with smaller Oh values. 

Hypothesis #2 that model primer-induced dimensional changes in dentin matrix 

thickness are dependent on the Oh value or concentration of the model primer, was 

validated for solvent evaporation but not for model primer infiltration. Model primer 

addition did not result in significant differences in dimensional change within primer 

groups for separate solvents. A direct correlation was identified between primer 

monomer concentration and matrix shrinkage during solvent evaporation. Model primers 

with higher monomer concentrations demonstrated less matrix shrinkage upon solvent 

evaporation. 

Hypothesis #3 that shrinkage of primer-infiltrated;- acid-demineralized dentin 

'matrices 'following solvent evaporation is dependent upon the closeness of the oh values 

of the solvent/monomer combination relative to that of the collagen matrix, which, in 

tum, determines primer induced matrix modulus of elasticity, was not validated. Matrix 

collapse upon solvent -evaporation was not correlated with the closeness of the model 

primer's oh value compared to that of the collagen matrix. There was no significant 

correlation between changes in the model-primer induced matrix modulus of elasticity 

and subsequent shrinkage upon solvent evaporation. 
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These studies demonstrated the potential use of alcohols, as solvents, in dentin 

bonding. The use of alcohols, instead of water, during wet bonding, allow the use of 

more hydrophobic monomers. Bonds made with hydrophobic monomers may prevent or 

reduce the uptake of water into the hybrid layer that is currently seen with hydrophilic 

monomers. Eliminating the ingress of water may increase the longevity of resin-bonded 

dentin restorations. 
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VI. APPENDIX 

Model primer expansion of dried demineralized dentin disc 

Two dentin discs were prepared in the same manner as described in the materials 

and methods. Demineralized dentin discs were dried to a collapsed state. From the 

collapsed state, all four concentrations of ethanol/Bis-GMA were separately added to the 

discs. The dimensional changes to the dentin disc are presented in Table IX. 

·:·, .. 

Table IX. Dimensional changes of dehydrated dentin due to application of ethanol/Bis
GMA model primers. N= 2 specimens per·experimental group. · 

Model primer concentration expansion (IJm) % of water expanded height oh 
1 OOo/o ethanol/ 0°/o Bis-GMA 28.7 ' 11 o/o 20.0. 
90% ethanol/ 10 o/o Bis-GMA 33.0 13o/o 19.1 
70o/o ethanol/ 30% Bis-GMA 21.3 9% 17.2 
50% ethanol/ 50% Bis-GMA 2.4 1% 15.3 
30% ethanol/ 70o/o Bis-GMA 0.3 Oo/o 13.4 

These results demonstrate.that pure ethanol only expands dded matrices slightly (ie. 

only compared to 100% expansion produced by water) because the Hoy's oh for ethanol 

is only 20 (J/cm3
)

112
, which is barely above the 17.3 (J/cm3

)
112 value estimated for 

interpeptide H-bonding·. Adding Bis-GMA with a oh of only 10.5 (J/cm3)112
, lowers the oh 

of the mixtures further away from the interpeptide H-bonding value of 17.3 (J/cm3
)

112
, 

thereby lowering their ability to break such H-bonds. This resulted in less and less 

expansion of the dried matrix. Thirty-wt % ethanol/70% Bis-GMA was unable to expand 

the matrix. 

97 



98 

Comparison of ethanol expansion vs. ethanol application to water expanded 

matrices 

Four dentin discs were pr~pared in the same manner as described in the materials 

and methods. Dentin discs were dried to a collapsed state. From the collapsed state, 

ethanol was applied to the discs and a 70% expansion was measured. The discs were 

redried to produce a collapsed state. Water was applied to produce maximal matrix 

expansion. Following water expansion, ethanol was appl~ed to water-saturated matrices 

and dimensional change determine. Each step was performed twice on each disc. The 

percent of water expanded height and time to produce expansion are presented in Table 

X. 

Table X. Expansion produced by ethanol application to dried dentin matrices vs. ethanol 
application to water saturated matrices. N= 4 specimens per experimental group. 

Ethanol application to Ethanol application to 
water-ex~anded matrix air-dried matrix 

% of water expanded 86% 70o/o 
height· 
Average time for completion 1538 sec 2240 sec 
of dimensional change 

Wh~n ethanol was substituted for water in fully expanded water-infiltrated 

matrices, the height of the matrix fell 14% to 86% of full expansion over 1538 sec (25 

min). The matrix was then rinsed free of ethanol and air-dried to collapse the matrix. 

Although water could rapidly expand the matrix to 100%, ethanol could only expand it to 

70% of its full height and the process required a long time, 2240 sec (37 min). These 

results indicate that one can produce a higher expansion of demineralized dentin matrices 
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by treating water-expanded matrices With ethanol (86% expansion) rather than attempting 

to expand dried matrices with 100% ethanol (70% expansion) and the process can be 

done more quickly. 

Micro-tensile borid strength test 

Specimens were prepared for micro-tensile bond strength following the procedure 

outlined in Pashley et al. (1999). Thirty-seven percent phosphoric acid was applied to 

mineralized smear layer-covered dentin for 15 seconds, then rinsed with water. For the 

Single Bond specimens the Single Bond system was used per manufacture's guidelines. 

Water.:.saturated specimens, were treated with a solution (48% ethanol, 50% Bis-

GMA/0.5% camphous quinone and 1.5% DMAEMA) under agitation for 1 minute 

followed by evaporation for 1 minute and light curing (600 mW/cm2
) for 20 seconds .. 

This procedure was repeated then followed by application of a composite resin, which 

was light cured for 30 seconds. The ethanol expanded groups differed in that 100% 

ethanol was applied to the water-saturated matrix to exchange ethanol for water in the 

matrix, followed by model primer application. The results are presented in Table XI. 

Table XI. Micro-tensile bond strengths produced by Single Bond and model primers. 

Water expanded matrix Ethanol saturated matrix 

Bonding system Single Bond 48% Ethanol 48% Ethanol 28% Ethanol 
50% Bis-GMA 50% Bis-GMA 70% Bis-GMA 

Bond Strength MPa 96.4·± 14.4 .(100) ... 2.5 (2) 49.98 ± 9.23 (100) 46.34 ± 9.26 (30) 

These results show_ that micro tensile bond strengths of Single Bond can be twice 

as high as those produced by 48% ethanol, 50% Bis-GMA/0.5% camphous quinone and 
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1.5o/o DMAEMA. Single Bond's higher bond strength would be expected since Single 

Bond represents an optimized comonomer blend compared to ethanol solvated Bis-GMA. 

When an adhesive, containing 48% ethanol, 50% Bis-GMA, 0.5% camphous quinone and 

1.5% DMAEMA, was applied to water-expanded matrices, the resulting bond strength 

was only 2.5 MPa (probably representing retention due only to resin tag formation). 

However, when water in dentin was replaced by ethanol prior to bonding, microtensile 

bond strengths of 50MPa were produced. Thus, 48% ethanol, 50% Bis-GMA or a blend 

of Bis-GMAIHEMA may provide practical bond strengths when applied to ethanol

saturated demineralized dentin. Bis-GMA is obviously more soluble in ethanol than it is 

. in water. Note that there was no significant difference in bond strengths produced by 

48o/o ethanol/50% Bis-GMA vs. 28% ethanol/70% Bis-GMA. 

Evaporation of solvent from model primer 

A known weight of all eight concentrations of Bis-GMA and HEMA model 

primers were placed· in a tared container on a digital scale (M~ttler Toledo, Columbus, 

OH). A stream of air from a three-way dental syringe was directed across the surface' t;f 

the primer and weight changes were measured every 20 sec until there was no weight losS' 

for one minute. Results are presented in tables XII-XV. The observation that residual 

ethanol concentrations were higher .in alcohol/Bis-GMA mixtures compared to alcohol 

HEMA mixtures is thought to be due to the fact that one mole of Bis-GMA can hydrogen 

bond to two moles of alcohol, while one mole of HEMA can only hydrogen bond to one 

mole of alCohol. 
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Table XII. Evaporation of solvent from ethanol/Bis-GMA model primers. 

% ethanol/ Bis-GMA model primer 
Time 1 00% ethanol 90%/10% 70%/30% 50%/50% 30%/70% 

0 sec 1.97 g 2.00 g 2.~4 g 2.40 g 2.62 g 
20 sec 1.89 1.93 2.17 2.35 2.61 
40 sec 1.81 1.86 2.11 2.30 2.60 
1 min 1.74 1.78 2.05 2.26 2.60 
1 min 20 sec 1.66 1.71 1.99 2.21 2.59 
1 min 40 sec 1.60 1.64 '1-,93 2.17 2.59 
2 min 1.53 1.57 1.86 2.13 2.58 
2 min 20 sec 1.50 . 1.49 "· 1.79 2.08 2.58 
2 min 40 sec 1.42 •' 1.42 1.73 2.04 2.58 
3 min '1.34 1.35 .1.68 2:01 
3 min 20 sec 1.26 1.28 1.62 '2.00 
3 min 40 sec 1.19 1.21 1.57 1.98-
4 min 1.09 1.15 1.51 1.97 
4 min 20 sec 

,· 

1.01 1.07 1.46 1.96 
4 min 40 sec 0.93 1.03 . 1.40 1.95 
5 min 0.87 0.94 1.35 1.95 
5 min 20 sec 0.81. 0.89 1.30 1.95 
5 min 40 sec 0.73 0.82 1.26 
6 min 0.66 0.75 1.22 · .. ·-

6 min 20 sec 0.59. 0.69 1.19 
6 min 40 sec 0.53 0.6·2 1.18 
7 min 0.48 0.56 1.17 
7 min 20 sec 0.41 0.49 1.16 
7 min 40 sec 0.34 0.44- 1.15 
8 min 0.29 0.38 1.15 
8 min 20 sec 0.22 0.37 1.15 
8 min 40 sec 0.16 0.36 
9 min 0.10 0.35 
9 min 20 sec 0.05 0.35 
9 min 40 sec 0.00 0.35 
10 min 

% welght loss 100% 83% 47% 19% 1% 
Final 27% ethanol 33% ethanol 35% ethanol 28% ethanol 

concentration 73% Bis-GMA 67% Bis-GMA 65% Bis-GMA 72% Bis-GMA 

Calculation of final concentration after. evaporation was determined using the following 
method: percent volume was multiplied by the specific weight for each component. 
These. two amounts were added to determine the weight of model primer per ml of 
solution. The total weight per ml for solution was divided into the weight of each 
component per mi. This percentage was multiplied by the total weight used to detenmne 
contribution of each component in total weight. 
Example for 1.97 grams of 90% ethanol/10% Bis-GMA: 

Ethanol: 0.90* 
0

·
794

g 0.71g Bis-GMA: 0.10* 1.
163

g = 0.12 g 
l.Oml l.Oml 

0.71 g + 0.12g = 0.83g/ml for 90%/10% solution 

: . 0 71 
Ethanol -·-· = 0.86 * 1.97= 1.72 g 

0.83 
Bis-GMA 

0
·
12 

= 0.14 * 1.97= 0.28 g 
0;83 
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Table XIII .. Evaporation of solvent from methanol/Bis-GMA ,model primers. 

%Methanol/ Bis-GMA model primer 
Time 1 00% methanol 90%'/ 10% 70%/30% 50%/ 50% 30%/70% 

0 sec· 2.00 g 1.99 g 2.23 g 2.40 g 2.61 g 
20 sec 1.97 1.92 2.14 2.33 2.60 
40 sec 1.89 1.82 2.06 2.27 2.60 
1 min 1.76 1.75 1.99 . 2.21 2.59 
1 min 20 sec 1.65 1.67 .. 1:91 2.15 2.59 
1 min 40 sec 1.54 1.60 1.85 2.10 2.59 
2min 1.44 1.53 1.78 2.05 2.59 
2 min 20 sec 1.34 1.44 1.72 2.01 
2 min 40 sec 1.23 1.37 1.65 1.97 
3min .1.19 1.31 1.59 1.95 
3 min 20 sec 1.09 1.23 1.52 1.94 
3 min 40 sec 1.02 1.17 1.46 1.92 
4min 0.92 1.10 1.40 1.91 
4 min 20 sec 0.81 1.02 1.35 1.91 
4 min 40 sec 0.71 0.94 1.29 1.91 
5 min 0.60 0.87 1.24 
5 min 20 sec 0.50 0.80 1.19 
5 min 40 sec 0.41 0.74 1.17 
6min · 0.31 0.69 1.16 
6 min 20 sec 0.21 0.63 1.15 
6 min 40 sec 0.03 0.56 1.14 
7min 0.00 0.51 1.13 
7 min 20 sec 0.46 1.12 
7 min 40 sec 0.42 1.12 
8min ·0.41 1.12 
8 min·2o sec 0.41 
8 min 40 sec 0.41 
9min 

% weight loss 100% 79% 50% 20% 1% 
Final 40% methanol 31% methanol 34% methanol 29% methanol 

concentration 60% Bis-GMA 69% Bis-GMA 66% Bis-GMA 71% Bis-GMA 
.. 
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Table XIV. Evaporation of solvent from methanol/HEMA model primers. 

% Methanol/ HEMA model primer 
Time 1 00% methanol 90%/10% 70%/30% 50%/ 50% 30%/70% 

0 sec 2.00 g 2.24 g 2.04 g 2.03 g 1.98 g 
20 sec 1.97 2.18 1.95 1.95 1.91 
40 sec 1.89 2.03 1.87 1.89 1.87 
1 min 1.76 1.93 1.79 1.83 1.84 
1 min 20 sec 1.65 1.84 1.72 1.77 1.80 
1 min 40 sec 1.54 1.75 1.65 1.72 1.77 
2 min 1.44 1.66 1.58 1.67 1.74 
2 min 20 sec 1.34 1.58 1.5,1 1.63 1.72 
2 min 40 sec 1.23 1.52 1.48 1.59 1.69 
3 min 1.19 1.47 1.42 1.56 1.66 
3 min 20 sec 1.09 1.39 1.35 1.51 
3 min 40 sec 1.02 1.30 1.26 1.49 
4min 0.92 1.22 1.24 1.47 
4 min 20 sec 0.81 1.15 . 1.19 1.44 
4 min 40 sec 0.71 1.07 1.14 1.41 
5 min 0.60 0.99 1.10 1.38 
5 min 20 sec 0.50 0.93 1.09 1.35 
5 min 40 sec 0.41 0.90 1.06 1.33 
6 min 0.31 0.84 ' 1.02 ' 1.32 . 
6 min 20 sec 0.21 0.78' 1.00 1.31 
6 min 40 sec 0.03 0.73 0.98 1.31 
7 min 0.00 0.68 0.97 1.31 
7 min 20 sec 0.64 0.96 
7 min 40 sec 0.61 0.93 
8 min 0.58 0.92 
8 min 20 sec 0.56 0.91 
8 min 40 sec 0.54 0.90 
9 min 0.52 0.90 
9 min 20 sec 0.49 0.90 
9 min 40 sec 0.47 
10 min 0.45 
10 min 20 sec 0.43 
10 min 40 sec 0.42 . '· 

11 min 0.42 l.{ 

11 min 20 sec ·0.42 
% weight loss 100% 81% 56% 35% 16% 

Final 37% methanol 21 % methanol 15% methanol 13% methanol 
concentration 63%HEMA 79% HEMA 85% HEMA 87% HEMA 
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Table XV. Evaporation of solvent from ethanol/HEMA model primers. 

% Ethanol/ HEMA model primer 
Time 1 00% ethanol 90%/10% 70%/30% 50%/ 50% 30%/70% 

0 sec 1.97 g 2.02 g 2.11 g 1.97 g 2.11 g 
20 sec 1.89 1.91 2.00 1.89 2.05 
40 sec 1.81 1.83 1.94 1.85 2.00 
1 min 1.74 1.74 1.87 1.80 1.96 
1 min 20 sec. 1.66 1.65 1.80 1.76 1.93 
1 min 40 sec 1.60 1.56 1.75 1.71 1:87 
2 min 1.53 1.47 1.70 1.67 1.84 
2 min 20 sec 1.50 1.38 1.64 1.64 1.82 
2 min 40 sec 1.42 1.30 1.60 1.60 1.80 
3 min 1.34 1.23 1.55 1.57 1.78 
3 min 20 sec 1.26 1.15 1.49 1.54 1.76 
3 min 40 sec 1.19 1.08 1.45 1.51 1.74 
4min 1.09 1.01 1.40 . 1.48 1.71 
4 min 20 sec 1.01 0.95 1.37 1.46 1.74 
4 min 40 sec 0.93 0.88 .. 1.32 1.43 
5 min 0.87 0.83 1.28 1.41 
5 min 20 sec 0.81 o.i7 1.25 1.38 
5 min 40 sec 0.73 0.72 1.21 1.38 
6min 0.66 0.6.7 1.17 1.38 
6 min 20 sec 0.59 0.63 1.14 
6 min 40 sec 0.53 0.58 1.11 
7 min 0.48 0.54 1.08 
7 min 20 sec 0.41 0.5~ 1.05 
7 min.40 sec 0.34 0.48 1.03 
8 min 0.29 0.45 1.01 
8 min 20 sec 0.22 0.43- 0.98 
8 min 40 sec 0.16 0.41' 0.96 
9 min 0.10 0.38 0.94 
9 min 20 sec 0.05 0.37 0.94 
9 min 40 sec 0.00 0.37 0.94 
10 min 0.00 0.36. 
10 min 20 sec 0.36" 
10 min 40 sec 0.36 
11 min 0.36 -~ 

% weioht loss 100% 82% 56% 30% 18% 
Final 35% ethanol , 27% ethanol 23% ethanol 10% ethanol 

concentration 65% HEMA 73% HEMA 77% HEMA 90% HEMA 



Table XVI. Hoy's Method for Solubility Parameter Calculation 

Modified Excel spread-sheet will calculate the following parameters: 

Delta T = total solubility parameter value 
Delta P = polar component 
Delta H = Hydrogen bonding component 
Delta D = dispersion component 

Symbols 

Ft = molar attraction constant, (J112cm312)/mol 

Fp = the polar component of Ft, (J112cm312)/mol 

V = molar volume, cm3 /mol 

D~lta t = Lyderson correction for non-ideality 
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Delta p = Lyderson correction for non-ideality if the molecule under consideration 
is the repeat unit of a polymer 

Tbc =ratio of boiling point/critical temperature 

Alpha = molecular aggregation number 

ri =number of repeating units per effective chain segment of polymer 




