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I. INTRODUCTION 

A. STATEMENT OF A PROBLEM AND REVIEW OF RELATED LITERATURE 

The permeability of dentin to adhesive agents is of crucial importance in 

obtaining good dentinal bonding because most current bonding systems rely on 

resin permeation or infiltration into demineralized dentin to form a hybrid of 

resin and collagen. Resin penetrates into dentinal tubules to form tags that can 

contribute "to resin adhesion, but under most clinical conditions, resin penetrates 

into intertubular dentin to form what is called the hybrid layer (Figure 1). 

In order to gain access to the ·intertubular dentin matrix, most of the 

bonding systems use acid etching to remove the smear layer and the mineral 

phase of the dentin to a depth of 3-5 pm. .. Among the several acids used for this 

purpose are: 10 or 37% phosphoric acid, 2.5% nitric acid, 10% maleic acid, or 10% 

citric acid mixed with 3% ferric chloride (10-3 solution, Nakabayashi, 1992). 

Although this step may denature dentin collagen (Bowen et al., 1984) there is 

little structural or mechanical evidence that this step weakens dentin collagen. 
I 

When examined by transmission electron microscopy (TEM), the collagen fibers 

in resin bonded specimens exhibit typical cross-banding (Eick et al., 1993) which 

is characteristic of rui.tive collagen, but is not seen in gelatin, a form of denatured 

collagen. Only the most superficial 0.1-0.2 pm layer of the hybrid layer shows a 

1 
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loss of cross-banding. This lose of banding pattern is probably due to smear layer 

constituents which were denatured by heat or shear stresses during preparation 

of the dentin surface for bonding rather than by acid conditioners. 

The second step in most bonding procedures involves treatment of the 

demineralized dentin matrix with hydrophilic primers. These primers contain 

solvents which are either nonaqueous or contain ethanol, acetone or 2-

hydroxyethylmethacrylate (HEMA) mixtures in water. The water phase is then 

evaporated with an air-blast leaving a nonaqueous solvent such as HEMA in the 

demineralized dentin. Nakabayashi et al., (1982) were the first to suggest that 

adhesive resins could infiltrate around the collagen fibers of demineralized 

dentin to produce micromechanical retention of resin to dentin. In this process, 

termed hybridization, dentin was regarded as a biologic composite of a collagen 

matrix filled with submicron-sized filler particles of apatite mineral crystals 

(Nakabayashi et al., 1982). By treating the mineralized dentin surface with 

solutions of chelators or acids, the mineral phase can be extracted and replaced 

with hydrophilic resin monomers which polymerize to form a new therapeutic 

composite of collagen fibers in a resin matrix. This new composite is a hybrid of 

the dentin collagen with a hydrophilic adhesive resin. Since collagen fibers have 

become important in the retention of resin restorations, it is important to review 

the chemical and physical properties of this important protein. 



FIGURE 1: A:Scheinatic of dentin structure, a: dentin tubule; b: intertubular 

dentin; c: peritubular dentin and d: odontoblast. B: Schematic of dentin which 

has been demineralized from the surface to expose the collagen fibers making 

up the dentin matrix. The. black material indicates adhesive ·resin which was · 

placed on the surface and has penetrated into tubules to form resin tags. The 

wavy lines indicate the paths of resin infiltration into the demineralized 

dentin both via surface diffusion and lateral diffusion from tubule lamina, e: 

hybrid layer (resin infiltrated demineralized dentin) and f: resin tag (resin 

infiltrated dentin tubule). This figure is an adaptation' of:a figure presented by 

Pashley (1994). 
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• 
B. COLLAGEN STRUCIURE 

Collagen is the most abundant protein in the human body, and it is the 

major constituent of most connective tissues. Two critical functions of collagen 

are to give strength to, and to maintain the structural integrity of various tissues 

and organs. Collagen constitutes 25% of mammalian total protein. Over 70% of 

the dry weight of skin and tendon is collagen, and about 23% of the total dry 

weight of whole bone is collagen, but it comprises almost 90% of its organic 

matrix (Grant, 1972). 

The mineralized tissue: dentin, bone, and cementum, consist of connective 

tissue matrices made up primarily of collagen fibers onto which apatite crystals 

have been deposited. The demineralized dentin matrix shows a network of fibers 

containing cross-banded collagen fibrils 20 to 50 nm in diameter (Butler, 1984). 

The diameter of the fibers appears to increase throughout the predentin, 

suggesting that there is continued growth of collagen molecules in predentin 

prior to the mineralization process and transformation of predentin to dentin. 

Collagen consists of an insoluble, fibrillar material that is constructed of 

many highly elongated, thread-like molecules cross-linked together. At the 

microscopic level these fibers are layered and arranged in different arrays within 

different tissues. For example, in the cornea, the fibrils are arranged in 

orthogonally stacked sheets, providing the transparency required for its normal 

function. In bone and dentin these fibers are arranged in a more random pattern. 

Primary structure of protein is determined by their amino acid sequence 

in peptide chains. For instance, in figure 2, the primary structure of collagen 
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overlapping molecules (the overlap zone) and with gaps (the hole zone) that 

produces the characteristic cross-banding seen in micrographs of collagen 

viewed by transmission electron microscopy (fEM). 

The overlap areas are important to the integrity of the fibrillar structures, 

for it is in these regions that the molecules are tied together by intermolecular 

cross-links (Figure 2). In addition to spaces or gaps ·in the holes zones, the fibril 

array has porous regions between the molecules. These spaces both within and 

between the . collagen fibrils of mineralized tissues are filled with apatite 

crystalites (Linde and Goldberg, 1993). In demineralized dentin collagen, these 

spaces are filled with water and present channels through which the mineral 

phase is extracted and into which adhesive resin monomers must infiltrate. 

After being secreted into the extra-cellular space, the molecules of .fibrillar 

type collagens spontaneously assemble into ordered polymers called collagen 

fibrils, which are thin (ca. 10 nm) cable-like structures (Figure 2). These fibrils are 

many micrometers long and are clearly visible in electron micrographs (Woo et 

al, 1993). Collagen fibrils in turn, assemble to form collagen fibers (Figure 2). 

C. BIOSYNTHESIS AND SECRETION 

Collagen is synthesized in connective tissue cells by mechanisms similar 

to that used for the biosynthesis of other proteins. It is synthesized on ribosomal 

complexes as procollagen chains. Procollagen chains have extensions on both the 

amino and carboxyl terminal ends. After release from the ribosomes, three 

procollagen chains assemble, the central domain forming the triple helical 



FIGURE 2: A: primary structure (general form of amino acid sequence in collagen) with 

most X positions occupied by proline and Y positions by hydroxyproline; B: secondary 

structure; minor helix (individual alpha chain twisted into a helix) encompassing three 

amino acid residues per repeat (represented by balls); C: terciary structure; major helix 

((hree alpha chains coiled about each other) in collagen 1nolecule about 300 nm long; D: 

collagen fibril (lateral association of collagen molecules follawed by covalent cross

linking); E: collagen fiber. This figure is an adaptation of figures presented by Woo et al, 

(1993) and Butler (1984). 
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structure, to form a procollagen molecule. It is believed that the assembly begins 

by formation of a complex among the three carboxyl terminal extension, brought 

together by intermolecular disulfide bond formation. This initial interaction is 

then followed by the formation of a triple helical conformation in the central 

portion of the molecule and finally by a globular structure in the amine terminal 

extension region (Butler, 1984). The hydroxyl group of hydroxyproline residues 

form interchain hydrogen bonds that help stabilize the triple stranded helix. 

When isolated collagen fibrils are fixed, stained, and viewed in an electron 

microscope, they exhibit cross-striations every 67 nm. This pattern reflects the 

packing arrangement of the individual collagen molecules in the fibril. They are 

staggered, so the adjacent molecules are displaced longitudinally by almost one 

quarter of their length. This arrangement presumably maximizes the tensile 

strength of the aggregate and gives rise to the striations seen in negatively 

· stained fibrils. 

D. COLLAGEN CROSS-LINKING 

Collagen is especially highly cross-linked in the Achilles tendon, dentin, 

.bone etc., where tensile strength is crucial. If cross-linking is inhibited, 

collagenous tissues become fragile and structures such as skin, tendon, and 

blood vessels tend to tear. 

The major type of collagen in dentin and skin is type I. However, when 

skin collagen is placed in dilute acid solutions it will swell to as much as ten 

times its volume, while the collagens from bone and dentin retain their original 
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volumes under these conditions (Veis, 1964), indicating that dentin collagen does 

not denature (swell) under conditions that alter skin collagen. 

In order for the collagen fibers. to increase their stability, cross-linking 

between adjacent collagen molecules in the microfibrils must occur. The first step 

for cross-linking of collagen is the removal of the amino groups of severallysyl 

or hydroxylysyl residues in the procollagen chain by an enzyme called lysyl 

oxidase, which converts these amino groups to highly reactive aldehydes called 

alpha aminoadipic acid or gamma-hydroxy-alpha-aminoadipic acid (Tanzer, 

1973). This is a reaction termed oxidative deamination and it appears to occur 

slowly in collagen fibers over a period of days or weeks. Following aldehyde 

formation, the chains that were activated react spontaneously with N'H2. groups 

of lysine and hydroxylysine residues on other collagen chains to form covalent 

intermolecular bonds (Figures 2 and 3-B). The types of cross-links that are 

derived from two side chains are usually detected by reduction of the double 

bonds with sodium borohydride and are known as reducible cross-links 

(Tanzer, 1973). 

When the aldehyde residues react with adjacent amino groups, Schiff 

bases are usually formed. The two most abundant aldehydes in collagen are 

alpha-aminoadipic acid gamma-semialdehyde and its hydroxylated analog 

(Gage, 1989). They are found in abundance near the amino terminal of the 

polypeptide chains but are also found elsewhere in the chain, particularly in 

older collagens. Within the collagen molecule, two of the aldehydes can 

condense to form an alpha, gamma-unsaturated aldol condensation product 
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which is an intramolecular cross-link (Figure 3-B). An example of such a cross

link would be the aldehyde functional group of a hydroxylysine in the terminal 

extension of one molecule forming a Schiff's base condensation product with the 

amino group of a hydroxylysine in the body of an adjacent molecule (Gage, 

1989). It is thought that such a Schiffs base compound, once formed, can 

undergo an internal oxidation-reduction reaction (Amadori rearrangement, 

figure 3-B) giving rise to a stable keto-amine cross-link. 

The enzyme, lysine oxidase, is responsible for the conversion of the 

epsilon-amino group of lysine and hydroxylysine to highly reactive aldehyde 

forms, and can be inhibited by (3-aminopropronitrile, the agent that causes the 

condition known as lathyrism. The distribution of cross-links between dentin 

collagen molecules appears to be unique, and different types of cross-linking can 

occur depending on the nature of the aldehyde and the amino acid containing 

' the reactive NH2 group. If the amino acid is a hydroxylysyl residue, the cross

link will be stabilized by the Amadori rearrangement (Figure 3-B) of 

dehydrodihydroxylysinonorleucine to form hydroxylysino-5-keto-norleucine 

(Butler, 1984) which is the major reducible cross-link found in dentin. Other 

types of cross-links are found in dentin collagen, but in much lesser amounts. 

Therefore, the extent of hydroxylation of lysines to form hydroxylysines can have 

a major effect on the stability of cross-linking in dentin (and in other collagens). 

Collagen that is not cross-linked is less stable and more susceptible to 

collagenolytic attack (Lien, 1989). Diseases associated with lack of cross-links are 



FIGURE 3: A: Formation of collngen aldehydes by enzymatic action of lysyl oxidase on 

collagen molecules. B : Diagram of formation of hydroxylysino-5-ketonorleucine from a 

Amadori rearrangement of dehydroxylysinenonorleucine produced by oxidative 

deamination of hydroxylysine by lysyl oxidase to form hydroXIjallysine. C: General 

scheme of intermoleculnr cross-link formation, by collngen aldehydes with other collngen 

atr'ino acids. The upper diagram represents the lnteral view and the lower figure 

represents the cross-sectional view ( • represents the aldehydic group and o represents 

. the other reactive groups). Note that both intra and. intermoleculnr cross-links are shown. 

Part A and C is an adaptation of a figure presented by Tanzer, (1973) and part B was 

presented by Gage (1989). 
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well-known, such as Marfan's syndrome which has been proved to be a defect in 

the process of cross-linking of collagen, some types of osteogenesis imperfecta 

(which is inherited), lathyrism and others. 

Several studies demonstrated that bone and dentin collagens are highly 

cross-linked relative to other collagens (Veis, 1964). The major reducible cross

link in dentin is the keto-imino cross-link, hydroxylysino-5-keto-norleucine, 

probably because there is a more complete hydroxylation of lysine in dentin 

collagen. This type of cross link and other factors may contribute to the overall 

physical stability of dentin collagen. 

Despite the occurrence of these reducible cross-links in dentin collagen, 

the amounts appeared to be rather low compared to those in other collagens. 

Therefore it has been proposed that dentin contains relatively more cross-links of 

the nonreducible variety. Quantitation of the cross-links in cartilage and bone 

indicated that hydroxypyrydinium was a major cross-link (Eyre, 1980) in these 

tissues (Figure 4). Eyre (1980) describes the formation of a non-reducible 3-

hydroxypiridinium compound by the condensation of two aldehyde derivatives 

of lysine (the so-called allysines) that extend from the collagen peptide as side 

chains, and an alhydroxylysine to form a pyridine-ring centered cross-link 

between three adjacent fibrils (Figure 4). 

Extracellular proteinases acting at a neutral pH are known to attack the 

non-helical, cross-link-containing regions of collagen. Following collagen 

degradation by collagenase, these enzymes degrade the resulting peptide 

fragments of the collagen molecule. After cleavage, the fragments lose their 



FlGURE 4: Proposed mechanism for the formation of 3-hydroxypyridinium cross-links of 
' 

collagen by interaction of two cross-links. The dehydro-dihydroxylysinonorleucines are 

s~wn glycosylated and in 1heir ketoamine configuration. This figure is an adaptation of 

a figure presented by Eyre (1980). 
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, FIGURE4 

SCHEMATIC REPRESENTATION OF 

INTERMOLECULAR CROSS-LINKS IN COLLAGEN. 
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indicates that additional molecular structures are important for its 

mineralization. Most soft connective tissues contain a significant quantity of 

type Ill collagen. Thus, the presence of this collagen type may actually inhibit 

mineralization. In support of this suggestion, several investigators have observed 

that one form of osteogenesis imperfecta is associated with an overall increased 

synthesis of type Ill collagen as well as the presence of type Ill collagen in bone 

(Linde and Goldberg, 1993). The abnormal presence of type Ill collagen in the 

dentin of patients with hereditary opalescent has been shown along with type I 

collagen (Sauk et al., 1980). 

The organic matrix of dentin is composed essentially of type I collagen. 

Small amounts of type V collagen may also be present, but type Ill collagen is 

absent from mineralized dentin. Normal bone and cementum also contain type I 

collagen with little or no type Ill collagen present (Butler, 1984). 

E. VISCOELASTIC PROPERTIES OF DENTIN 

Dentin is a vital , hydrated composite material with structural components 

and properties that vary with location (Marshall, 1993). It consists of several 

identifiable structures: tubules containing cell processes and fluid, highly 

mineralized peritubular dentin, and intertubular dentin consisting mainly of 

collagen fibers and less density deposited apatite crystals (Figure 1). 

The most noticeable feature of dentin are its tubules. The diameter of the 

tubule depends upon its location within the dentin and the age of the tooth. In 

old teeth, the tubules may be completely obturated by highly mineralized 



20 

material. The number of tubules per unit area varies with location within the 

dentin. The tubule density in human teeth varies· from 15,000 tubules per I11IIt2 

near the dentinoenamel junction or cementodentin junction to 65,000 tubules per 

mm2 near the pulp chamber, with an average of 30,000 to 35,000 in the middle of 

the coronal dentin (Garberoglio and Brannstrom, 1976). The dentinal tubules 

often run from the amelodentinal and cementodentinal junction in a slightly 

curved fashion, to the pulp chamber or root canal space. 

In is useful in evaluating the mechanical properties of materials to subject 

them to tensile or compressive stress and measure their strain behavior (Craig, 

1989). Purely elastic materials exhibit a constant proportionality between stress 

and strain. That is, the relationship is a straight line with a constant slope that is 

the modulus of elasticity. At any point along the straight part of the relationship, 

if the stress is reversed or relieved, the strain will reverse and the material will 

recover its original dimension and shape. H, however, the material is stressed 

beyond its elastic limit, it will begin to deform and the strict proportionality 

between stress and strain is lost. This is why the modulus of elasticity is 

measured in the straight portion of the stress-strain curve. H, after exceeding the 

proportional limit or elastic limit of a material, the stress is removed, the material 

will not recover its original length or shape because it has undergone a plastic 

deformation rather than an elastic deformation. Sometimes the recovery of the 

original shape of a material takes place slowly and sometimes the material does 

not recover its original shape. In the former case, the material could be slowly 

elastic but would behave as it were very viscous (Me Cabe, 1990). In the latter 
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case it would deform slowly but would not fully recover and would remain 

plastically deformed. Both behaviors are termed viscoelastic, although, in the 

latter case the material is not truly elastic. The latter condition has been modeled 

using a spring and dashpot in series while the former has been modeled with a 

spring and dashpot in parallel. In both cases, the magnitude of the deformation 

depends upon the time that the applied load is used. Similarly, the time taken to 

recover depends upon the applied load and the time of its application. This 

behavior is in contrast to the behavior of elastic materials where the deformation 

and recovery are independent of time. 

Thus, for viscoelastic materials, the stress-strain relationship depends 

upon the strain-rate. Some viscoelastic materials show an instantaneous increase 

in strain when subjected to a constant stress, followed by a gradual further 

increase in strain. This behavior is called creep. Another behavior of viscoelastic 

materials is called stress-relaxation. If a material is rapidly strained to a 

predetermined constant value and held at that strain, the stress will rapidly rise 

to a maximum value which will then gradually fall overtime. Thus, measurement 

of the stress-strain relationship of such materials depends, to some extent, on 

time, since these materials can relieve stress over time. It is important in testing 

these materials that the rate of development of stress or strain by the testing 

device be several orders of magnitude faster than the intrinsic ability of the 

material to undergo stress-relaxation of creep. 

Dentin is an example of a viscoelastic material (Korostoff et al., 1975). Such 

materials exhibit time-dependent mechanical behavior. Dentin demonstrates 
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stress-relaxation when strained to a fixed level and then held at that strain over 

time. The fall in stress is a linear function of the logarithm of time (Duncanson 

and Korostoff, 1975; Nishimura et al., 1988). Most stress-relaxation studies have 

been performed in· mineralized tissues. Sasaki et al., (1993) compared the stress

relaxation curves of bone and bone collagen and found bone collagen showed 

more marked stress-relaxation than did mineralized bone. 

The modulus of elasticity of viscoelastic materials is generally determined 

in the linear portion of the stress to strain curve. However the load-displacement 

relationship in some viscoelastic materials is not linear but exhibits a "]"-shaped 

curve (Appendix) (Woo et al., 1993). This result means that the proportionality 

between stress and strain is lower at the beginning of the test at low strain and 

increases with larger strain values until it reaches a linear portion of the curve. 

As this region may be near the proportional limit of the material, there is a 

danger that the test may alter or destroy the specimen. 

Viscoelastic materials can demonstrate a wide range of apparent moduli 

of elasticity depending upon where the proportionality is measured on the 

stress-strain curve. While one can argue that the modulus of elasticity can be 

measured more objectively and more accurately in the line~ portion of the curve 

at high strain, one can .also argue that the relationship between stress and strain 

should be measured using the degree of strain that the tissue would normally 

undergo in function. Mineralized dentin is seldom strained more than 2% bef!>re 

it fails. No information is available on the degree of strain that occurs in resin

enveloped demineralized dentin that is used to couple resin-composites to 
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dentin. If one assumes that such structures undergo relatively low strain values 

in functon (ca. 1-2%), then it is logical that their moduli should be measured at 

such strains. Such low strains also have the advantage that they are far from the 

proportional limit of the demineralized dentin matrix, and hence, can be 

measured in a repeated, nondestructive manner. This is the reason that the 

cantilever method was selected in the present study to measure the modulus of 

elasticity of dentin. This technique permits the measurement of the modulus of 

elasticity in mineralized and demineralized dentin in the same specimen using 

low strain values. However, the apparent moduli measured under low strain 

conditions can not be compared to moduli measured at high strain conditions in 

viscoelastic materials because the relationship between stress and strain is non

linear. 

There are several reasons for the viscoelastic behavior of collagen. The 

structure of collagen bundles (Woo et al., 1993) which can undergo considerable 

elongation or strain without developing stress, is one example of this behavior 

(Mansour et al., 1993). Demineralized dentin collagen fibers form a three

dimensional interconnecting network that exhibits similar mechanical properties 

due to that fact that unaxial strains elongate individual fibers differently 

depending upon their orientation with respect to the direction of strain 

application. 
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F. MECHANICAL PROPERTIES OF DENTIN COLLAGEN 

Most clinicians view the collagen fiber network of demineralized dentin as 

a structural framework or scaffold for resin penetratio~. They acknowledge the 

desirability of perfect wetting of the collagen fibers by resin to produce ideal 

envelopment of each collagen fiber by the resin. This envelopment would protect 

the collagen from hydrolysis and prevent nanoleakage (Sano et al., 1995) or 

mic~oleakage. Little thought has been given to the contribution of collagen to the 

strength of the hybrid layer (i.e. the resin infiltrated demineralized surface layer, 

figure 1), since most studies have focused on the strength of. the adhesive resins 

alone. 

Sugizaki (1991) investigated the effect of various primers on the adhesion 

of composite resins to bovine dentin. He reported that the demineralized surface 

of bonded restorations shrank or collapsed. SEM and TEM observations showed 

a difference in the arrangement of the collagen fibers in the resin impregnated 

layer between samples with and without hydrophilic primers (Sugizaki, 1991). 

He suggested that the collapsed collagen layer in decalcified intertubular dentin 

could be re-expanded by applying hydrophilic primers such as HEMA. Such 

treatment allowed better penetration of subsequently applied bonding resin. 

Akimoto (1991) measured the tensile strength of demineralized dentin by 

preparing small, thin slabs of bovine incisor dentin which were demineralized in 

0.5 M EDTA (disodium ethylenediaminetetraacetic acid). Normal demineralized 

dentin gave an ultimate tensile strength of about 28 MPa, a value much greater 

than was expected, which suggested that collagen might contribute to the 
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strength of bonds between adhesiv.e resins and dentin. When the demineralized 

dentin was exposed to 37% phosphoric acid, the ultimate tensile strength fell to 

about 18 MPa. Akimoto (1991) speculated that resin envelopment of collagen 

fibers during dentin bonding could contribute to the retention of composite 

resins since most reported dentin bonds strengths range from 16-28 MPa. Sano et 

al., (1994) extended that work by measuring both the ultimate tensile strength 

(UTS) and modulus of elasticity of mineralized and demineralized human 

dentin. In a later study, UTS and moduli values for adhesive resin and resin

infiltrated demineralized dentin were recorded (Sano et al., 1995). The goal was 

to determine if resins could reinforce demineralized dentin and restore its tensile 

properties to that of the original, mineralized tissue. Most of the currently 

available dentin bonding systems were able to restore the ultimate tensile 

strength (UTS) of demineralized dentin to that of mineralized dentin, but none of 

the resins could restore the stiffness of demineralized dentin to that of 

mineralized dentin. Sano et al. (1995) calculated the sum of the UTS of 

demineralized dentin matrix and the UTS of the pure resin and compared those 

values to the measured UTS of resin-infiltrated demineralized dentin. The 

calculated values were consistently lower than the measured values. They did 

similar comparisons between the calculated modulus of elasticity and the 

measured modulus of elasticity and found that the calculated values were 

consistently lower than the measured values. There are a number of possible 

explanations for the discrepancies between the calculated and observed tensile 

properties of resin-reinforced demineralized dentin matrix. One logical 



FIGURE 5: A:The roots and pulp chamber were remaoed in a single section at right 

angle to the long axis of the tooth using a slow speed diamond saw. B: Slabs about 1 mm 

thick were cut from dentin using a slow-speed diamond saw and a rectangular bar was 

drawn with a pencil. C: Subsequently, the enamel was remaved from the ends of the pre

drawn rectangular bars. D: The last 2 mm at one of the ends of each specimen was 

covered with finger-nail polish and the rest of the specimen was demineralized in 0.5M 

EDT A. A dimple approximately 0.2 mm in diameter was made using a high speed 

diamond bur at the other end of the specimen. E: Demineralized specimen with the finger 

nail polish remaoed. F: Specimen being held by its mineralized end. The magnitude of the 

deflection produced by the weight hung by a dulled fish-hook were measured on a 

microscale in the background. 

v 
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FIGURES 
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B. MEASUREMENTS OF DIMENSIONS OF EACH SPECIMEN 

Using a microscope and a digital micrometer (Sylvae Ultra-Cal II, Fower 

Inc., Newton, MA), all the samples were carefully measured (to the nearest 

0.01 mm), in terms of length, width and thickness, and subsequently labeled for 

future identification. · 

C. MEASUREMENT OF MODULUS OF ELASTICITY 

The mineralized specimens were held in a clamp by the end that was 

covered with finger-nail varnish to form a cantilever (Renson, 1970; Braden, 

1976) in front of an illuminated microscale (0.01 mm markings on a grid, Field 

Finder 75X25 mm, catalog # 12-454, Fisher Scientific, Atlanta, Georgia 30901). 

Using a small, dulled, fish-hook, known weights were applied to the previously 

made dimple at the end of the cantilever, and the amount of downward 

deflection was recorded photographically with a Nikon- F3, bellows-type camera 

with a 105 mm lens, ·at lOX magnification, 5 seconds after the weight was added 

(Figure 5-F). 

After each application of a weight, the load was removed and 15 seconds 

were allowed to determine if the specimen recovered its original position or if 

the deflection permanently deformed the specimen (i.e. exceeded its proportional 

limit). Any specimens that did not regain their original position were rejected. 

The modulus of elasticity was calculated according to Nielsen (1974). 



Where: 

E= modulus of elasticity in MPa 

W=loadinKg 
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L= length of specimen (distance from clamp to center of dimple), in em 

g= acceleration due to gravity 

b= width of rectangular specimen in em 

d= depth of rectangular specimen in em 

Y= deflection under load, measured in em 

Maximum tensile stress was calculated (Nielsen, 1974) as: 

(2) Stress= 6WL/bd2 

The symbols in equation 2 have the same definitions as shown in 

equations 1. 

Maximum strain (at the top of the beam where it bent) was calculated 

(Nielsen, 197 4) as: 

(3) Strain= 3dY /2L2 



34 

The symbols have the same definitions as shown in equations 1. 

All the trials were carried out at room temperature. The specimens were 

maint11ined wet with their respective solvents by a buret positioned over the 

specimen which slowly dripped liquid on the specimen during testing. 

When mineralized dentin specimens were, deflected ·more than 5° they 

broke. Therefore, care was taken in application of applied loads to avoid bending 

mineralized specimens more than 4°. After the deflection measurement of each 

mineralized specimen using loads of 50 to 150 grams, the specimens were then 

placed in the dem1neralization solution (0.5 M EDTA, pH=7.4 at 25 ± 1 °C) for 141 

hours in individually labeled containers. The solution was changed every 24 

hours during the demineralization process. After the demineralization process 

was concluded, the finger-nail varnish was carefully scraped off with a scalpel 

and all the samples were retested using the same method except that the weights 

varied from 0.3 to 8.5 grams. Care was taken to always place each specimen in 

the clamp at the same position, covering only the mineralized part, and to always 

place the fish hook weights inside the dimple. Demineralized specimens were 

not allowed to deflect more than 15° from horizontal. That is, the specimens were 

deflected step-wise by adding increasing loads up to a limiting deflection of 15°, 

rather than adding the same weight to all specimens which might have extended 

them past the proportional limit. 

Four solutions were tested in this research: 

1-Ethanol (absolute), ACS grade, from Fisher Scientific, Atlanta, GA. 
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2-Acetone (absolute), ACS grade, from Fisher Scientific, Atlanta, GA. 

3-HEMA (2-hydroxyethyl methacrylate) 100%, from Sigma Scientific, St. Louis 

MO. 

4-Glutaraldehyde (5% solution in phosphate buffered saline, pH= 7.4), grade 

from Electron Microscope Supply. 

The average modulus of elasticity of each specini.en was calculated from 

the three deflections that resulted from the three loads that were applied. After 

measuring the modulus of the demineralized specimens in water (control), the 

samples were then immersed in small glass bottles (capacity 25 cm3) containing 

the first solution to be tested (ethanol) and three loading trials were repeated. 

Ethanol was used in a preliminary study to examine the effects of short 

immersion times (1-10 minutes) on changes in the elastic modulus of 

demineralized dentin. For this experiment, the specimens were left clamped in 

the device and the buret was switched from one dripping water on the 

specimens, to one dripping ethanol. From the results of this preliminary work, 

immersion times of 10, 30 and 60 minutes were used as a standard time for all 

subsequent treatments. During measurement of deflections under loading, the 

appropriate solution was dripped on the specimen from a burette using the same 

method described above. After those tests were done, the specimens were again 
' 

reimmersed in similar small glass bottles containing water and tested after 10, 30 

and 60 minutes to examine the extent to which they recovered their control 

elastic modulus. The second and third solutions to be tested were acetone and 

HEMA, and the same method was applied. The fourth solution to be tested 
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(glutaraldehyde) was included as a positive control since it was known to be a 

protein fixative. After all the specimens had been exposed to glutaraldehyde, all 

the above solutions (ethanol, acetone and HEMA) were tested again to observe if 

any additive effects occurred. 

D. EXPERIMENTAL DESIGN 

Preliminary experiments were done using an Instron machine. to measure 

the stress-strain relationship of small specimens of dentin before and after 

demineralization. However, it was difficult to grip the small specimens and the 

demineralized specimens had to be stressed under water to avoid air drying. The 

demineralized specimens were too soft to permit the modulus of elasticity to be 

measured by compression or by 3-point bending. The preliminary studies also 

demonstrated that attempts to measure the modulus of elasticity as the ratio of 

stress-strain often fractured the specimens, indicating that well over one hundred 

samples would be required to complete even the basic aims of the study. 

Through a process ·of elimination, it was decided to use the cantilever 

method for measuring the modulus of elasticity (Taylor, 1961; Renson, 1970; 

Sasaki et al., 1993) because it permited repeated longitudinal measurements on 

the same specimen over time. This design greatly reduced the sample size and 

permitted application of repeated measurements testing. 

Since the rate at which nonaqueous solvents might increase the modulus 

of elasticity of demineralized dentin was of interest, time was incorporated as a 

response variable in measuring the modulus after immersion for 10, 30 and 60 
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minutes in the different solvents. In order to determine if the increased stiffness 

of the specimens was reversible, the specimens were returned to water and the 

moduli were remeasured after 10, 30 and 60 minutes. 

Rather than deflect each dentin specimen to a predetermined constant 

strain, each specimen was subjected to loads of increasing magnitude (from 20 to 

150 grams for mineralized specimens and 0.3 to 8.5 grams for demineralized 

specimens) to obtain the same degree of deflection. This experimental approach 

permitted calculation of three moduli for each specimen at each time period and 

solvent. It also permitted determination if the increasing loads led to increasing 

deflection in linear manner. All loads were applied for 5 seconds before noting 

the degree of deflection of the cantilever specimen to keep any creep changes 

constant. All specimens were permitted a 15 seconds recovery period before 

receiving the next load, which allowed for complete recovery of the specimens to 

the original position. 

The order of performing measurements of moduli of elasticity on each 

specimen was as follows: 

0. Mineralized dentin in water; 

1. Demineralized dentin in ~ater (control); 

2. Demineralized dentin in ethanol for 10 minutes; 

3. Demineralized dentin in ethanol for 30 minutes; 

4. Demineralized dentin in ethanol for 60 minutes; 

5. Demineralized dentin in water for 10 minutes; 



III. RESULTS 

Twenty-two out of twenty-four mineralized specimens were tested 

with the cantilever techirique. Figure 6 shows a histogram ?f the distribution 

of the elastic moduli in the mineralized group of specimens. Twenty of the 

specimens fell within the range of 0 to 8000 MPa. Within this range, 81% of 

the moduli fell between 500 to 4000 MPa. Two of the specimens exceeded this 

range, one having a modulus of 20,719 MPa and the other being 49,179 MPa, 

and thus could not be shown on the same scale. Note that the distribution is 

a modified bell-shaped curve which is skewed to the left. Twelve of the 

twenty-two specimens exhibited mineralized moduli of elasticity between 

1000 to 3000 MPa (1-3 GPa). The individual moduli values for the 22 

mineralized specimens are listed in the appendix section. 

Preliminary studies of the decrease in the modulus of elasticity 

obtained using serial measurements during demineralization showed that 

141 hours in 0.5 M EDTA solution (pH=7.2) at 25°C were enough to 

completely remove the mineral phase of all of these dentin specimens. 
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FIGURE 6: Distribution of moduli of elasticity of mineralized dentin specimens. 



FIGURE 6 

HISTOGRAM OF THE DISTRIBUTION OF THE ELASTIC MODULUS IN 

MINERALIZED DENTIN._ 
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Figure 7 presents the means and standard deviations of the moduli of 

elasticity of ten mineralized specimens after 0, 8, 16, 24, 32 or 141 hours of 

demineralization. The last three measurements are shown on an expanded 

scale to permit better resolution of the means and standard deviations the 

demineralized specimens compared to the more mineralized section shown 

in part A of figure 7. 

After complete demineralization, 24 specimens were tested for 

stiffness. Figure 8 presents a histogram of the distribution of the moduli of 

elasticity of these demineralized specimens. Eighty-seven percent of the 

specimens fell in the range of 0.5 to 9 MPa. The distribution had a bell

shape curve which was skewed to the left. The modulus of elasticity of each 

demineralized specimen served as a control or baseline value of comparison 

for subsequent changes in stiffness produced by organic solvents or 

glutaraldehyde. Thus, in the longitudinal experimental design, the modulus 

of elasticity of each demineralized specimen in water provided a valuable 

standard of reference. 

Table II summarizes the mean and standard deviations of the moduli 

of elasticity for mineralized versus demineralized dentin specimens. The 

mean modulus of elasticity of demineralized dentin matrix (4.1 MPa) was 

only 0.077% of that of mineralized dentin matrix. 



FIGURE 7: Demineralization of specimens was followed as a Junction of time in 0.5 M 

EDT A by perfonning serial measurements of the modulus of elasticity of each specimen 

at 8 hour interoals for up to 141 hour. A: Rilpid fall in modulus is shown on a large scale 

for the first 16 hour. B: Expanded scale demonstrates that the modulus fell to near zero 

after 32 hours of demineralization. Values are means and standard deviation. N=10. 
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FIGURE 7 

DEMINERALIZATION OF HUMAN DENTIN AS A FUNCTION OF TIME. 
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FIGURE 8: Distribution of moduli of elasticity of demineralized dentin specimens. 



FIGURE 8 

HISTOGRAM OF THE DISTRIBUTION OF THE ELASTIC MODULUS IN 

DEMINERALIZED DENTIN. 
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TABLE IT 

MEANS AND STANDARD DEVIATIONS OF ELASTIC MODULUS OF 

MINERALIZED AND DEMINERALIZED SPECIMENS. 

Mean (N=20) Standard Deviation 

Mineralized Specimens 5358.0 MPa 10664.1 

Demineralized 
4.1MPa 3.2 

Specimens 
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A regression analysis was done to see if a correlation existed between 

the mineralized and the demineralized moduli of elasticity of the twenty 

specimens of human dentin. Figure 9 illustrates the correlation between these· . 

variables. While there was a negative correlation between the mineralized 

and demineralized moduli, it was not statistically significant (p=0.166) and 

there was considerable variation (r
2
=0.0939). This low correlation was 

obtained after excluding two extreme values (20,719 MPa and 49,180 Mpa). 

In.an effort to test the null hypothesis that neither ethanol, acetone 

nor HEMA had only effect on the modulus of elasticity of demineralized 

dentin matrix, specimens were placed in absolute ethanol for varying lengths 

of time and the changes in their moduli of elasticity were measured. The 



FIGURE 9: Correlation between modulus ·of elasticity of mineralized dentin 

versus demineralized dentin specimens. · 



FIGURE 9 

CORRELATION BETWEEN MINERALIZED AND DEMINERALIZED 

ELASTIC MODULUS OF HUMAN DENTIN. 
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results are shown in figure 10. Within _ the first minute of exposure to 

ethanol, the modulus of elasticity of the demineralized dentin specimens 

increased 40%. Although there were further increases in modulus with 

longer exposure, there was wide variation in the response, probably as a result 

of the dripping action of the ethanol. The standard deviations fell when the 

specimens were immersed in ethanol (10-60 minutes), as opposed to those 

found using dripping. 

After 60 minutes of treatment in ethanol, the modulus increased 93% 

over the control modulus in water. The slope of the line indicates that the 

maximum value had not been reached after 60 minutes of exposure to 

ethanol. To determine if the stiffness of the demineralized dentin was 

reversible, the ten specimens that had been in ethanol for 60 minutes were 

then placed in water and their moduli of elasticity was remeasured after 1, 2, 

4, 10, 30 and 60 minutes of water treatment (Figure 11). Immersion in water 

produced an 80% decrease in the stiffness of the specimens with the first 

: minute and then leveled off at an average of about 10% of the maximum 

value. As the standard deviations of the measurements were about 10%, the 

baseline values of 10% are not significantly different from zero. 

Each specimen was studied longitudinally following various 

treatments. After each treatment, the displacement of the cantilever-oriented 

specimen to three increasing loads was measured. The displacements of the 

demineralized specimens were never more than 15° from the horizontal 



FIGURE 10: VariatiDn in the elastic modulus of demineralized specimens measured as a 

function of time. The modulus of elasticity after 60 minutes of exposure to ethanol was. 

assigned a value of 100% and all other values expressed as a percent of that maximum 

value. Each point represents the mean and standard deviation of10 specimens. 
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FIGURE 10 

INCREASE IN MODULUS OF ELASTICITY OF HUMAN DENTIN AS 

FUNCTION OF TIME. 
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(average strain of 2%, table Ill) to insure that the deformations remained 

within the elastic limits of the specimens. The loads were applied for five 

iseconds before the photograph was taken to record displacement. In 

preliminary studies, the load was applied in 1 second versus over 5 seconds to 

determine if differences in strain rate were important. Since there were no 

statistically significant differences in the modulus of elasticity calculated at the 

itwo different rates of loading, all subsequently tested specimens were loaded 
' 
'within one second. After unloading the specimens, 15 seconds were allowed 

for recovery of the specimen back to the original horizontal position. This 

:recovery validated the a~sumption that the proportional limit of the stress-
' 

~strain relationship had not been exceeded. This was the case for all of the 

specimens. 

Figure 12 shows the load-displacement relationship of a single 

demineralized specimen (number 5) as a function of various treatments. This 

jspecimen had a intermediate variation in modulus ·of elasticity because 
' 
!relatively small loads produced considerable displacements. The slopes of the 

;lines are proportional to the moduli of elasticity, so that the lowest slope was 

seep when the specimen was in water and the highest slope was measured 

after the same specimen had been immersed in 100% acetone for 60 minutes. 

The slopes of the lines of the water versus the acetone values are significantly 

' ~different (p<0.05). Note that extrapolation of the lines back to zero yields zero 
I 
displacement (Figure 12). Not shown in this figure is the order of treatment 

or the treatment time. After each treatment, the specimen was returned to 
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water to determine if the stiffness that developed in the organic solvents 

would return to its original value in water. This reversal of stiffness occurred 

following all treatments up to the glutaraldehyde treatment. Glutaraldehyde 

treatment for 60 minutes increased the stiffness of this specimen (p<0.001) but 

the modulus did not return to its original value. This will be shown in more 

detail in the next figure. 

These results encouraged us to complete the experimental design using 

the other solvents (acetone and HEMA) before and after cross-linking the 

collagen with glutaraldehyde. It soon became apparent that, although each 

specimen exhibited the same qualitative response to these treatment 

variances, the quantitative response was very different among different 

specimens to the same treatment. 

Figure 13 shows the response of three different specimens to the 

various treatment variables. The three specimens were selected from the 24 

specimens as giving a high, an intermediate and a low response (specimens 

number 10, 36 and 37, respectively) to various treatments. On the X axis are 

listed 43 treatments which were done in sequence. The definitions of the 

treatment numbers were shown on pages 37, 38 and 39 in the Materials and 

Methods section. Treatment number 1 was demineralized dentin in water. 

Note that the moduli of elasticity of all the specimens was near zero. 

Treatment number 2 consisted of placing the specimens in 100% ethanol for 

10 minutes and then remeasuring the moduli. 



FIGURE 11: After the specimens had develaped their maximum moduli of elasticity after 

60 minutes immersion in ethanol, the specimens were returned to water and the rate of 

recauery of the modulus was measured. Values indicate mean and standard deviation. 

N=10. 
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FIGURE 12: The load-displacement relationships of a specimen (# 5) as a function of 

treatments. The slape of the lines are praportional to the modulus of elasticity. Note that 

tire lowest modulus was seen in water and the highest modulus was obtained in acetone. 

The three points on each line represents the three increasing loads that were applied to the 

specimen after em:h treatment. 
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FIGURE 12 

WAD-DISPLACEMENT RELATIONSHIP OF ONE SPECIMEN OF 

DEMINERALIZED HUMAN DENTIN AS A FUNCTION OF DIFFERENT 

SOL VENT TREATMENTS. 
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Without returning the specimens to water, but instead, returning them 

to ethanol, treatments number 3 and number 4 showed increases in the 

elastic modulus after the immersion of the specimens in ethanol for 

cumulative times of 30 and 60 minutes, respectively. The high responder 

showed an increase in modulus from near zero to 60, 80 and 95 MPa after 

immersion for 10, 30 and 60 minutes in ethanol. It would appear from the 

slope of the line connecting those values that a maximum stiffness value had 

not been reached after 60 minutes. The intermediate responding specimen 

showed an increase in stiffness from near zero to 20, 45 and 40 MPa following 

immersion in ethanol for 10, 30 or 60 minutes, respectively. The low 

responder showed even lower changes in modulus. What is noteworthy is 

the observation that the moduli all returned to near zero values when the 

specimens were returned to water (treatments number 5, 6 and 7) for 10, 30 

and 60 minutes, respectively. The return of the moduli to their original 

values occurred within the first 10 minutes. Treatments number 8, 9 and 10 

consisted of transferring the specimens from water to 100% acetone. ln the 

high responder, this led to an increase in the .modulus of elasticity from near 

zero to 180, 325 and 325 MPa in 10, 30 and 60 minutes. Since there was no 

difference in the moduli after 30 or 60 minutes, it would appear that a 

maximum modulus had been reached. The intermediate and low responders 

exhibited intermediate and low responses. During treatment numbers 11, 12 

and 13, the specimens were returned to water and the moduli returned to 

near zero values within the first 10 minutes, indicating the reversibility of the 
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response to organic solvents. Treatment numbers 14, 15 and 16 consisted of 

placing the specimens in 100% BEMA for 10, 30 or 60 minutes. This treatment 

resulted in a progressive rise in modulus in .the high responder from near 

zero to 85, 220 and 325 MPa after 10, 30 and 60 minutes. Clearly, a maximum 

value had not been reached in 60 minutes. Quantitatively smaller responses 

were obtained in the intermediate and low responding specimens. When 

these stiffened specimens were replaced in water (treatment numbers 17, 18 

and 19), the moduli quickly returned to near zero values. Treatment numbers 

20, 21 and 22 involved transferring the specimens from water to 5 % 

glutaraldehyde in phosphate buffered saline (pH=7.4) for 10, 30 and 60 

minutes. These treatments produced an increase in the modulus of elasticity 

of all three specimens, with the highest modulus (ca. 40 MPa) developing in 

the high responding specimen. When these glutaraldehyde-treated specimens 

were returned to water (treatment numbers 23, 24 and 25), the moduli of 

elasticity of the specimens did not return to near zero but remained at the 

level that had developed in the glutaraldehyde solution. This result indicated 

an irreversible change in modulus, which increased the baseline or control 

values to a new higher level. 



FIGURE 13: Each specimen of demineralized dentin responded differently to the various 

treatments. This figure shuws the responses of three specimens: a high responder, an 

intermediate responder and a luw responder. The standard deviations were smaller than 

the size of the symbols. See pages 37, 38 and 39 (Materials and Methods) for definition of 

treatment numbers. The various treatments are indicated above the curves between the 

dnshed lines. 
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FIGURE 13 
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The experiments were then repeated on the glutaraldehyde-fixed 

specimens (treatments 26-43), changing the sequence of solvents slightly ~ 

beginning with acetone rather than ethanol. 

After glutaraldehyde treatment, immersion of the demineralized 

dentin in acetone produced a similar rate of increase in the modulus of 

elasticity as occurred before the specimens were exposed to glutaraldehyde. 

The maximum modulus in the high responder was 360 MPa after 

glutaraldehyde instead of 325 MPa before glutaraldehyde. However, the 

baseline had moved up from 5 MPa to 40 MPa. 

When the results obtained with all 24 demineralized dentin specimens 

were summarized (Figure 14) the results looked very similar to those of 

figure 13. That is, treatments 2 to 19 represented the responses to ethanol, 

acetone or HEMA before exposure to glutaraldehyde while treatments 20 to 43 

represented the treatments after fixation with glutaraldehyde. The increase in 

the baseline stiffness after glutaraldehyde treatment is seen as cross-hatched 

bars at about 37 to· 38 MPa. The height of the bars represent the means and the 

vertical brackets above them represents the standard errors (N=24). 

When the summary data are examined, rather than selecting a few 

specimens in terms of whether they responded or not, it is clear that none of 

the solvents produced a maximum increase in modulus. That is, it appeared 

(Figure 14) that the modulus would have increased further if the specimens 

had been left in the solvents for more than 60 minutes. All of the solvents at 
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all time periods produced statistically significant increases in moduli of 

elasticity compared to the values measured in water (p<ll001). 

Glutaraldehyde treatment increased the modulus of elasticity of 

demineralized dentin (p<O.OS) at all time periods but only the 10 versus 60 

minutes glutaraldehyde-treated specimens had significantly different moduli: 

(p<O.OS). When the specimens were returned to water, following 

glutaraldehyde treatment, the baseline moduli were all significantly higher 

(p<O.OS) than the pre-glutaraldehyde treatment water values (Figure 14). 

The wide variation in moduli that was observed among various 

specimens (Figure 14) was presumably due to differences in the dentin 

structure. We assumed that the stiffest specimens would be from superficial 

dentin and that the least stiff specimens would have been composed of deep 

dentin. That is, we expected stiff specimens to exhibit the typical SEM 

appearance of superficial dentin, having a tubule density of 20,000 

tubules/mm2
• However, when each specimen was viewed by SEM and the 

tubule density measured, the correlation between the modulus of elasticity of 

specimens stiffened in acetone for 60 minutes and tubule number was very 

weak (r=-0.0831, r2=0.0069). In an attempt to improve the relationship, the 

modulus of elasticity of demineralized dentin immersed in acetone for 60 

minutes was correlated with tubule diameter. This too, provided a very poor 

correlation (r=0.292, r=0.0855). The tubule radius (r2 
) was then multiplied by 

tubule density to obtain the fraction of dentin area occupied by the tubules. 

Subtracting this fraction from 1.0 gave the area of- solid dentin which was 



FIGURE 14: The variation of the elastic moduli of 24 demineralized dentin specimens. 

The black bars represent the elastic modulus of the specimens in water. The red, light 

green and blue bars represent ethanol, acetone and HEMA treatments respectively. The 

X axis numbers show the various treatments (see pages 35, 36 and 37 of Material and 

Methods section for definition of numbers). Treatments numbers 20, 21 and 22 exhibit 

the results obtained after glutaraldehyde treatments of 10, 30 and 60 minutes, 

respectively . The next bars showing line patterns with elastic modulus around 30 MPa 

represent the water treatment after the glutaraldehyde fixation of the specimens. The 

vertical lines above all the bars illustrate theirstandard.errors. 
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subjected to testing (Suzuki and Finger, 1988). This, too gave a poor 

correlation with the acetone-stiffened modulus (r=-0.101, r=0.012). 

Similar correlations were done with the modulus of demineralized 

dentin in water. These correlation coefficients are shown in Table N and in 

the Appendix. 

The lack of correlation between modulus and dentin structure could be 

due to the fact that the SEMs were not taken at the same site as where the 

maximum bending occurred. Some dentin specimens may have been 

prepared from peripheral dentin where tubules are oriented 45° or less to the 

surface. Others may have been prepared near the center of the dentin disc 

1 where the tubules are closer to 90° to the surface. Alternatively, some dentin 

specimens may have inadvertently been inverted during their preparation. If 

the pulp side was oriented up when the dimple was cut into the specimens, 

that side would have been regarded as the "occlusal" side even though it may 

have been deep dentin. 

In order to examine the effects of inversion of the demineralized 

dentin beam on the modulus of elasticity, several new demineralized 

specimens were tested. The moduli are shown in Table V. Specimen # 29 

gave moduli of 4.1, 4.4 and 4.6 MPa. When this specimen was inverted, the 

same loads produced smaller deflections and hence higher moduli of 5.1, 5.9 

and 5.7 MPa. This increase in modulus upon inversion was about 27%. 

Similar results (72% increase in modulus) were obtained with specimen # 30. 

With specimen # 31, the reverse occurred. That is, when the specimen was 
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inverted, the moduli fell40%. Scanning electron microscopic examination of 

both sides of the specimens revealed little difference in tubule density or 

diameter. Presumably, tubule orientation is a very important determinant of 

the measured modulus and probably accounts for a good deal of the observed 

variability. Future studies must take greater care to insure more reproducible 

specimen preparation and orientation. 
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TABLE IV 

CORRELATION BETWEEN ELASTIC MODULUS AND DENTIN 

STRUCTURE. 

X axis Y axis r y= p= 

Area of solid *E of mineralized 0.0526 -56.10x+7300 0.33 
dentin(%) specimens (MPa) 

Area of solid E of demineralized 0.0345 0.07x-1.90 0.38 
dentin(%) specimens (MPa) 

Area of solid Increase in E (Mpa) 0.0120 -0.4lx+84.56 0.61 
dentin(%) in acetone 

Tubule E of mineralized 0.0909 1514.8x-290 0.20 
diameter specimens (MPa) 

(]llll) 

Tubule E of demineralized 0.0175 -1.0766x+6.11 0.54 
diameter specimens (MPa) 

(]llll) 

Tubule Increase in E (Mpa) 0.0855 23.8245x+5.23 0.16 
diameter in acetone 

(]llll) 

Tubule E of mineralized 0.0057 0.0052x+ 2140 0.75 
number specimens (MPa) 
(mnr) 

Tubule E of demineralized 0.0233 -1.98E5x+5.15 0.48 
number specimens (MPa) 
(mm2

) 

Tubule Increase in E (Mpa) 0.0069 l.Ox1o-'x+43.35 0.70 
number in acetone 
(mm2

) 

* The Elastic Modulus is represented by E. 



IV. DISCUSSION 

For relatively brittle materials, the relationship between stress and 

strain is constant in the elastic range of the material, and hence, the ratio of 

stress to strain, the modulus of elasticity, is a constant. However, in 

viscoelastic materials such as collagen, the relationship between stress and 

strain is complex and tends to form what is called a "J" curve (Appendix). 

That is, the slope of the line of stress versus strain begins as a low value but 

increases at greater degrees of strain until it reaches a relatively straight 

portion of the curve. It is at this point that the modulus of elasticity is usually 

measured. The reasons for this nonlinear behavior of some collagens is that 

the fibrils are arranged in a relatively wavy, parallel pattern (Kastelic et al., 

1978). As load is applied to these fibers, they elongate without developing 

much stress until the waviness of the fibers is eliminated. At this point all of 

the fibers are,pulled into a straight orientation where all of the strain applies 

stress to the specimen. A minor contribution to the shape of the stress

strain curve of viscoelastic materials such as collagen is due to the 

phenomenon termed stress-relaxation and creep. These terms describe the 

ability of a material to continue to undergo strain at a constant stress (i.e. 

66 
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creep) or to exhibit a slow decrease in stress when held at a constant strain (i.e. 

stress-relaxation). The time course of stress relaxation and creep of collagen, 

like most viscoelastic materials varies with the logarithm of time. Most 

measurements of the modulus of elasticity of collagen that use relatively 

short time periods (5-30 seconds) are relatively free of these phenomena 

(Sasaki et al., 1993). Our measurements of deflection after 5 seconds of loading 

minimized any potential influence of creep effects. 

Our load-deflection curves were not "J" -shaped but were very linear 

(Figure 12) even for our demineralized specimens. Taylor, (1961) was the first 

investigator to use the cantilever technique to measure the modulus of 

elasticity of human dentin. He reported a value of 10;138 ± 758 MPa (N=35) for 

normal mineralized tissue. Renson, (1970) obtained a mean value of 12,000 

MPa. These values are on the low side of the 11-19 MPa range reported by 

others using conventional stress-strain measurements either in compression 

or tension (Braden, 1976). Our mean value of 5,358 MPa for mineralized 

dentin is only half of the values previously reported by investigators using 

the cantilever technique, but closer to the value of 8,972 ± 2789 MPa (mean ± 

standard deviation, N=lO) recently reported by Jameson et al., (1994) for 

mineralized human dentin. 

Few reports are available on the mechanical properties of the 

demineralized dentin matrix. Some authors have reported the relationship 

between stress and strain of viscoelastic materials in terms of low strain 
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moduli versus high-strain moduli (Wang et al., 1994). These values are very 

different and can vary ten-fold. Sano et al., (1995) reported the modulus of 

elasticity of demineralized dentin matrix as 0.21 GPa (210 MPa) at relatively 

high strains (20-22% ). However, as most of the cross-sectional area of 

demineralized dentin was water (as was true of the demineralized specimens 

used in the present study), Sano et al. , (1995) corrected their measured values 

by multiplying them by 3.33 based upon the assumption that only 30% of the 

cross-sectional area was occupied by solid material (Carvalho et al., 1995). This 

increased their "high-strain" modulus of elasticity to 0.70 GPa or 700 MPa for 

demineralized dentin matrix in the wet state. At the present study, similar 

corrections to the low-strain moduli can be made by multiplying each value 

by 3.33 to obtain values corrected for the time cross-sectional area of the 

demineralized dentin matrix. However, all of the data presented in this study 

are uncorrected data. The cross-sectional area that was used in the various 

calculations was determined from the dimensions of the original mineralized 

specimens. Carvalho et al .. , (1995) found only minor (ca. 1%) reductions in 

the dimensions of dentin when it was demineralized. The linearity of our 

load-displacement curves (Figure 12) for the demineralized dentin specimens 

in water suggests· that we were in the early relatively linear (low strain) 

portion of the "J" -shaped stress-strain curve. The linearity of the other curves 

at higher degrees of stiffness (Figure 12) is probably due to the same reason. 
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The experimental observation that immersion of demineraliz.ed 

dentin specimens iJ,t water-miscible organic solvents such as acetone, ethanol 

or HEMA can increase the modulus of elasticity of the specimens 2-3 fold 

higher than can glutaraldehyde, indicates that chemical dehydration of 

collagen produces profound changes in its physical characteristics. 

The stability of proteins in general, and collagen, in particular, are due 

to cross-links, some of which are covalent (e.g. disulfide bonds), some 

electrostatic and most are due to hydrogen bond formation. Hydrogen bonds 

stabilize the secondary and tertiary structure of many proteins (Mahler and 

Cordes, 1971). 

Both the carboxyl oxygen and amide hydrogen of peptide bonds have· 

the capacity to form hydrogen bonds with each other. In aqueous solutions, 

these atoms are usually free to form hydrogen bonds with water molecules 

rather than each other. However, in the case of both globular and fibrous 

proteins, a substantial portion of the polypeptide chain is ordinarily isolated 

from . direct contact with solvents by being buried in the interior of the 

structure. Under these circumstances, and when these proteins are exposed to 

nonaqueous solvents that can not form hydrogen bonds, the hydrogen 

bonding capacities of the carbonyl oxygen and amide hydrogen are satisfied by 

linkage ,of one peptide group to another in a parallel and complementary 

manner (Mahler and Cordes, 1971). 
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The large increases in the modulus of elasticity of demineralized 

dentin matrix may be due to the removal of water thereby permitting the 

formation of hydrogen bonds between adjacent peptide chains at sites where 

they had not previously participated in interpeptide bond formation. The 

time-dependency of the increase in stiffness (Figure 10) is probably due to the 

time necessary for these solvents to diffuse into the demineralized dentin 

matrix and then into the collagen fibers. As water-miscible organic solvents 

diffuse into the water-filled spaces between collagen, water diffuses out of 

spaces into the solvents. In this manner, treatment with these solvents causes 

dehydration of the demineralized dentin matrix. 

Lazarev et a!. (1992), working with collagen-like triple-helical model 

peptides, examined intramolecular and intermolecular hydrogen bonding by 

infrared spectroscopy at known levels of hydration. They reported that water 

molecules stabilized the helical structure. However, when they used real 

collagen molecules, complete dehydration disturbed the chain packing. Thus, 

solvent dehydration may alter the stiffness of collagen by reordering the 

polypeptide chain packing by removal of the stabilizing action of water both 

intra-and intermolecularly. 

The stability of triple-helical collagen may be due as much to inter

chain proline: proline contacts as to hydrogen bonding. Bhatnagar et al. (1988) 

used molecular mechanics calculations to determine the role of ilnino acid 

residues, which can not serve as hydrogen bond donors, to the stability of 
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triple-helical polypeptide chains in (Pro-Pro-Gly)10• They found that non

bonded Van der Waals contacts between adjacent chains produced significant 

stabilization of the triple helix generated by (Pro-Pro-Gly)IO. With the 

exclusion of water in the dehydrated state, hydrophobic residues such as 

alanine, valine, leucine and phenylalanine could interact to form 

hydrophobic bonds between adjacent collagen molecules. 

The flexibility or elasticity of the collagen may depend on a critical 

amount of water which lubricates or plasticizes intermolecular sliding. By 

removing water below that critical level, collagen may lose its elasticity and 

becomes stiff because the p~cking density between molecules becomes too 

close to allow sliding. That is, there is physical interference or friction 

between the molecules. 

The possibility that collagen becomes covalently cross-linked when it is 

dehydrated cannot be ruled out based on the results of the present study. 

Yannas and Tobolsky (1967) reported that drying gelatin at 105°C in a vacuum 

for several days produced gelatin films that were more and more insoluble 

due to interchain cross-linking. The water content of the gelatin had to be 

lowered below a critical level of 0.1-0.3 grams water/100 grams gelatin for this 

stabilization to occur (Yannas and Tobolsky, 1967). 

This finding led others to examine the effects of dehydration on the 

mechanical properties of collagen. Kato et al. (1989) in an attempt to develop 

tendon replacement material, cross-linked reconstituted type I collagen with 
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glutaraldehyde vapor for 2 to 4 days followed by heating at uo·c in a 

vacuum. This technique of stiffening collagen in a vacuum at elevated 

temperature has been called dehydrothermal treatment to signify that the 

collagen has been dehydrated. Apparently, the elevated temperature does not 

denature collagen in the absence of water. Such treatment increased both the 

modulus of elasticity and ultimate tensile stress of intact rat tail tendon or 

reconstituted skin collagen. In both types of collagen, both the modulus and 

ultimate tensile strength in the dty state was much stronger than for the wet 

state. In the case of intact tendon collagen, drying overnight at room 

temperature increased the modulus about four-fold and increased the 

ultimate strength about ten-fold (Kato et al., 1989). 

Gorham et al. (1992) used a similar technique to strengthen bovine 

type I collagen by heating collagen power under a vacuum at 60, 80, 100 or 

120•c for 24 hours. At the lower temperatures the amount of cross linking 

exceeded the amount of denaturation, while at 120° C, denaturation effects 

were greater than the cross-linking effects. This heat-curing of 

dehydrothermal treatment increases collagen stability and strength by 

forming amide cross-links between amine and carboxyl groups. Apparently 

there is a production of lysino-alanine linkages created by the conversion of 

serine residues to a putative intermediate, dehydro-alanine, which reacted 

with free amino groups in lysine residues to cross-link two peptide chains 

together (Gorham et al., 1992). Collagen contains 70 serine residues and 36 
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lysine residues per 1000 residues, which would support the theoretical 

proposed ·mechanism. An alternative cross-linking mechanism could 

' 
involve the reaction of aspartate and glutamate residues with the amino 

groups of lysine' and hydroxrlysine to form amide. bonds (Yannas and 

Tobolsky, 1967). Blocking the lysine or carboxyl side chains of collagen 

inhibited cross-link formation as measured by less decrease in solubility of the 

heat-cured collagen when compared with the unmodified sample (Gorham et 

al., 1992). 

Wang et al., (1994) also enhanced the mechanical properties of collagen 

by dehydrothermal (DHT) cross-linking. This enhancement was 

accomplished by removing residual water from collagen by air-d~g at 

either 60,80, 110 or 140°Cfor 1,3 or 5 days. Wang et·a[., (1994) found very large 

increases in both modulus and ultimate tensile stress for collagen heated up 

to l10°C, with dry collagen exhibiting 24-fold higher values than wet collagen. 

The high strength of Dill-treated collagen was attribu~ed to spontaneous 

formation of inter-chain amide bonds between free amino and carboxyl 

groups of amino acid side chains in the collagen and to limited interfibrillar 

slippage or sliding in dry collagen. When dry collagen was placed back into 

water, the tensile properties fell six-fold. These authors attributed the large 

decrease in the mechanical properties of collagen to water molecules breaking 

down hydrogen and electrostatic bonds .that had held the collagen molecules 

together in the dry state. They suggested that the role of cross-linking in DHf-
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treated collagen appears to minimize the distance between neighboring 

molecules thereby permitting hydrogen and electrostatic bond formation 

between molecules. 

Wang et al., (1994) suggested that the flexibility of the collagen 

molecule is enhanced in the presence of water and that water molecules may 

allow rotational and translational freedom in the collagen molecule. In the 

absence of water molecules, the sites on the collagen molecule that were 

previously involved with water binding are now available to bond 

intermolecularly, thus stiffening the collagen triple helix which prevents 

translational slippage from occurring between adjacent molecules. They 

concluded that intermolecular hydrogen and electrostatic bonding are 

responsible for the increase strength of DfiT cross-linked collagen. 

The stiffening of the collagen matrix of demineralized dentin observed 

in our study was obtained under much different conditions than the research 

cited above. The maximum time that the demineralized dentin collagen 

specimens were immersed in organic solvents was 60 minutes, not days and 

at ambient pressure, not a vacuum. The greatest stiffening that could be 

observed for demineralized dentin collagen was from 4 MPa in water to 340 

MPa in acetone after 60 minutes. The data (Figure 14) indicate that the 

modulus would have increased more if the specimens have been left longer 

in any of the solvents. The dehydration time was not optimal. The specimens 

were dehydrated chemically rather than in air. Thus, in our study, all physical 
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and chemical reactions occurred more slowly than would be possible at 

higher temperatures. Wang et al. (1994) reported both low (2%) and high (15-

20%) strain moduli. The moduli in this study were obtained at relatively low 

strains (ca. 1-3% ). 

The report by Kato et al. (1989) compared the tensile properties of 

reconstituted corium collagen to those of control rat tail tendon collagen in 

the wet state versus the dry state. The wet tendon collagen had a modulus of 

elasticity and an ultimate tensile stress (UTS) of about 550 MPa and 35 MPa, 

respectively, while the comparable same values for dry tendon collagen were 

2200 and 365 MPa, respectively. It should be stated that these specimens were 

only 50 Jllil in diameter. It is not known what effect cross-sectional area has 

on the strength of collagen, but the values of Kato et al. (1989) are extremely 

high and are much higher than we measured in the demineralized dentin 

matrix. They reported that the strain rates had no effect on the measured 

values. Although these values were obtained under conditions that were 

very different from ol!-r study conditions, the data do show the level of 

strength that can be obtained in dried collagen under ideal conditions. 

In the present study, acetone-dried collagen had a maximum mean 

~odulus of 138 MPa, while the specimens in water had a mean modulus of 

about 4 MPa. These wet modulus values were much less than those of Kato et 

al. (1989) but ours were measured at lower strains. This study obtained data 

using demineralized dentin matrix. Although demineralized dentin matrix is 
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97% type I collagen (Linde and Goldberg, 1993), the orientation of the collagen 

fibers is random, unlike the highly parallel arrangement of rat tail tendon 

collagen (Kastelic et al., 1978) used by Kato et al. (1989). 

If organic solvents stiffen collagen by facilitating the rearrangement or 

repacking of collagen molecules closer together, then pretreatment with 

glutaraldehyde, which produces cross-linking between adjacent collagen 

molecules may resist such rearrangements. Thus, one might expect to observe 

a lowering of the ·solvent-induced increase in modulus below what was 

obtained before glutaraldehyde treatment. If, on other hand, the increase in 

stiffness due to organic solvents and glutaraldehyde was due to entirely 

independent mechanisms, one would expect their effects to be additive when 

they were used together. The experimental results indicate that the results 

were additive for acetone and ethanol but not for HEMA after glutaraldehyde 

treatment. 

When the stiffened samples were returned to water, the modulus of 

elasticity rapidly recovered to the original low values (Figure 14) as water 

replaced the nonaqueous solvents and began interacting with the collagen. 

Water presumably protonated amino groups to form charged groups (R

NH,+). It would also permit dissociation of carboxyl groups to form more 

charged groups (R-COO"). As the number of similar charges increased, the 

peptide chain would repel each other, decreasing the inter-chain bonding and 

resulting in increased chain mobility. Hydrophobic bonds would tend to be 
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destroyed as water molecules entered collagen. _'I;'hese and other reactions are 

probably responsible for the plasticizing effect of water on collagen. 

The stiffening of collagen by the nonaqueous solvents used in this 

study would impart a hardness to the matrix_ which could be called "fixation". 

Yet the effect was reversible, since the modulus of elasticity of the "fixed" 

specimens rapidly recovered pre-treatment values when the specimens were 

returned to water. This is very different from the increase in stiffness 

resulting from glutaraldehyde treatment which produced covalent cross-links 

between peptide chains (Cheung et al, 1985). This reaction was irreversible in 

that the increased stiffness did not return to baseline values when the 

glutaraldehyde-fixed-specimens were returned to water (compare the first

half of figure 14 with the second-half). 

Before treatment with glutaraldehyde, ethanol increased the modulus 

of demineralized dentin, from 5 MPa in water, to a value of 61 MPa after 60 

min. Glutaraldehyde treatment alone increased the modulus of the 

specimens in water from 5 to 38 MPa. Thus, one would expect the modulus of 

glutaraldehyde-fixed specimens in ethanol for 60 minutes to give a value of 

(38 MPa + 56 MPa) = 99 MPa. What was observed was a mean value of 89 

MPa, which is reasonably close. 

When current generation dentin bonding agents are used, the systems 

generally employ an acidic conditioner that demineralizes dentin to a depth 

of 3-5 ]liD and exposes the collagen fiber network of the dentin matrix. 
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Hydrophilic primers or adhesive resin monomers are then applied to 

infiltrate into the collagen network in an attempt to envelop the fibers with 

resin. There is some evidence that the bottom of the demineralized zone may 

not be well-infiltrated with resin and that the collagen fibers may be naked. 

These fibers would be expected to have a lower modulus (i.e. 0.70 GPa) than 

fibers enveloped by resin that have moduli of the order of 2-4 GPa. Beneath 

all of this is the mineralized dentin matrix with a modulus of 17-20 GPA 

(Pashley et al., 1995). The low-strain modulus would apply to stresses that 

induce low strain (ca. 1-3%), while the high-strain modulus would apply at 

stresses that induce high strains (ca. 5-15%). However, little is known 

regarding the strain that these bonded interfaces are subjected to under 

normal function. Obviously, the high-strain moduli would apply when 

clinically bonded specimens are stressed to failure. However, the low-strain 

moduli may be more realistic under conditions of normal cyclic loading that 

occurs during mastication. 

If, during dentin bonding procedures, the matrix of demineralized 

dentin is dehydrated through air drying or through the use of nonaqueous 

solvents (ethanol, acetone, HEMA) that are vehicles for adhesive monomers, 

the modulus value increases. This increase is probably related to the length of 

time that the specimens are exposed to the nonaqueous solutions. In the 

present study, there was an increase in modulus of demineralized dentin 

over the time period of 10, 30 and 60 minutes. Clinically, these nonaqueous 
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solvents are applied for 10-60 seconds. These clinical times may be far less 

than is optimal. However, ill vivo, the diffusion distances are very small (3-

5 pm) in contrast to our diffusion distances of 400 pm (0.8 mm thick specimen 

divided by 2 due to diffusion from both sides). 

Several problems remain, even if clinically one could apply 

nonaqueous solvents to dentin for 10 minutes. Would the demineralized 

dentin matrix ill vivo remain nonaqueous for that period of time or would 

dentinal/pulpal fluid continually compete with the nonaqueous solvents for 

collagen, thereby continually acting as a plasticizer. Another important 

problem is that even if the collagen network of demineralized dentin can be 

stiffened by treatment with nonaqueous solvents and enveloped by adhesive 

resins which polymerize completely, can the collagen remain dry under 

clinical conditions or under water immersion ill vitro? Only further research 

can answer these questions. 

Recently Sano et al. (1995) reported that the modulus of elasticity of 

wet, demineralized dentin was 0.21 GPa (uncorrected) or 0.70 GPa (when 

corrected for actual collagen cross-sectional area). These demineralized dentin 

specimens were immersed in either graded concentrations of HEMA, acetone 

or ethanol for many hours. This treatment would have maximized the 

dehydration of these specimens and maximized the modulus of elasticity of 

the demineralized dentin matrix which was not measured. Sano et al. (1995) 

calculated predicted values for the UTS of resin-infiltrated demineralized 



V. SUMMARY 

In dentin bonding procedures, acid etching is commonly used to extract 

the mineral phase of dentin and expose collagen fibers. These surfaces are 

then treated with hydrophilic resin monomers in solvents such as ethanol, 

acetone or HEMA (2-hydroxyethylmethacrylate). The purpose of this study 

was to evaluate the effects of ethanol, acetone and HEMA on the elastic 

modulus of demineralized dentin collagen. 

Bar-shaped specimens (0.9 X 1.7 X 5 mm) were prepared from the 

dentin of extracted human third molars. These bars were then demineralized 

in 0.5 M EDTA for 141 hr. The modulus of elasticity was measured ~ 

clamping one end of the bar to form a cantilever which was loaded at the end 

with known weights. The deflection of the dentin lever was photographed on 

a microscale to permit calculation of the elastic modulus before and after the 

immersion in ethanol, acetone or HEMA for 10, 30 and 60 minutes. After 60 

minutes, the specimens were returned to water to see if the solvent effect was 

reversible. 

Glutaraldehyde solution (5%) was used as a positive control since its 

fixation effects are known to be irreversible. 
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The results indicate that all three solvents significantly increased the 

stiffness of collagen compared to its stiffness in water (p<0.005). These effects 

were reversible because the elastic modulus returned to normal when the 

specimens were returned to water. Acetone and HEMA increased elastic 

modulus more than ethanol and at a more rapid rate. 

We speculate that the increase in the elastic modulus of collagen in 

organic solvents is due to the dehydration of collagen fibers. The presence of 

water molecules in between these fibers may be acting as a plasticizer of 

dentin matrix by inhibiting interactions between adjacent collagen molecules 

within the fibers. . 

The effects of the tubule orientation is very important on the measured 

modulus of elasticity. Future studies should control the tubule orientation 

very carefully since moduli can be very different at different tubule 

orientations. 
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DEFINITION OF TERMS 

COLLAGEN: Fibrous protein found in all multicellular animals, especially in 

connective tissue (Woolf, 1977). 

CROS5-LINKING: The setting up of chemical links between the molecular chain 

of polymers (Lapedes, 1978). 

ELASTIC LIMIT: The maximum stress a solid can sustain without undergoing 

permanent deformation (Lapedes, 1978). 

FIXATIVE: Substance used to increase the durability of another substance; used 

to fix dye mordants, hold textile dyes and pigments, and slow the rate of 

perfume evaporation. Also known as fixing agent (Lapedes, 1978). 

HYDROGEN BONDING: Type of bond formed when a hydrogen atom bonded 

to an atom A in one molecule makes an additional bond to atom B either in the 

same or another molecule: the strongest hydrogen bonds is formed when A and 

B are highly electronegative atoms, such as fluoride, oxygen, or nitrogen 

(Lapedes, 1978). 

MODULUS OF ELASTICITY: The ratio of the increment of some specified form 

of stress to the increment of some specified form of strain, such as Young's 

modulus, the bulk modulus, or the shear modulus. Also known as coefficient of 

elasticity; elasticity modulus; elastic modulus (Lapedes, 1978). 
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ORGANIC SOL VENTS: Liquid organic compound with the power to dissolve 

solids, gases, or liquids; examples are methanol (methyl alcohol), CH30H, and 

benzene, C6H,; (Lapedes, 1978). 

PLASTICIZER: One that plasticizes. A chemical added especially to rubbers and 

resins to impart flexibility, work ability, or stretchability. An additive that gives 

an otherwise rigid plastic flexibility (Woolf, 1977). 

PROPORTIONAL LIMIT: The greatest stress a material can sustain without 

departure from linear proportionality of stress and strain (Lapedes, 1978). 

STRAIN: Change in length of an object in some direction per unit undistorted 

length in some direction, not necessarily the same (Lapedes, 1978). 

STRESS: The force acting across a uni\ area in a solid material in resisting the 

separation, compacting, or sliding that tends to be induced by external forces 

(Lapedes, 1978). 

VISCOELASTICITY: Property of a material which is viscous but which also 

exhibits certain elastic properties such as the ability to store energy of 

deformation, and in which the application of a stress gives rise to a strain that 

approaches its equilibrium value slowly (Lapedes, 1978). 
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ELASTIC MODULUS OF 22 MINERALIZED SPECIMENS 

SPECIMEN# ELASTIC MODULUS 
(MPa) 

1 1731.12 
2 2413.90 
3 2414.27 
4 3446.29 
5 1266.05 
6 1975.06 
7 2041.70 
8 645.83 
9 2246.15 

10 2620.53 
25 4702.17 
26 7992.50 
27 2050.00 
32 1160.00 
33 1490.00 
34 20719.01 
36 3777.05 
37 49,180.00 
41 1016.81 
42 488.53 
43 774c10 
45 3748.97 



ELASTIC MODULUS VARIATION IN 24 SPECIMENS 
(Values are given in MPa) 

SAMPLE#1 SAMPLE#2 SAMPLE#3 SAMPLE#4 
demineralized 3.46 3.31 5.56 2.05 
ethanol/10min 31.60 61.07 48.03 7.43 
ethanol/30min 55.40 105.06 69.29 22.49 
ethanol/60min 55.40 162.62 95.59 31.54 
water/lOmin 5.69 3.63 5.72 2.30 
water/30min 4.69 3.63 4.77 2.30 
water/60min 4.69 4.92 2.49 
acet/lOmin 87.00 154.69 121.90 112.88 
acet/30min 107.22 154.33 121.90 112.88 
acet/60min 108.97 164.10 121.90 132.79 
water/10min 53.36 9.34 8.44 3.34 
water/30min 5.36 4.70 8.44 2.49 
water /60min 4.69 4.70 6.61 2.49 
HEMA/10min 29.19 22.13 34.59 25;81 

HEMA/30min 30.22 62.45 68.18 44.76 
HEMA/60min 109.74 103.70 186.83 176.38 
water/10min 4.69 6.61 5.72 16.74 
water/30min 4.29 3.77 4.65 2.20 
water/60min 4.29 3.77 4.65 2.22 
glut/10min 34.65 24.49 35.57 14.79 
glut/30min 69.11 40.81 40.82 17.74 
glut/60min 87.00 61.22 40.82 17.63 
water/lOmin 87.00 61.22. 40.82 17.74 
water/30min 87.00 61.22 40.82 17.74 
water /60min 43.50 61.22 40.82 17.74 
ace!/ glut/lOmin 175.17 186.81 96.28 88.18 
ace!/ glut/ 30min 175.17 186.81 123.50 176.38 
ace!/ glut/ 60min 175.17 366.15 123.50 176.38 
water/lOmin 43.50 61.22 40.82 24.81 
water/30min 43.50 61.22 40.82 22.28 
water/60min 43.50 61.22 40.82 17.63 
etha/ glut/lOmin 87.00 87.46 123.50 88.18 
etha/ glut/30min 132.05 106.48 123.50 88.18 
etha/ glut/ 60min 86.70 131.27 123.50 88.18 
water/10min 43.50 61.22 40.82 24.95 
water/30min 43.50 61.22 40.82 22.28 
water I 60min 43.50 61.22 40.82 17.63 
HEMAl glut/lOmin 58.44 83.18 83.19 35.63 
HEMAl glut/ 30min 87.00 92.23 83.19 98.91 
HEMA/ glut/60min 183.61 188.71 188.72 146.98 
water/10min 43.50 61.22 40.82 2228 
water/30min 43.50 61.22 40.82 22.28 
water I 60min 43.50 61.22 40.82 17.63 

95 
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SAMPLE#5 SAMJ'LE#6 SAMPLE#7 SAMPLE# 8 

demineralized 3.28 7.87 2.73 10.62 

ethanol/10min 26.39 90.60 43.33 64.54 

ethanol/ 30min 4236 128.73 60.58 64.54 

ethanol/ 60min 56.30 175.02 60.58 64.54 

water/10min 2.07 7.21 3.88 10.52 

water/30min 3.62 7.23 3.02 10.53 

water/60min 3.62 7.23 2.70 10.53 
acet/10min 82.02 100.61 49.97 21.06 
acet/30min 97.56 129.03 115.31 98.10 
acet/60min 138.48 200.94 11531 98.10 
water/lOmin 3.29 8.12 2.70 6.55 
water/30min 3.49 7.23 2.80 6.55 
water I 60min 3.49 7.23 2.63 8.60 
HEMA/lOmin 9.32 33.31 12.62 64.54 
HEMA/30min 64.79 132.62 54.88 125.63 
HEMA/60min 64.79 152.65 116.35 167.51 
water/10min 3.49 7.23 3.76 6.55 
water/30min 3.49 7.23 2.70 6.55 
water/60min 3.49 7.23 1.43 10.53 
glut/10min 6.47 30.68 17.45 41.22 
glut/30min 21.60 50.54 35.40 41,22 
glut/60min 32.40 52.92 34.90 84.60 
water/lOmin 32.40 50.54 27.80 41.22 
water/ 30min 3026 50.54 34.90 41.22 
water I 60min 32.40 50.54 34.90 41.22 
acet/ glut/10min 45.04 156.46 116.35 67.92 
acet/ glut/ 30min 64.79 156.46 81.81 254.27 
acet/ glut/ 60min 98.35 156.46 116.35 345.90 
water/10min 32.40 50.54 26.64 45.24 
water/30min 32.40 50.54 34.90 4531 
water/60min 32.40 50.54 34.90 41.04 
etha/ glut/10min 42.88 67.39 46.89 65.81 
etha/ glut/ 30min 42.88 156.46 69.98 65.81 
etha/ glut/ 60min 50.94 156.46 116.35 65.81 
water/10min 42.88 50.54 34.90 47.01 
water/30min 32.40 50.54 30.01 41.13 
water I 60min 32.40 50.54 34.90 41.13 
HEMA/gluti10min 50.94 66.90 34.90 82.45 
HEMA/ glut/ 30min 50.94 156.46 69.81 82.45 
HEMA/ glut/ 60min %.63 156.46 69.81 166.14 
water/10min 32.40 50.54 20.57 41.22 
water/30min 32.40 50.54 27.80 41.22 
water I 60min 32.40 50.54 34.90 41.22 
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SAMPLE#9 SAMPLE#10 SAMPLE #41 SAMPLE #42 

demineralized 12.31 7.36 5.50 6.13 

ethanol/10rnin 46.35 61.25 80.20 24.49 

ethanol/ 30min 80.10 78.05 "8020 24.49 

ethanol/ 60min 78.75 96.08 80.20 24.49 

water/10min 12.31 8.69 4.81 6.15 

water/30rnin 12.31 7.21 4.81 6.15 

water/60min 12.31 7.36 4.81 6.15 

acet/10min 90.55 183.09 24.06 61.60 

ace!/ 30rnin 152.56 323.56 82.07 190.78 
acet/60rnin 152.56 323.56 151.00 155.67 
water/lOmin 16.76 8.69 4.81 6.19 
water/30min 12.31 8.69 4.87 6.14 
water/60min 12.31 8.69 4.81 6.14 
HEMA/10min 61.16 87.58 20.25 25.18 
HEMA/30min 95.15 218.31 48.12 51.40 
HEMA/60min 152.56 325.66 80.20 122.27 
water/10rnin 12.31 8.69 9.75 6.22 
water/30min 12.31 8.69 5.19 6.15 
water I 60min 12.32 8.69 4.89 6.15 
glut/10rnin 20.78 27.35 48.12 23.54 
glut/30min 20.78 40.64 48.12 47.09 
glut/ 60rnin 20.78 40.64 80.20 77.78 
water/10rnin 20.17 40.64 48.12 77.78 
water/30rnin 20.17 40.64 48.12 61.52 
water/60min 20.17 40.64 48.12 60.52 
ace!/ glut/10min 152.59 147.09 249.33 118.69 
ace!/ glut/ 30min 242.90 218.48 236.38 118.69 
ace!/ glut/ 60rnin 242.90 362.91 301.96 118.69 
water/10min 24.21 40.64 48.12 55.01 
water/30min 20.17 40.64 48.12 55.01 
water/60rnin 20.17 40.64 48.12 55.01 
etha/ glut/10min 61.03 95.29 48.12 60.89 
etha/ glut/30rnin 152.59 218.48 80.20 83.86 
etha/ glut/ 60min 152.59 218.48 80.20 83.86 
water/10min 25.67 40.64 48.12 55.01 
water/30rnin 20.17 40.64 48.12 55.01 
water/60min 20.17 40.64 48.12 55.01 
HEMA/ glut/10rnin 36.04 109.18 80.20 65.52 
HEMA/ glut/ 30rnin 64.65 109.18 80.20 65.52 
HEMAl glut/ 60min 99.12 109.18 241.63 65.52 
water/10rnin 14.53 40.64 48.12 55.01 
water/30min 17.58 40.64 48.12 55.01 
water I 60min 17.58 40.64 48.12 55.01 
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SAMPLE #43 SAMPLE #45 SAMPLE #25 SAMPLE#26 
demineralized 6.70 5.47 2.06 2.31 
ethanol/10min 49.71 91.29 6.57 15.98 
ethanol/30min 52.07 119.21 17.76 24.71 

ethanol/ 60min 82.32 149.18 19.61 76.54 
water I 1 Omin 7.00 5.52 7.19 
water I 30min 7.00 5.52 2.89 4.15 
water I 60min 7.00 5.52 2.78 3.06 
acet/lOmin 188.32 166.11 52.81 197.42 
acet/30min 373.60 166.11 52.81 63.55 
acet/60min 373.60 29727 105.61 49.36 
water/10min . 9.10 11.05 3.59 2.92 
water/30min 9.10 5.52 3.59 4.36 
water I 60min 9.10 5.52 3.59 2.97 
HEMA/lOmin 68.54 60.91 23.36 47.55 
HEMA/30min 95.70 143.23 66.56 134.59 
HEMA/60min 212.03 143.23 123.77 134.59 
water/10min 9.41 10.19 3.59 5.05 
water I 30min 9.41 5.47 2.46 5.05 
water I 60min 9.41 5.46 4.45 5.44 
glut/lOmin 41.49 20.19 11.66 19.58 
glut/30min 89.55 27.88 20.95 32.45 
glut/60min 111.32 50.83 29.77 51.44 
water/10min 65.66 27.88 41.91 38.58 
water/ 30min 65.66 27.88 41.91 38.58 
water I 60min 65.66 27.88 41.91 35.33 
ace!/ glu!/10min 102.25 222.71 41.36 189.09 
ace!/ glut/ 30min 18321 222.71 82.72 98.71 
ace!/ glut/ 60min 183.21 222.71 75.07 156.64 
water/10min 64.73 50.83 32.94 78.34 
water I 30min 64.73 27.88 44.66 41.75 
water I 60min 64.73 27.88 30.57 32.07 
etha/ glu!/10min 82.63 69.25 82.56 107.18 
etha/ glu!/30min 82.63 68.72 82.56 107.18 
etha/ glut/ 60min 82.63 103.18 60.97 107.18 
water/10min 64.73 27.86 39:77 44.83 
water I 30min 64.73 27.86 32.00 63.20 
water/60min 64.73 27.86 57.34 77.16 
HEMA/glut/10min 45.60 68.62 30.49 77.13 
HEMA/ glu!/30min 51.86 101.06 169.06 107.18 
HEMA/glut/60min 128.58 201.91 133.17 77.17 
water/lOmin 66.06 50.83 33.29 57.05 
water I 30min 64.73 27.88 38.56 38.58 
water I 60min 64.73 27.88 32.34 42.98 



demineralized 
ethanol/lOmin 
ethanol/30min 
ethanol/60min 
water/10min 
water/30min 
water /60min 
acet/10min 
acet/30min 
acet/60min 
water/10min 
water/30min 
water /60min 
HEMA/10min 
HEMA/30min 
HEMA/60min 

·· water/lOmin 
water/30min 
water/60min 
glut/10min 
glut/30min 
glut/60min 
water/10min 

· water/30min 
water/60min 
acet/ glut/10min 
acet/ glut/30min 
acet/ glut/60min 
water/10min 
water/30min 
water/60min 
etha/ glut/lOmin 
etha/ glut/30min 
etha/ glut/60min 
water/10min 
water/30min 
water /60min 
HEMA/ glut/10min 
HEMA/ glut/ 30min 
HEMA/ glut/60min 
water/lOmin 
water/30min 
water /60min 

SAMPLE #27 SAMPLE #29 SAMPLE #30 SAMPLE # 32 
2.16 0.71 1.49 0.85 
9.07 18.68 6.29 11.95 
933 13.25 6.29 11.85 
9.85 8.93 10.79 15.57 
2.27 0.97 2.45 1.77 
2.31 1.88 2.83 2.37 
3.13 2.04 2.76 3.29 

82.94 23.73 56.69 43.58 
82.94 59.31 83.95 69.18 
82.94 
5.64 
4.89 
3.50 

44.32 
52.27 
65.83 
2.95 
1.93 
2.63 

21.15 
23.94 
38.04 
32.21 
32.40 
45.03 
82.94 
82.94 
68.19 

·22.83 
22.84 
29.18 
64.84 
64.84 
92.14 
39.75 
33.95 
36.12 
32.42 
64.84 
64.84 
23.94 
30.87 
32.42 

90.00 
1.82 
2.42 
3.92 

27.64 
42.68 
47.93 
1.41 
1.41 
1.41 

10.87 
16.81 
16~81 . 
19.27 
35.52 
15.35 
48.91 

132.42 
132.42 
15.10 
14.12 
13.25 
29.79 
37.08 
37.08 
26.09 
35.73 
35.73 
8037 
62.75 
63.92 
26.07 
12.42 
26.09 

146.03 
3.20 
4.07 
4.00 

23.85 
64.13 
71.29 
3.77 
3.03 
1.89 

30.17 
26.33 
32.47 
25.78 
34.91 
24.25 
47.60 
47.60 
60.20 
35.44 
23.26 
2330 
44.58 
49.61 

"112.48 
24.25 
24.25 
34.91 
49.61 
74.05 
88.13 
34.91 
25.10 
34.91 

59.52 
8.45 
8.45 

15.42 
26.21 
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SAMPLE#33 SAMPLE#34 SAMPLE #36 SAMPLE#37 
demineralized 0.62 4.93 1.62 0.47 
ethanol/10min 7.97 23.10 20.31 11.18 
ethanol/ 30min 8.31 43.76 22.04 
ethanol/ 60min 8.04 35.04 28.56 
water/10min 0.84 2.43 1.78 1.45 
water/30min 0.75 1.54 1.57 1.06 
water/60min 0.16 2.61 1.09 1.03 
acet/10min 44.98 20.98 85.64 70.97 
acet/30min . . 36.42· 55.27 154.94 70.97 
acet/60min 60.45 47.77 69.54 49.76 
water/10min 1.51 1.45 2.93 1.12 
water/30min 1.14 1.07 2.62 1.54 
water/60min 1.39 2.33 2.76. 1.12 
HEMA/10min 34.01 2.49 27.52 13.29 
HEMA/30min 44.98 8.66 62.83 34.99 
HEMA/60min 34.91 38.46 68.61 29.02 
water/10min 1.14 1.48 1.47 1.18 
water/30min 0.91 1.15 1.74 0.94 
water/60min 0.81 0.66 2.13 1.54 
glut/10min 12.88 9.62 18.88 13.34 
glut/30min 14.53 12.15 20.07 19.83 
glut/60min 12.88 10.67 28.00 17.50 
water/10min 14.92 15.26 27.16 13.76 
water/30min 14.53 15.26 37.75 21.09 
water I 60min 14.53 14.23 27.18 13.76 
acet/ glut/10min 20.36 8.41 54.36 28.56 
acet/ glut/ 30min 29.12 69.02 54.36 28.56 
acet/ glut/ 60min 29.12 49.11 106.45 58.48 
water/10min 14.75 12.84 25.39 16.80 
water/30min 14.75 16.17 25.39 16.80 
water/60min 14.75 11.50 27.18 21.46 
etha/ glut/10min 35.77 13.87 54.36 28.56 
etha/ glut/ 30min 24.72 22.03 54.36 35.15 
etha/ glut/ 60min 39.56 26.02 54.36 35.15 
water I 1 Omin 14.53 9.89 25.39 17.50 
water/30min 10.73 10.25 27.18 17.50 
water I 60min 20.19 8.79 48.29 17.50 
HEMA/ glut/10min 20.19 16.32 37.75 24.29 
HEMA/ glut/ 30min 35.72 32.36 54.36 36.48 
HEMA/ glut/ 60min 29.06 21.88 56.35 40.58 
water/lOmin 18.73 11.34 27.18 17.50 
water/30min 13.84 12.39 27.18 19.83 
water I 60min 14.53 9.34 28.79 17.50 
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CORRELATION BETWEEN TUBULE NUMBER AND ELASTIC MODULUS 

OF DEMINERALIZED DENTIN MATRIX 
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CORRELATION BETWEEN AREA OF SOLID DENTIN AND ELASTIC 

MODULUS OF DEMINERALIZED DENTIN MATRIX 
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CORRELATION BETWEEN TUBULE DIAMETERAND ELASTIC MODULUS 

OF DEMINERALIZED DENTIN MATRIX 

-c 
0.. 

14 
::r y~l.0766X+54 ~ 

"' 0 c 12 r=o.ot7s Q) 

E p=0.5378 
'-' 0 Q) 

c. 10 "' 
"C:I 
Q) 

N 

c 8 0 I. 
Q) 0 c 
E 0 
Q) 6 0 

Q co 0 .... 
0 0 

"' ::l 4 
::l 

"C:I «>o 
0 

::r 0 

'-' 2 0 00 0 ·-- 0 0 

"' c 0 ..... 0 0 
0 

0 
1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8 

Tubule Diameter (l!ml 



106 

CORRELATION BETWEEN TUBULE DIAMETER AND INCREASE IN 

ELASTIC MODULUS AFTER 60 MINUTES ACETONE TREATMENT 
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Representation of a "J-sllaped" curve of a viscoelastic material. The 

proportionalih; between stress strain is lower at tile beginning of tile test at 

low strain and increase with larger strain values. 



REPRESENTATION OF A CHARACTERISTIC LOAD-DISPLACEMENT 

Load 
(Kg) 

(!-SHAPED) CURVE FOR VISCOELASTIC MATERIALS 

Displacement (em) 
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STATISTICAL CORRElATION BE1WEEN SOLVENTS AND TIME 
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