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TERRYE. CALLISON, D.D.S. 
The Effect of Ethylene Glycol Analogs on Mechanical Properties of Moist; 
Demineralized Dentin Matrix 
(Under the direction of DAVID H. PASHLEY, D.M.D., Ph.D.) 

This study evaluated the effect of ethylene glycol analogs on the modulus of 

elasticity (E) and ultimate tensile strength (UTS) of moist, demineralized dentin matrix. 

· Six "I" beam and fifty-two hourglass shaped specimens cut from dentin discs (0.5mm 

thick) were demineralized in 0.5M EDT~ yielding dentin matrix specimens used to 

measure E and UTS, respectively 

A universal microtensile testing machine measured the E and UTS of specimens 

immersed in distilled water, ethylene glycol, 2-methoxyethanol, and 

·I,2-dimethoxyethane. The E and UTS values were compared with. the Hoy's solubility 

parameters for hydrogen bonding (oh), polar (op), an~ dispersive forces (od) of these 

solvents. 

Analysis indicated significant (p~<0. 00 I) relationships among the solvents for 

both E and UTS; and that oh is the most significant (p<0.05) solubility parameter. Water 

(highest oh) produced the lowest E and UTS. 1,2-Dimethoxyethane (lowest oh) produced 

the highest E and UTS. The results support our hypothesis that E and UTS of moist, 

demineralized dentin is inversely proportional to oh of applied solvents. 
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INTRODUCTION 

A. Statement of the problem 

Bonding of restorative resins to dentin is an integral part of contempora~ 

dentistry. Effective bonding ~lows con~ervation of sound tooth structure by eliminating 

the need for mechanical undercuts. While bonding to acid-etched enamel is satisfactory, 

resin-:-bonding to dentin presents a greater challenge. Most research on dentin bonding 

agents investigates the polymer~ involved. Little research has been published regarding 

the effect of adhesive solvent systems on resin-den~in bonding. Solvents associated with 

bonding resins have recently been shown to affect the collagen matrix of the remaining 

tooth structure (Pashley et al., 2001). Solvents can change mechanical properties of the 

collagen matrix by removing water from the matrix. This loss of water results in 

interpeptide hydrogen bond formation that ·can result in a loss of spaces between collagen 

fibrils (Maciel et al., 1996). These spaces serve as diffusion channels for an adhesive 

resin monomer which facilitate the envelopment of collagen fibrils to create 

n:ricromechanical retention. If these spaces are lost; the diffusion of resin is impaired, 

resulting in low bond strengths. 

One way to test whether solvents permit interpeptide hydrogen bond formation is 

to measure their mechanical properties· in water and then repeat their measurements in the 
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test solvent. A desirable goal would be to use a solvent that. produced no change in the 

dimensional or mechanical properties of demineralized dentin. This would permit full 

expansion of the matrix and allow more resin uptake, resulting in higher bond strengths 

to dentin. The ideal solvent and its properties for use in dentin bonding agents has not 

been determined. 

Modulus of elasticity (E) and ultimate tensile strength (UTS) are two measurable 

mechanical properties of the dentin matrix. This study will test the relationship between 

various solvent's hydrogen bonding ability and these two mechanical properties of 

demineralized dentin. Determining these interactions will help identify an optimal 

solvent for use in dentin bonding agents. 

We hypothesized that, as solvents with increasing values of Hoy's solubility 

parameter for hydrogen bonding are applied to moist, demineralized dentin matrix the 

modulus of elasticity and ultimate tensile. strength of collagen matrix will decrease. 

The specific aims are (1) to test the hypothesis that the modulus of elasticity of 

moist, demineralized dentin matrix is inversely proportional to the Hoy's solubility 

parameter for hydrogen bonding (oh) of each applied solvent, and (2) to test the 

hypothesis that the ultimate tensile strength of demineralized dentin matrix is inversely 

proportional to Hoy's solubility parameter for hydrogen bonding (oh) of each applied 

solvent. The purpose of this study is to evaluate the·etfect of ethylene glycol analogs on 

modulus of elasticity and ultimate tensile strength of moist, demineralized dentin matrix. 



B. Review of the related literature 

DENTIN 

Dentinogenesis begins when the basement membrane, derived from the inner 

dental epithelium, polarizes preodontoblasts to form secreting odontoblasts. The 

odontoblasts then produce a collagenous matrix, called predentin, that becomes 

mineralized to form dentin (Ten Cate, 1998). Mineralization of predentin begins when 

membrane-limited structures called .matrix vesicles appear. these vesicles contain fine 

crystals of hydroxyapatite [Ca10(P04)6(0H)2] that grow and serve as nucleation sites for 

further mineral deposition on surrounding collagen fibrils (Junqueira et al., 1992). This. 

process eventually leads to the development of mature dentin which is composed of 

approximately 50 vol¾ inorganic matter, 30 vol¾ organic matter, and 20 vol¾ water 

(LeGeros, 1991; Marshall et al, 1997). The main constituent of the inorganic matter is. 

hydroxyapatite, while collagen comprises about 91 vol¾ of the organic matter (Cohen 

and Bums, 2002). 

Most collagen found in dentin is Type I, with a minor component of Type V 

(Cohen and Bums, 2002). In dentin., Type I collagen is organized into densely packed 

fibrils with marked variation in diameter (50-150 run) that interact with the 

glycosaminoglycan, dermatan sulfate (Junqueira et al., 1992). Type I collagen is 

synthesized by fibroblasts, osteoblasts, odontoblasts, .. and chondroblasts. 
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Type I collagen molecules found in dentin are composed of three polypeptide · 

chains bound together by hydrogen bonding to form a triple helix (Seltzer and Bender, 

1984). These chains are known as a-chains and contain about 1000 amino acids 

connected by covalent peptide linkages. For the three chains to wind into a triple helix 

they must have the smallest amino acid, glycine, at every third residue along each chain 

separated most frequently by praline and hydroxyproline (Kadler et al:, 1996). Glycine 

serves as a molecular hinge for the a-chains allowing adjacent a-chains to ~pproximate, 

thus permitting interchain hydrogen_ bonding. 

Each collagen molecule consisting of the uninterrupted triple helix, is about 3 00 

nm long and is flanked by sho'rt. telopeptides that do not have the repeating peptide 

structure and do not form a triple helix (Kadler et al., 1996). These telopeptides play an 

importa~t role in intramolecular and intermolecular cross-linking. Collagen molecules 

form aggregates that are stabilized by electrostatic and hydrogen bonds. Over time, 
•• I 

epsilon amino groups of hydroxy lysine are oxidatively deaminated by lysyl oxidase, 

generating an aldehyde. These aldehydes react with similar groups-in adjacent molecules 

to form covalent intramolecular and intermolecular cross-links such as pyridinoline links 

between three collagen molecules. This bonding occurs most often in the telopeptides, 

but can also occur more slowly in the helical portion. (Nimni, 1991). 

Covalent collagep. cross-links ( e.g. pyridinoline) probably contribute a great deal 

to the ultimate tensile strength (UTS) of the matrix. This is evidenced by measures of the 

very low UTS and E values of freshly reconstituted rat-tail collagen. Reconstituted 
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rat-tail collagen is derived from small soluble collagen molecules that form huge, 

multimolecular, insoluble aggregates that are primarily held together by weak forces such 

as electrostatic interactions and hydrogen bonding (Kato et al., 1989). These molecules 

slowly form covalent cross-links, but it is a time-dependant process. The UTS of 

reconstituted rat-tail collagen was reported to increase from near zero to 50 :MPa over 4 

months. Similarly, E increased from 2 :MPa to 394-:l\1Pa after 6 months (Silver et al., 

2000). 

Dehydration at elevated temperature has been used to accelerate_ the cross-linking 

of reconstituted rat-tail collagen (Wang et al.,_ 1994). The dry UTS and E were 343-605 

:MPa and 1000 ~ 2688 l\1Pa respectively. However, when tested in water, this decreased 

to 8-47 l\1Pa for UTS and 70-627 l\1:Pa for E. These results indicate that although the. 

UTS and E of reconstituted collagen increased when it was dried, most of the effect was 

due to weak forces since it was reversed in water. 

5 

Demineralization of dentin matrix by acid etching removes hydroxyapatite · 

nanofillers, leaving the collagen matrix in the form of a cross-linked, fibril matrix with 

20-30 nm interfibrillar spaces filled with water (Nakabayashi and Pashley, 1998). 

Adhesive monomers diffuse into these interfibrillar spaces then polymerize to provide 

retention. This process is demonstrated in Figure 1. Dentin bonding primers applied 

clinically should fully expand the matrix to provide the greatest resin uptake (Pashley et. 

al, 2000) and the greatest bond strength. The rate of this .expansion must also be within a 

clinically acceptable time limit. 



Figure 1: Diffusion of adhesive monomers. Figure obtained 
from Nakabayashi and Pashley, 1998. 
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Figure 2: Collapsed collagen fibril matrix. Figure obtained from 
Nakabayashi and Pashley, 1998 
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When dentin is air-dried or chemically dried by an adhesive monomer solvent, 

water in the interfibrillar spaces decreases causing the collagen fibril matrix to collapse 

(Figure 2). This collapse causes the interfibrillar spaces to decrease as the collagen fibrils 

touch. The matrix may remain collapsed due to hydrogen bonding and other weak forces 

that develop among the collagen fibrils themselves (Pashley et al., 2001). One approach 

to test this hypothesis is to measure hydrogen bonding spectroscopically by measuring 

changes in the height of collagen amide I, II, and III peaks by Fourier transform infrared 

spectroscopy (FTIR) or Raman spectroscopy in dry versus methanol-saturated matrices. 

Another approach is to measure changes in the mechanical properties of the 

matrix in wet versus dry conditions, which is the focus of this thesis. When water is 

added to the collapsed matrix it preferentially forms hydrogen bonds with the collagen 

peptides, thereby breaking interpeptide hydrogen bonds, and the matrix both re-expands 

(Nakabayashi and Pashley, 1998), and becomes more pliable due to the decrease in the 

mechanical properties of the collagen matrix. 

SOLUBILITY PARAMETERS 

8 

The solubility parameters of monomers and their solvents are important variables 

in the process of bonding to dentin .(Asmussen and Uno, 1993). Solubility parameters are 

used to provide a method of correlating and predicting the cohesive and adhesive · 

properties of materials_ from the respective properties of their chemical components. 



The miscibility of solutions was first quantified by Hildebrand's solubility parameter (8) 

(Barton, 1991). This parameter is used to describe the potential molecular interactions 

between solvents in a solution. Solvents with similar 8 values are more soluble with each 

other than those with greater difference in 8 values. The solubility parameter is defined 

as the square root of the solvent's cohesive energy density (Barton, 1991 ), which is the 

amount of energy associated with all of the molecular interactions in a solution, and is 

expressed in units of (J/cm3
)

112
. 

Hildebrand's solubility parameters were originally developed to explain liquid 

state properties. Hansen improved Hildebrand's method by dividing Hildebrand's 

solubility parameter into three components to identify the relative contributions of 

dispersive, polar, and hydrogen-bonding forces in polymer-iiquid interactions (Barton, 

1991). 

_ Dispersion· forces are the attractive forces between nonpolar molecules, which 

arise. because a fluctuating dipole·moment in one molecule induces a dipole moment in 

the other, and the two dipole moments then interact. Synonyms for these interactions 

include Van der Waals attraction and London dispersion forces. For nonpolar molecules, 

dispersion forces make the sole contribution to the cohesive energy density. . 

Polar forces develop when a polar functional group induces a permanent dipole 

moment in the molecule that can interact with either another polar molecule or it can 

induce a small dipole moment in neighboring molecules, whether polar or not, producing 

a non-uniform charge distribution. The functional group causing polar forces can be 

either electrophilic or nucleophilic (i.e. halogens, alcohols, ketones, amines, etc.). 
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Hydrogen bonding forces develop between molecules when a second bond is 

formed to another atom by a covalently bonded hydrogen atom. The molecule with the 

covalently bonded hydrogen atom is the proton donor and the electronegative atom 

becomes the electron acceptor. The bond involves sharing a proton. Among the weak 

forces, hydrogen bonds are relatively strong over short intermolecular distances. 

Hansen's p~rameters describe molecular interactions as the sum of contributions 

due to dispersive forces (od), polar forces (op), .. and hydrogen bonding forces (oh), and is 

expressed by the semi-empirical equation 82
t = 82

d + 82 
P + 8\, where Ot is equal to 

Hildebrand's solubility parameter (Barton, 1991). 

More recently, very similar solubility parameters were obtained by alternative 

semi-empirical calculation methods by Hoy and are called Hoy's solubility parameters 

(Hoy, 1985). Hoy's method can estimate solubility parameters of any chemical by 

kno":ing only the molar attraction constants or its chemical groups and their molecular 

volume (Van Krevelen, 1990). Hoy's method was used for this thesis due to the 

availability of a computer spreadsheet containing the contributions of most available 

chemical groups to Hoy's solubility parameters. When reviewing related literature, the 

results of both Hoy's method and Hansen's method were considered comparable due to 

their similarity. 
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DENTIN BONDING SYSTEMS 

Adhesion of dentin bonding agents relies .upon micromechanical retention. These 

agents are used clinically to bond fixed partial dentures, resin composite restorations, and 

to increase retention oflarge amalgam restorations. There are several brands of bonding 

agents available, many of which require different bonding techniques. Four basic 

techniques are utilized: (1) application of bonding agent to non-collapsed demineralized 

dentin; (2) application of primer to collapsed demineralized dentin to expand it, followed 

by application of bonding agent; (3) application of primer to demineralized dentin kept 

moist to prevent collapse, followed by application ofbonding agent; and (4) application 

of self-etching primer to smear layer-covered dentin followed by application of a bonding 

agent (Nakabayashi and Pashley, 1998). 

Bonding to moist, demineralized dentin provides improved shear bond strength 

compared to air-dried, demineralized dentin (Gwinnett, 1992; Gwinnett and Kanca, 1992; 

Gwinnett, 1994; Kanca, 1992; Kanca, 1996; Tay et al., 1998). However, too much 

moisture can decrease bond strength by producing an over-wet phenomenon "(Tay et al., 

1996b ). This phenomenon creates microscopic, water-filled blisters and resin globules at 

the primer-dentin interface that could explain the decrease in bond strength (Tay et al, 

1996a). 

Diffusion of adhesive monomers into interfibrillar matrix spaces with resin 

impregnation of the matrix is necessary for bond durability (Kato and N akabayashi, 

1998), as well as for bond strength (Nakabayashi and Pashley, 1998). A dentin 



bonding agent solvent that completely re-expands the matrix to allow maximum 

monomer diffusion would be optimal. 

Dentin bonding agents currently in use contain a solvent system of acetone, 2-

hydroxyethyl methacrylate (HEMA), ethanol, or water. The first three solvents were 
l 
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recently found to cause shrinkage of hydrated, demineralized dentin (Pashley et al., 

2001)., Eleven polar solvents with different solubility parameters were used to measure 

solvent-induced shrinkage of demineralized matrices (Pashley et al., 2001). The 

solvent's solubility parameters, od, Op, and oh, were plotted against the degrees of matrix 

collapse. Hansen's solubility parameter of hydrogen bonding (oh) produced a highly 

significant (p<0.005) correlation (Figure 3) compared to od + Op, which gave much lower 

correlation (data not shown). This-study also concluded that solvents with Oh> 19 

(J/cm3)112 applied to water-saturated matrices produced matrix shrinkage with subsequent 

expansion. Solvents with oh< 19 (J/cm3)112 produced shrinkage without subsequent 

expansion. Therefore, a solvent with oh> 19 (J/cm3)112 is necessary to allow for matrix 

re-expansion. This finding led to the conclusion that hydrogen bonding forces within the 

collagenous matrix, which may be responsible for shrinkage, apparently have a cohesive 

energy density of 18-19 (J/cm3)112
. This re-expansion threshold, oh > 19 (J/cm3

)
112 

, is also 

comparable to the oh value of dentin etched with ethylenediaminetetraacetic acid (EDT A) 

which is Oh= 18.2 - 23.6 (J/cm3
)

112
, depending on the assumed water content of the 

matrix (Miller et al., 1998; Pashley et al., 2001). 



Figure C 3: Solvent-induced shrinkage. (#) is the number of specimens used in study. 
Insert shows the relationship between net collapse and &,for a single specimen. 
Figure obtained.from Pashley et al., 2001. 
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In an in vitro study, Hansen's solubility parameters for collagen were calculated 

by summing the contribution of glycine, praline, and hydroxyproline, then assuming 

collagen was 70% peptide and 30% water (Miller, 1995). The solubility parameter values 

obtained were 20.3, 23.6, 16.0 and 35.0 (J/cm3
)

112 for Op, oh, od and Ct, respectively, with 

Ct being equivalent to Hildebrand's 8 value. Miller was trying to estimate what these 

values were in the hydrated human body. However, when hydrated collagen is placed in 

water-free solvents, it will lose much of its water. The residual water content of collagen 

equilibrated with ethylene glycol, measured by Raman spectroscopy, was less than 10% 

(Kuznetsova et al., 1997). The Hansen's solubility parameters were recalculated for 

relatively dry dentin (assuming it was 10% w"ater) to obtain more accurate values of 17.6, 

18.2, 17.5 and 30.8 (J/c~3)112 for Op, Oh, 0d and Ct,, respectively (Pashley et al., 2001). 

This Ct value is similar to findings in a previous study that demonstrated bonding systems 

with Ct> 30 (J/cm3
)

112 gave the highest bond strengths (Finger et al., 1994). A Ct value 

for relatively dry dentin of 30.8 (J/cm3
)

112 seems to be a critical 8 value for obtaining 

maximum resin-dentin bond strengths. 

When Hoy's solubility parameters for collagen were calculated for these same 

conditions similar results were found (Pashley et al., unpublished observations). Hoy's 

solubility parameters for dentin (assuming it was 30% water) values of 15.3, 22.5, 11.8 

and 30.1 (J/cm3
)

112 for Op, Oh, 0d and "Ct, respectively, were calculated. Also, Hoy's 

solubility parameters for the collagenous matrix of dentin ( assuming it was 10% water) 



were calculated to be 13 .1, 17. 3, 11. 7 and 25. 0 (J/ cm3
) 

112 for Op, 8h, 8d and 8t, 

respectively. Hoy's Ot value, 25.0' (J/cm3
)

112
, is somewhat lower than Hansen's. 

l\1ECHANICAL PROPERTIES 

-Measuring changes in the mechanical properties of dentin matrices, such as 

ultimate tensile strength (UTS) and modulus of elasticity (E), is a direct and practical 

means of measuring solvent _effects on demineralized dentin. The ultimate tensile 

strength is the maximum stress that a material can withstand before it fails in tension. 

The ~odulus of elasticity, sometimes referred as "Young's modulus~', represents the 

relative stiflhess of a material within its elastic range. The modulus of elasticity is the 

slope of the stress-strain curve (Craig, 1989) . 
. ·. ' . ·.. . .. 

The effect of loading rate on the.stress-strain curve on ~any brittle materials is 

small_. However, demineralized dentin -is viscoelastic (Balooch et al., 1998) and the rate 

of straining may be very important. This viscoelastic property is related to the structure 

of the collagen molecule and its aggregation into fibrils (Sasaki and Odajima, 1996). 

Increasing strain rate produces a stress-strain curve with higher values for E and UTS 

(Craig, 1989). Therefore, the mechanical properties of dentin are better determined at a 

constant stress rate to eliminate this variable. 

15 

Changes in mechanical properties of dentin matrices are larger at low strains than 

at higher strains. When dentin was dried or exposed to water-free polar solvents, 

stifihess increased 20-38 fold when tested at low strains (1-3%) verses 3-6 fold when 

subjected to higher strains (15-20%) (Maciel et al., 1996). 
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There have been many observations regarding the effects of drying on the 

mechanical properties of mineralized bone (Evans, 1969; Evans, 1973; Pelker et al., 

1984). Drying increases the modulus of elasticity, and the tensile strength, and makes 

bone much. more brittle and less tough. There is little literature a~ailable on the effects of 

a hydrated state on the mechanical properties of mineralized dentin. Jameson et al. 

(1993) reported that dry, mineralized dentin was more brittle and less tough than normal, 

hydrated dentin, although these properties returned to normal after rehydration of the 

dehydrated.dentin. Re.suits similar to these·were obtained when the stress relaxatic;m 

properties of moist and air~dried mineralized. dentin were compared (Trengrove et al., 

1995). 

The UTS of demineralized dentin matrix is about 30% of the UTS of mineralized 

dentin. That is, the UTS of mineralized dentin fell from 104 MPa to 26 - 32 MPa when 

the dentin was demineralized (Sano et al., 1994). This result shows that the 

demineralized matrix makes ~ significant contribution to the mechanical properties of 

mineralized dentin. Removal of this matrix prior to dentin bonding has a profound 

deleterious effect on bond strength (Perdigao et al., 2000). 

SELECTION OF SOL VENTS 

Few reports are available on the effects of non-aqueous solvents on biological 

polymers such as collagen or elastin. It was shown that water acted as a plasticizer for 

elastin and that increasing the extracellular concentration of various solutes that remove 
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water from elastin, resulted in the deterioration of the elastin' s visoelasticity and stiffened 

elastin (Lillie Mand Gosline J, 1990; Lillie Mand Gosline J, 1993). 

Brief exposure of the dentin matrix to acids used in adhesive dentistry is unli~ely 

to cause acute weakening in mechanical properties of demineralized dentin (Zhang, et al., 

1998). However, when adhesive resin mixtures are dissolved in various polar solvents 

and applied to the collagen fibril matrix, they chemically remove water and can cause a 

change in E that is inversely proportional t~ their 8h values as shown in Figure 4 (Pashley 

et al., 2002). 

Increases in E and shrinkage of the demineralized dentin matrix that occur when 

specimens are immersed in solvents with low 8h values are thought to result from 

formation of new hydrogen bonds between adjacent collagen peptides. It has been 

speculated that as the 8h value of the solvent is reduced to less than 19 (J/c~3
)

112
, the 

solve_nt cannot successfully compete with adjacent functional groups in collagen capable 

of forming hydrogen bonds. The interpeptide hydrogen bonds rapidly form causing the 

matrix to shrink and the value of E to increase. This bonding can occur spontaneously in 

the absence of water if peptides are close en01;igh. Water or any other polar solvent with 

a Hansen's 8h > 19 (J/cm3
)

112 prefer~ntially forms hydrogen_ bonds with collagen 

peptides, ._th~reby preventing _peptide-peptide hydrogen bond formation, resulting in 

decreases in the value of E and aliows the matrix to expand. 

It was concluded that the· ·ch value of the solvent is largely responsible for changes 

in mechanical properties of demineralized dentin matrices (Pashley et al., 2002). 



Figure 4: Hansen's solubility parameter for hydrogen bonding verses 
low strain modulus of elasticity for demineralized dentin. 
Insert is plot for a single specimen. Figure obtained from 
Pashley, et al., 2002. 
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However, this relationship was obtained with a wide variety of solvents of different 

molecular sizes and functional groups. It has been suggested that steric exclusion is a 

major factor responsible for-preferential hydrati~n of proteins in differing molecular 

weight solvents (Arakawa and Timashiff, 1985). Therefore, to remove this variable of 

steric exclusion, an alternate test would be to use molecules of similar size, but with 

different functional groups to vary ◊h values. In order to do this, a solvent with a high ◊h 

value is required. Methanol is a possible choice (Pashley et al., 2001 ), however, 

methylated methanol form~ methoxymethane, which unfortunately is a gas. 

A convenient solution to this problem is to select ethylene glycol (EG), the double 

alcohol of ethane, as a model solvent. Ethylene glycol has a higher ◊h value [29. 8 

(J/cm3
)

112] than methanol or ethanol, and retains-a primary alcohol group when a single 

methylation eliminates one of the alcohol groups. This structure permits its analogs to 

hydrc?gen bond with themselves and to remain liquids at room temperature. The use of 

mono- and di-substituted analoss provides a range of ◊h values 'that is desirable for testing 

the in:flu~nce of solvent ◊h values on the. mechanical properties of demineralized dentin. 

Ethylene glycol is a small molecular weight, bipolar solvent with a high affinity 

for hydrogen bonding. The chemical formula is C:ili6O2 with the structure HO-CH2-CH2-

. OH. This molecule is a water-soluble, colorless liquid with a density of 1.113 g/cm3
. It 

has a boiling point of 196°C and a melting point of -13°C (Aldrich Chemical, 1991), and 

is used in many applications, ranging from antifreeze to the monomer of polyethylene. 



MATERIALS AND IvIETHODS 

Fifty-eight dentin-discs approximately 0. 5 mm thick were obtained from mid

coronal dentin in extracted, human third molars (Figure 5). The extracted t~eth were 

stored in 0.9% NaCl containing 0:02% sodium azide at 4°c to inhibit microbial growth. 

These discs were obtained using a low speed saw (Isomet; Buehler; Lake Bluff, IL). 

Using an ultrafine diamond bur in a highspeed hand piece, six discs were prepared into an 

"I" beam pattern to test mo~ulus of elasticity, and fifty-two discs were prepared into an 

hourglass pattern to test ultimate tensile strength (Figure 5). 

Two layers of nail varnish were applied to the specimens ends to protect them 

from demineralization, leaving the middle section as the only part of the sp~cimens 

demineralized. All specimens were demineralized in 0.5 M EDTA (pH 7.3) for 5 days, 

with stirring, at 23°C. The nail varnish was removed from the mineralized specimen ends 

using a razor blade and the discs were stored in similar conditions as described above for 

the teeth. The thickness of each demineralized disc was measured using microscopic 

micrometer (Optispec, Micro Enterprises Inc., Norcross, GA). 



Figure 5: ScheflJatic of sample preparation from mid-coronal human dentin disc 0.5 mm 
thick (A). For measurements.of ultimate tensile strength, hourglass shaped 
specimens were cut from· the disc with a bur (B). For measurements of modulus 
of elasticity, ''I" beam shaped specimens were cut from the discs (C). After· 
covering the ends of the specimens with nail varnish, the middle region was 
demineralized in EDTA. Figure obtained from Zhang, et al., 1998. 
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The demineralized discs were immersed in distilled water (H2O), ethylene glycol 

(HO-CH2-CH2-OH), 2-methoxyethanol (H3CO-CH2-CH2-OH), and 1,2-dimethoxyethane 

(H3CO-CH2-CH2-OCH3) for sixty minutes as described below. The solvents' two

dimensional and spatial structures are presented in Figure 6 and Figure 7 respectively. 

All solvents were American Chemical Society-grade and were purchased from either 

Aldrich Chemical Company (Milwaukee, WI) or from Sigma Chemical Company (St. 

Louis, MO). These solvents are characterized in Table I along with their respective 

Hoy's solubility parameters that were calculated from a computer spreadsheet, created by 

Richard Miller (1995). This spreadsheet contained the contributions of most available 

group molar attraction constants and group molar volumes (Barton, 1991). Since these 

methods are semi-empirical, Hoy's solubility parameters reported in this study are 

regarded as approximate. 

TABLE I: Hoy's solubility parameters, molecular weight, density, and concentrations of 
test solvents 

Density Concentration 
Solvent * 81,____Qd 8p 81 MW (g/cm3) (moles/L) 

Water 40.4 12.2 22.8 48.0 18.0 1.000 55.6 

Ethylene glycol (EG) 29.8 IO. I 15.1 34.9 62.1 1.113 17.3 

2-methoxyethanol (ME) 21.6 13.7 12.2 28.4 76.1 0.965 12.7 

1,2-dimethoxyethane (DE) 13.2 15.1 8.2 21.7 90.1 0.867 9.6 

*hydrogen bonding forces (8h), dispersive forces (8d), polar forces (8p), Hildebrand's 
solubility parameter (81). MW = molecular weight (g/mole) 



Figure 6: Two dimensional chemical structures of the 
control water and test solvents. 
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Figure 7: Spatial dimensional chemical structures of the 
Control water and test solvents 
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N.IEASUREMENT OF N.IECHANICAL PROPERTIES OF MOIST, DEMINERALIZED 
DENTIN 

The modulus of elasticity of demineralized dentin specimens was measured by 

placing the mineralized ends of individual "I" beam specimen into friction grips of a 

universal microt~nsile testing machine (Vitrodyne VI 000, Liveco Inc., Burlington, VT). 

The specimens were subjected to low-strain (5% of original 2.5mm gauge length) tensile 

loads at 0. 6 mm/min while immersed in each solvent. Measurements were taken every 

ten minutes for sixty minutes to determine a mean E for each specimen while immersed 

in each solvent. Each specimen was exposed to all solvents in every possible sequence 

(Table II) to avoid an "order effect". Distilled water was always used first to establish_ a 

control baselin~ E against· which the other three solvents were compared. Rehydration 

fully rever_sed changes in the mechanical properties of dentin brought about by 

dehydration (Maciel et al., 1996). Therefore, each specimen was submerged in distilled 

water after each solvent application to remove residual solvent and to confirm-that each 

specimen returned to baseline E. A total of six specimens were used for E measurements. 



TABLE II: Solvent exposure order to demineralized dentin. 

Group Solution Order Solvents 

1 wDwBwCw B = neat ethylene glycol (EG) 

2 wBwCwDw C = neat 2-methoxyethanol (ME) 

3 wCwDwBw D = neat 1,2-dimethoxyethane (DE) 

4 wCwBwDw w = distilled water 

5 wBwDwCw 

6 wDwCwBw 

Ultimate tensile strength was measured by placing the mineralized ends of each 

hourglass-shaped specimen into depressions milled into a split-aluminum mold. This 

orientation permitted tensile testing without the use of friction grips on the same 

. universal microtensile testing machine as used to test the modulus of elasticity. 

Specimens were equilibrated with the test solvent for one hour prior to tensile testing to 

failure at O. 6 mm/min. Since the ultimate tensile strength was destructive, separate 

specimens were used for each solvent. A total of 52 specimens (11, 13, 14, and 14 for 

water, EG, J\ffi, and DE, respectively) were used to measure UTS. 

TYPES OF DATA GENERATED 

Independent variables included four solvents: water, ethylene glycol and two 

analogs of ethylene glycol with different Hoy's solubility parameters for hydrogen 

bonding. Dependent variables were the modulus of elasticity and ultimate tensile 
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strength of moist, demineralized dentin matrix. Control variables were: rate ofloading, 

time in solvent, solvent concentration, solvent volume, and 8h values. The data generated 

were continuous and obtained in the format: x = position (µm); y = force (g). Time, 

force, and position were recorded and saved using computer software (Material Witness 

VlOOO software, version 2.02). Force and position data generated by this software were 

converted to a stress-strain curve to permit calculation of the modulus of elasticity and 

UTS. 

Modulus of elasticity is the slope of the stress-strain curve and was calculated 

using equation ( 1): 

E = [Change in load (Kg)]/ [cross sectional area (width x thickness, cm2
)] x 0.098 (1) 

[Change in displacement (µm)] / [Original length (µm)] 

This equation yie.lded a modulus of elasticity in units of l\1Pa. The mean modulus of 

elasticity and standard deviation of all specimens for each solvent was determined. Since 

each ·specimen was tested repeatedly, the mean modulus of elasticity for the specimens 

should be regarded as apparent rather than true modulus of elasticity. 

Ultimate tensile strength was calculated using equation (2): 

UTS = Maximum Load (Kg)/ [cross sectional area (width x thickness, cm2
)] x 0.098 (2) 

This equation yie~ded the ultimate tensile strength in units of l\1Pa. The mean ultimate 

tensile strength and standard deviation of all specimens for each solvent was determined. 



J\.ffiTHODS OF DATA ANALYSIS 

The results of the modulus of elasticity and ultimate tensile strength 

measurements were analyzed by a one-way analysis of variance to seek st~tistical 

28 

· significance (p<0.05) in mechanical properties as a function of solvent treatment. The· 

Kolmogorov-Shimov test .was performed to check for a normal distribution of the data, 

which would allow the use of parametric statistical tests. Post-hoc multiple comparisons 

tests were evaluated using Student-Newman-Keuls method for the modulus of_elasticity 

data and the Tukey test for the ultimate tensile strength data (Sigma Stat software v.2.03,. 

SPSS, Chicago, IL). This statistical analysis program ·determines which post-hoc 

multiple comparison test to use based on the best fit the data analyzed, accounting for the 

use of the different tests in the present.study. Mean parameter values were plotted 

against Hoy's solubility parameters. to p~rmit calculation of the correlation coefficient, R2 

values, and the equation of the best least squares fit and linear regression of the data. 

The linear slopes produced by plotting mean E values against Hoy's solubility 

parameters were analyzed by a Kruskal-Wallis one-way analysis ofvarianc_e on ranks to 

seek statistical significance·(p<0.05) in mechanical properties as a-function of Hoy's 

solubility parameters. Post-hoc multiple comparisons tests on these slopes were 

determined using Student-Newman-Keuls method. 



RESULTS 

The mean and standard deviations of the apparent modulus of elasticity (MP a) at 

. low strain ( 5%) for all six speciinens using each solvent are shown in Table III. Water, 

with the highest oh of the test solvents· (Table I), produced the lowest modulus of . 

elasticity with a mean of 16 lv.1Pa and a standard deviation of± 13 lv.1Pa. 

1,2-Dimethoxyethane, with the lowest Oh _of the test solvents (Table I), produced the 

highest modulus of elasticity_with a mean of 63 MPa and a standard deviation of± 23 

MPa. The data passed. the Kolmogorov-Shirnov test, indicating a normal distribution, 

allowing the use of parametric statistical.tests. One-way analysis of variance of the 

modulus of elasticity values indicated a statistically significant difference (p=0.001). 

Post..:hoc multiple comparisons tests. using the Student-Newman-Keuls method showed 

statistically significant differences (p<0.05) between water or ethylene glycol and DE or 
/ 

JY.IE. There was no significant difference between EG and water (p=0.45) or between DE 

and l\llE (p=0.41). 
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TABLE III: Mean Modulus of Elastici"ty (MP a) recorded for test solvents 

Solvent Modulus of Elasticity (MPa)* 

Water 16 ± 13 (6) a 

Ethylene .Glycol (EG) 25 ± 15 (6t 
2-Methoxyethanol (NIB) 53 ± 25 (6) b 

1,2-Dimethoxyethane (DE) 63 ± 23 (6) b 

Groups identified with different superscript letters are significantly different (p<0.05). 
(Number of specimen in parenthesis). *Values are mean ± one standard deviation 
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The mean modulus of elasticity values from Table III were plotted against the 

Hoy's solubility parameters of the four solvents to permit calculation of the correlation 

coefficient (R2
) values and the equation of the linear regression of the data. These results 

are shown in Figures 8, 9, 10, 11 for oh, od, Op, and Ot, respectively. The linear slopes of 

oh, 0d, Op, and Ot versus modulus of elasticity of all specimens (Table IV) were compared 

by Kruskal-Wallis one-way of variance on ranks because of the similar relationship of oh 

and 5p of the test solvents (Figure 8 and Figure 10). 

Table IV: Linear slopes of each 8versus Efor each specimen 

Specimen Oh 0d Oo Ot 
1 -1.89 9.01 -3.41 -1.92 
2 -1.43 6.89 -2.56 -1.44 
3 -1.41 7.24 -2~51 -1.42 
4 -2.64 12.24 -477 -2.67 
5 -1.36 5.92 -2A6 -1.36 
6 -2.40 10.91 -4.33 -2.42 



Figure 8: Mean modulus of elastictty (MPa) versus &i 
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Figure 9: Mean modulus of elasticity (MPa) versus od 
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Figure 10: Mean modulus of elasticUy (MP a) versus q, 
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Figure 11: Mean modulus of elasticity (MP a) versus b; 
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When this comparison was made, a statistically significant difference (p=<0.001) 

between these slopes was shown. Post-hoc multiple comparisons tests of these slopes by 

.the Student-Newman-Keuls method showed a statistically significant difference (p<0.05) 

among all slopes except for 8h versus 81. 

The equation of the best least squares fit of the data was also determined (data not 

shown). The exponential regression of 8h, Bp, and 81, produced the best least squares fit of 

the data with R2 values of 0.95, 0.90, and 0.93, respectively. Whereas, the polynomial 

regression of8d produced the best least square fit of the data with a R2 value of 0.83. 

Table V is a summary of the test results for all six specimens used to determine 

the effect ethylene glycol analogs on modulus of elasticity of demineralized dentin discs. 

T'able V: Modulus of elasticity for each specimen ineach solvent 

2 >·£iMattffr:>:y.lf:aix.<s.::??E === _r-:t-trnltk\f!fmle:?t=;1II •.- ·· -- , ... ···::::.::::: 
6 12 6~;;;;;; 34 7 42 3 6 

3 ·>!Witeri;'.f:~v.Jmi;T~f:+ 
11 42 

4 -::':::2;\Mate.F::::::::::::::-:-'.:,::::;:::::::MIEtc:>;::,:_;<&eitet;'.b:::A-,:zs&.\;L::::_:.s 
18 72 19 31 19 

s t;;;,,;wattn.-A,!::::~~!!!:;16Gt;,~:!!!V1;, s;:t\{Jle;:.-;~::r,~;:::hWateri9-YI:.~ 
4 13 4 43 3 

~~~~~~~~mi 

6 :·:--1.w.ferL~-------. ..,..--_.JJe. ____ J --.. ...J::: ____ .;:,, __ /elt..:! 
27 82 17 68 20 34 21 21 

*EG = ethylene glycol, NIE = 2-methoxyethanol, DE = 1,2-dimethoxyethane 
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Table VI converts the values in Table V into percent change using specimen mean water 

modulus as 100%. 

Table VI: Modulus of elasticity for each specimen in each solvent expressed in percent 
change using specimen mean water as 100% 

Individual Modulus of Elasticity (MPa) 
Specimen Water EG* ME* DE* 

1 100% 122% 222% 217% 
2 100% 190% 554% 694% 
3 100% 134% 510% 498% 
4 100% 175% 401% 472% 
5 100% 343% 510% 1175% 
6 .100% 164% 325% 395% 

Mean E ·100% 188% 421% 575% 
Sd 0% -80% 129% 332% 

*EG = ethylene glycol, JVIE = 2-methoxyethanol, 
DE = l,2-dimetp.oxyethane 

When the results shown in table V and VI were compared, it appeared that matrix 

specimens with a low n;iodulus of elasticity in w,ater, produced_ larger percent changes in 

the other solvents than did specimens with a higher modulus of elasticity in water. This 

relationship was shown when the percent change in E was plotted against the initial E in 

water (Figure 12). 



Figure 12: Percent changes in the modulus· of elasticity (E) of demineralized dentin in 
various solvents as a function of the initial E in water. EG = ethylene glycol, 

ME= 2-Methoxyethanol, DE= 1,2-dimethoxyethane 
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The mean ultimate tensile strengths (lv.lPa) and standard deviations of all 

specimens in each solvent are shown in Table VII. Water, with the highest Oh of the test 
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· solvents (Table I), produced the lowest ultimate tensile strength with a mean of24 l\1Pa 

and a standard deviation± 3 lv.lPa. 1,2-Dimethoxyethane, with the lowest oh of the test 

solvents (Table I), produced the highest ultimate tensile strength with a- mean of 45 lv.lPa 

and a standard deviation of± 6 lv.lPa. The data passed the Kolmogorov-Shirnov test 

indicating a normal distribution, allowing the use of parametric statistical tests. A one

way analysis of variance indicated that there was a statistically significant difference 

(p=<0.001) among the groups. Post-hoc multiple comparisons tests of the mean ultimate 

tensile strength by the Tukey test showed statistically significant differences (p<0.05) 

among all test solvents except for Eq- and water. 

TABLE VII: Mean Ultimate Tensile Strength (MPa) of demineralized dentin in each 
test Solvent 

Solvent Ultimate Tensile Strength (MPa)* 

Water 24 ± 3 (11) a. 

Ethylene Glycol (EG) 30 ± 5 (13) a 

2-Methoxyethanol (ME) . 37 ± 6 (14}b 
1,2-Dimethoxyethane (DE) . 45 ± 6 (1_4) C 

Groups identified with different superscript letters are significantly different (p<0.05). 
(Number of specimen in parenthesis): *Values are mean± one standard deviation 

Mean ultimate tensile strength values were plotted against Hoy's solubility 

parameters to permit calculation of the correlation coefficient (R2
) and the equation of the 

linear regression of the d·ata. : These data are shown in ·Figures. 13, 14, 15 and 16 for oh, 

0d, Op, and &, respectively. 
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The equation of the best least squares fit of the data was also determined ( data not 

shown). The exponential regression of Op and Ot, produced the best least squares fit of the 

data with R2 values of0.98 and 0.99, respectively. The linear regression of oh and od 

(Figure 13 and 14) produced the best least squares fit of the data. 

Table VIII is a summary of the ,test results for all specimens used to determine the 

effect of ethylene glycol analogs on the ultimate tensile strengt4 of demineralized dentin. 

Table VIII: Ultimate tensile strength (MPa)-for each specimen in each solvent 

Ultimate Tensile Strength (MPa)** 
Specimen DE* ME* EG* Water 

1 46 30· 34. 23 
2 41 43 28 22 
3 47 27 26 27 
4 36 36 22 19 
5 38 33 27 28 
6 49 40 26 26 
7 , 57 46 31 22 
8 ·55 39 21 26 
9 46 34 41 28 
10 45 46 31 26 
11 38 43 35 21 
12 45 36 30 
13 43 31 33 
14 45 36 

Mean UTS 45 37 30 24 
SD 6 6 5 3 

~EG = ethylene glycol, NIE= 2-methoxyethanol, 
DE = 1,2-dimethoxyethane. * *Values are mean 
± standard deviation. 



Figure 13: Mean ultimate tensile strength (MPa) versus 8,, 
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Figure 14: Mean ultimate ten~ile strength (MPa) versus od 
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Figure 15: Mean ultimate tensile strength (MPa) versus 4, 
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Figure 16: Mean ultimate tensile strength (MPa) versus & 
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When mean modulus of elasticity (Table III) and the mean ultimate tensile 

strength (Table VII) of all specimens in each test solvent are compared (Figure 17), a 

higher sensitivity ofE over UTS is seen. If water is used as the baseline for changes in 

Ch, E, and UTS (Table IX), and the change in E and UTS of the matrix is plotted against 

the Lich (Figure 18), then the higher sensitivity of E over UTS to changes in solvent Lich 

become evident. 

Table IX: &z, E, and UTS values of test solvents with water as baseline 

Water EG ME DE 
Lioh(J/ cm3

) 
112 0 10.6 18.8 27.2 

LiUTS (MPa) 0 5.33 12.84 20.67 
LiE (MPa) 0 8.74 37.23 

*EG = ethylene glycol, :ME = 2-methoxyethanol, 
DE = 1,2-dimethoxyethane 

46.7 



Figure 17: Mean E and UTS (MPa) versus solvent. W=water, EG = ethylene glycol, 
ME= 2-methoxyethanol, DE= 1,2-dimethoxyethane. (#) is the number of 
specimen used in study. Vertical bar = + one standard deviation. 
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Figure 18: Changes in E and UTS of demineralized dentin matrices in response to 
changes in &i, using water as a reference. EG = ethylene glycol, 

ME = 2-methoxyethanol, DE ~ 1,2-dimethoxyethane; E = apparent modulus of 
elasticity; and UTS = ultimate tensile strength 
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DISCUSSION 

The results of this study support the test hypothesis that as solvents with 

increasing values of Hoy's solubility parameter for hydrogen bonding are applied to 

moist, demineralized dentin matrix the' modulus of elasticity and ultimate tensile strength 

of collagen matrix will decrease. Water was removed from the collagen matrices by 

chemical dehydration for sixty minutes. This removal produced increases in both the 

UTS and the apparent modulus of elasticity, but was less effective than prolonged air

drying (Maciel et al., 1996). The short time used in the present study between testing the 

hydrated and chemically dehydrated collagen at room temperature did not allow for the 

time dependent process of addttional :covale~t cross-linking. Clearly the increase in 

mechanic(i} properties was due more to ·weak forces,,_"such as ,electrostatic ·interactions and 

hydrogen bonding, than to covalent cross-links. 

Low strain elongates the hydrogen-bond-stabilized helices of collagen, and higher 

strains elongate the gap regions between one-quarter-length-staggered collagen molecules 

(Sasaki and Enyo,,1~95). Both of these elastic strains c~n r~cover when the load is 

removed. Larger strains or sustained stress, such as that applied while testing UTS, can 

cause molecular slippage between adjacent molecules. If those molecules are dry, they 

are probably closer together and less able to slide and translate around their axes during 

straining. This property tends to increase the stiffness and strength of the matrix. 

47 



48 

This is consistent with a previous study in which a low strain (<10%) was applied to 

dentin matrices and the matrix returned to its original length when the load was removed. 

When a high strain ( 19%) was applied without breakage, the matrix failed to regain its 

original length and could be seen by TEM fractographic analysis as thinning of the 

collagen fibrils and/or abnormal widening of the interfibrillar spaces (Tay et al., 2000). 

These microscopic changes are the structural correlation of plastic deformation. 

The incre~se in the modulus of elasticity of the dentin matrix, shown in our study, 

rapidly reversed and returned to the b·aseline whe~ _specimens were transrerred to the 

control water (Table V), ther~fore, the 5% strains used did not appear to induce any 

plastic deformation. This finding is consist~nt with previous studies using chemically 
. ' 

dehydrated decalcified dentin (Maciel et al., 1996) and air-dried dentin (Jameson et al., 

1993). Ensuring that the specimens returned to baseline in water al_lowed the individual 
. •, ' ' 

. ~ . . " . . . ' 

specimen to act as its own control. This permitted comparison of the effect each solvent 

had on the modulus of elasticity of the same collagen matrix. 

The modulus of elasticity for each specimen in each test solvent (Table I) was 

expressed in a percent change using mean modulus of elasticity of the specimen in water 

as 100% (Table VI). As specimens were immersed in solvents progressively less capable 

of hydrogen bonding ( decreasing oh values), there w_as a larger percent change in 

apparent E of specimens with a lower baseline E in water, compared to specimens with a 

higher baseline E in water (Figure 12). This may be explained by the large regional 

differences in the structure of dentin {i.e. numbers of tubules per mm2
) within individual 



teeth and among .different teeth due to differences in slopes of cusps, the depth of the 

central groove and t_he height of pulp .h,9rns (Pas~~Y, . 1991 ). Obviously, dentin discs 

created from "mid-coronal" dentin are not uniform. 
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Zhang et a( (1998) compared the apparent modulus of elasticity of"I" beam 

specimens prepared from 100 teeth, in phosphate buffered saline and found a normal 

distribution in which the low strain ( 10%) E varied from 5 MP a to 5 5 MP a with the· mean . 

about 25 MPa. Specimens with a modulus of elasticity of 55 MPa may have more weak 

force associations between collagen peptides (i.e. smaller interfibrillar spaces, closer 

collagen peptide packing density within fibrils). When water is removed from specimens 

with higher E values, they may have fewer opportunities to create more weak force 

associations than specimens with very lower E values. Further experiments are required 

to elicit this relationship. 

During measurements ofUTS; if collagen fibrils are strained beyond 20-22% the 

fibrils break (Sano et al., 1995). As randomly oriented collagen is stretched, collagen 

fibrils tend to aligri in an axial orientation (Pins et al., 1997). Once.the strain on the 

collagen goes beyond its elastic limit, collagen fibrils can either fail by: 1) cohesive 

fracture, where collagen fibrils break as their UTS is exceeded; 2) creep (strain 

elongation), which oQcurs when collagen molecules slide past each other and fibrils 

disaggregate (Ottani et al., 2001); or 3) they defibrillate or unravel much like a braided 

rope (Tay et al., 2000). Presumably, the· change in UTS produc·ed by the ethylene glycol 

analogs, over that measured in water, can be attributed to new weak forces, such as 



hydrogen bonding, hydrophobic interactions, and electrostatic interactions, which 

develop in the absence of water. The mechanism of dentin collagen failure in non

aqueous polar solvents needs further investigation. 
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In the group of three ethylene glycol analogs (Table I), as the two primary alcohol 

groups were subsequently·converted to methoxy groups they became less capable of 

hydrogen bonding and the oh value fell 56%, from 30 to 13 (J/cm3
)

112
. However, the loss 

of the primary alcohol groups also lowered solvent polarity causing a reduction in Op of 

46% from 15 to 8 (J/cm3
)

112
• The loss of polarity produced a 50% increase in the 

dispersive forces (od) whi~hincreased from 10 to 15 (J/cm3
)

112
• Since there was a greater· 

loss in oh and Op, than a gain in 0d, the total cohesive energy density (Ot) fell as the 

primary alcohols were methoxylated (Table I). 

Thus, when changes in E or UTS were plotted against these solubility parameters, ·· 

highly significant inverse correlations were obtained between E and UTS versus oh or Op 

(Figures 8, 10, 13, and 15). Since decreases in both 8h and Op produced similar re4uctions 

in the tensile properties of demineralized dentin matrices, an all pairwise multiple 

comparison procedure was performed on the linear slopes of the solubility parameters 

verses E using the Student-Newman-Keuls Method. This comparison showed that oh has 

a greater effect than.Op on E, showing that oh'..is.the most significant solubility parameter. 

Since 8t is the sum· of all three o values, increases in Ot were associated with significant 

reductions in the tensile properties of demineralized dentin (Figures 11 and 16). 



The close associations of ◊h and Op for the ethylene glycol analogs were_ due to 

their chemical similarity. To dissociate these values, one would have to compare a 

variety of similar sized solvents with functional groups that have a greater variation in 
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. solubility parameters than the solvents used in the current study. For instance, 

chlorinated ethanes could be compared with the solvents used in the current study. The 

inclusion of the chlorinated ethanes; such as 1-chloroethanol ( which has oh, od, Op and Ot 

values of 22.9, 13.8, 14.2, and 30.3, respectively) and 1-2-dichloroethane (which has oh, 

◊d, Op and Ot values of 12. 8, _15. 1; 12._ i" and: 2~ ·:8, respectively) would give a better 

separation be~ween ◊h and Op values. --This. could be done in future experiments under the 

vacuum hood since these additional chlorinated ethanes solvents are more toxic. 

In .our study, E increased-more (i.e. 4X) than UTS (i.e. l.8X) (FigU:re 17). These 

differences ii;i the amounts of increase in E ~d UTS are c~nsi~tent with a previous study 

(Maciel et al., 1996). That study concluded that dentin matrix is more sensitive to 

changes in stiflhess at low strains than at higher strains, by showing that when dentin was 

dried or exposed to water-free polar solvents, stiflhess increased 20-38 fold at low strains 

(1-3%) verses 3-6 fold at higher strains (15-20%). Differences in tensile properties may . . 

be due to the fact that Eis more dependent upon weak forces than is UTS. That is, UTS 

may be due to 40% weak forces, 40% covalent cross-links and 20% covalent peptide 

bond strength. 

The current study tested E at low strains ( 5%) in different solvents with different 

solubility parameters for hydrogen bonding forces· (oh). When water is used as the 



baseline ror changes in 8h, E, and UTS (Table IX), and the change in E and UTS of the 

matrix is plotted against the .:18h (Figure 18), the higher sensitivity ofE over UTS to 

changes in solvent .:18h. become evident. 
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Comparison of the values in Table IX shows a linear increase in UTS and a 

curvilinear increase in E with a much higher slope (Figure 18). This result can be 

explained by the 8h values of the solvents. The solubility parameter for hydrogen 

bonding forces of water and ethylene glycol (Table I) are greater than that of the_ 

functional re-expa~sion threshold for dried dentin matrix, 8h > 19 (J/ cm3
) 

112
, or the 

calculated 8h of etched dentin, 18.2 (J/cm3)112
, (Pashley et al., 2002), whereas, the 8h 

values of l\1E and DE are similar to or less than these critical 8h values. The nonlinear 

relationship of changes in stiftbess with dehydration has also been shown with elastin, 

and was attributed to the progressive, improved alignment of elastic fibers with strain 

(Lillie and Gosline, 1998). However, this relationship was lost at high strains for elastin. 

Maximum values for the apparent modulus of elasticity of demineralized dentin 

after sixty minutes in solvent was only 63 ± 23 N1Pa (Table III) following equilibration. 

with 1,2-dimethoxyethane (DE) which has a 8h value of 13.2 (J/cm3)112
. This value is not 

appreciably different from the low strain E value 85.3 ± 63.6 N1Pa obtained in neat 

hydroxyethylmethacrylate (HEMA) by Maciel et al. ( 1996) using the same technique. 

Hydroxyethylmethacrylate has a 8h of 16.1 (J/cm3
)

112
. Thus, solvents with similar 8h 

values seem to produce similar degrees of matrix stiffhess. 
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Dentin bonding resins contain water-free solvents that can chemically dehydrate 

dentin collagen matrices. In such solvents, collagen matrices collapse due to spontaneous 

hydrogen bonding between collagen molecules and fibrils. This collapse increases matrix 

modulus of elasticity (E) and ultimate tensile strength (UTS) and also causes collapse of 

the matrix, thereby, interfering with resin infiltration into interfibrillar spaces. This study 

examined the relationship hetween Hoy's solubility parameters of ethylene glycol solvent 

analogs and the E and UTS of moist, demineralized dentin matrix. Fifty-eight dentin 

discs (0.5mm thick) from human third molars were demineralized in 0.5M EDTA, 

yielding specimens composed largely of type I collagen. Six "I" beam and fifty-two 

hourglass shaped specimens were cut from the discs for measurements of E and UTS 

respectively. A universal microtensile testing machine measured E and UTS of 

specimens immersed in distilled water, ethylene glycol, 2-methoxyethanol, and 

1,2-dimethoxyethane. The measurements were compared by regression analysis with 

Hoy's solubility parameters for hydrogen bonding (oh), polar (Bp), and dispersive forces 

(8d) of these solvents (Table X). 
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Table X: Mean modulus of elasticity (lvf Pa) and ultimate tensile strength recorded 
in each solvent 

Solvent Oh Modulus of Elasticity Ultimate Tensile 
(J/cm3)1'2 (MPa)*. Strength (MPa)* 

Water 40.4 16 ± 13 (6) a 24 ± 3 (11) a 
Ethylene Glycol (EG) 29.8 25 ± 15 (6)a 30 ± 5 (13) a 

2-Methoxyethanol (ME) 21.6 53 ± 25 (6)b 37 ± 6 (14) b 

1,2-Dimethoxyethane (DE) 13.2 63 ± 23 (6) b 45 ± 6 (14) C 

Groups identified with different superscript letters are significantly different (p<0.05). 
(Number of specimen in parenthesis). *Values. are mean± standard deviation. 

A one-way ANOVA indicated significant (p=<0.001) relationships among the 

solvent used versus E and UTS. AKruskal-Wallis one way ANOVA on ranks 
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(p=<0.001) followed by Student-Newman-Keuls method (p<0.05) between the slopes of 

solubility parameters versus E and UTS indicated that oh is the most significant solubility 

parameter of the solvents. Water (highest cSh) produceq the lowest E (mean 16 ± 13 l\1Pa). 

and UTS (mean 24 ± 3 N.IPa). 1,2-Dimethoxyethane (lowest oh) produced the highest E 

(mean 63 ± ~3 lVIPa) and UTS (~ean 45 ± 6 N.IPa). These results_ support our hypothesis 

that E and UTS of moist, demineralized dentin is inversely proportional to ◊h of applied 

solvents. 
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