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The Effect of Water Concentration on the Rate and Expansion of Demineralized Dentin 
Matrix 
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The purpose of this study was to test the rate and expansion of air-dried, 

collapsed, demineralized dentin matrix using three different water-HEMA solutions. 

Solutions of 10, 25 and 50% water (by weight) were formulated with corresponding 

amounts of HEMA. Eighteen dentin specimens (0.2 mm thick) were demineralized in 

17% EDTA for 5 days, yielding type I collagen disks approximately 200 J.llTI thick. 

A linear variable differential transformer (L VDT) was used to measure vertical 

dimensional changes in the demineralized dentin specimens. The specimens were air-

dried with compressed air, then one of the three test solutions was applied, and the rate 

and amount of expansion was measured. 

Repeated measures AN OVA with least squares means comparison test revealed a 

significant (p < 0.0001) relationship between water concentration and both the rate and 

amount of re-expansion of dried, demineralized dentin. Hansen's solubility parameter for 

hydrogen bonding forces was used to express the ability of the different solutions to 

interact with the demineralized dentin matrix. 
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I. INTRODUCTION 

A. Statement of the Problem 

Dentin bonding is used in many areas of clinical dentistry, including restoration of 

teeth with resin composite, and with resin luting cements in the placement of crowns, 

inlays, veneers, and posts. In order to obtain the highest bond strength to dentin, the moist 

bonding technique is recommended (Kanca, 1992a, 1992b, 1996; Gwinnett, 1992, 1994). 

However, several dentin bonding systems available today still recommend a dry bonding 

technique, where acid-etched dentin is air-dried prior to the application of primer. Dry 

bonding results in a decreased bond strength compared with bonding to moist dentin 

(Gwinnett, 1992). 

Adhesive bonding techniques involve acid-etching enamel and dentin with a 

phosphoric acid gel or solution. Acid-etching removes the smear layer and the mineral 

phase from superficial dentin, leaving behind an intact, exposed collagen fibrillar 

network on the surface of the mineralized dentin base. After acid-etching, rinsing, and 

moistening with water, interfibrillar spaces are created between the collagen fibrils that 

allow the dentin primer (a solution of monomers) to diffuse into the network. A critical 

point in the moist bonding technique is maintenance of the space between collagen fibrils 

in an expanded state after mineralized dentin has been removed. If water that replaced the 

mineral phase between collagen fibrils is evaporated before the monomer diffuses in to 

replace it, the network quickly collapses, resulting in a decrease in the interfibrillar space 
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and permeability loss of the resin monomer (Pashley et at., 1993). Once the primer 

monomer diffuses into the interfibrillar spaces and polymerizes, a dentin hybrid layer is 

created, composed of polymerized resin, dentin collagen fibrils, and residual mineral 

particles (Van Meerbeek, 1993). 

Neither the rate nor the degree of expansion of dried dentin collagen fibrils 

following primer application, nor the optimal primer composition to maximize re

expansion of air-dried acid-etched dentin has been studied. This inadequacy results from 

lack of quantitative techniques to measure expansion of this microscopic layer (ca. 5-10 

!lm). 

The purpose of this study was to quantitatively measure the rate and expansion of 

demineralized dentin niatrix over time, using three solutions with varying water-HEMA 

concentrations, and 100% water. This knowledge will facilitate development of optimal 

primer formulations that insure full expansion of the collapsed collagen matrix (in 

minimal time) before monomer is added and polymerized. 

We hypothesized that the expansion rate of collapsed, demineralized dentin 

matrix is proportional to the water concentration of the model pnrner solutions. Higher 

water concentration should result in greater and quicker expansion of collapsed, 

demineralized dentin matrix. 

The specific aims to test the hypothesis are (1) to develop a quantitative method to 

_measure shrinkage and expansion of demineralized dentin collagen in real-time, and (2) 

to measure the rate of expansion of air-dried demineralized dentin as a function of water 

concentration using three water-HEMA solutions, and 100% water, and to express this 

relationship mathematically. 
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B. R!Jview of Related Literature: 

The success .of the moist bonding technique (Kanca, 1992a, 1992b, 1996; 

Gwil).llett, 1992, 1994) is thought to be due to preventing collapse of the collagen fibril 

network of demineralized dentin matrix after acid-etching (Sugizaki, 1991; Pashley et 

al., 1993, 1994; lnokoshi et al., 1997). However, attempts to measure the degree of 

collagen collapse suffered from measurement artifacts. For example, the high vacuum 

required for scanning electron microscope (SEM) observations causes profound dentin 

shrinkage (Sugizaki, 1991). Critical-point drying techniques reduce, but do not prevent 

shrinkage of demineralized dentin in SEM studies (Carvalho et al., 1996a). Many 

clinicians dry acid-etched preparations to evaluate the degree of enamel etching. Air

drying causes a rapid collapse of the demineralized dentin matrix. However, the network 

re-expands when rehydrated with water, thereby restoring the interfibrillar spaces 

between collagen fibers, allowing optimal bond strength of resins to dentin (Gwinnett, 

1994). Presumably, this re-expansion could be accomplished using aqueous solutions of 

water-soluble monomers of various concentrations. 

Dentin collagen matrix shrinkage has been measured by different means with 

varying degrees of success; however, the expansion rate of demineralized dentin matrix 

has not been measured. Sugizaki (1991) covered a dentin reference zone with varnish and 

acid-etched the uncovered dentin with 40% phosphoric acid for 40 seconds prior to 

rinsing and drying the area. He then bonded resin to the surface and sectioned the 

specimen for SEM examination to observe the amount of linear shrinkage relative to the 

reference height of the masked mineralized dentin control. Most specimens exhibited 40-

70% vertical shrinkage of the etched-bonded zone. This technique did not permit the rates 
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of shrinkage nor the expansion to be measured over time, but only presented the final 

outcome. Uno and Finger (1996) used .an optical microscope with the fme focus 

adjustment (Z-axis) calibrated in microns to measure the depth of dentin demineralization 

by various acidic conditioners and different etching times. They reported a good 

correlation between optical and SEM measurements, but neither method provided 

information about the rates or expansion of collagen shrinkage over time. Atomic force 

microscopy (AFM) was used to measure the shrinkage rate of dentin surfaces during 

acid-etching (Kinney et al., 1993; Marshall et al., 1997). However, AFM carmot measure 

I 

changes in height greater than 600-800 mn (0.6-0.8 f.!m). This instrument is insufficient ' 

to measure changes in dentin during air-drying after acid~etching with 37% phosphoric 

acid for 15 seconds. After acid-etching for 15 seconds then air-drying, Uno and Finger 

(1996) measured approximately 5-10 f.!m shrinkage. 

The expansion rate of collapsed collagen matrix is important clinically because 

the adhesive materials should be applied only when the primer has fully expanded the 

collapsed network. Premature application of adhesive may not permit optimal diffusion 

of resin monomer into the collagen fiber network, thereby decreasing the fmal bond 

strength of the restoration. To be effective clinically, collagen expansion must occur 

within a clinically acceptable time-limit so treatment time is minimized. 

Solubility Parameters. In 1949, Hildebrand proposed the term solubility 

parameter (I>) to describe or predict the possible molecular interactious in a solution. The 

solubility parameter is the square root of the cohesive energy deusity of the solution with 

units of (J/cm3)v.. Cohesive energy deusity (expressed as energy per unit volmne or 
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J/cm3
), is the amount of energy associated with all of the molecular interactions in a 

solution. 

The wetting characteristics of a monomer acting on a polymer may be expressed 

in terms of the Hildebrand solubility parameter (6) and polarity (p) of the resin 

(Asmussen and Uno, 1993). The surface of a polymer is softened when liquids having the 

same polarity (defined as the total intermolecular interactions due to dipole-dipole 

attractions) and solubility parameter as the polymer are applied. Polarity and solubility 

parameters are used extensively in polymer chemistry to predict the interaction of 

different polymers by using glues of appropriate solubility parameters to swell the 

polymer surface, loosening the polymer chains and allowing the glue to penetrate. 

Asmussen et al., (1991, 1993) were the first to suggest that the mechanism of 

action of many primers used in adhesive dentistry was the wetting and perhaps 

"softening" of collagen fibrils. The ability of a series of primer formulations to improve 

bond strength was tested, and the authors inferred that the solubility of a given polymer 

(collagen) in a given solvent is favored if the solubility parameters of the polymer and 

solvent are similar. 

Miller (1995) and Miller et al., (1998) found that primers with low or high 

solubility parameters were unable to interact with a collagen surface. Their research also 

indicated that primers having approximately the same solubility parameters as collagen 

should produce good interactions. However, rather than use the single Hildebrand 

solubility parameter, Miller (1995) and Miller et al., (1998) chose to use Hansen's (1969) 

triple-component solubility parameter. Hansen (1969) developed an extension of the 

Hildebrand solubility, parameter for use in polymer-liquid inter;1ctions, where he divided 
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the Hildebrand solubility parameter into three components that together estimate the total 

molecular force interactions. The Hansen solubility parameter describes the interaction of 

a polymer and a solvent as the sum of contributions due to dispersive forces (lid), polar 

forces (lip) and hydrogen bonding fo~ces (lih)· The Hansen solubility parameter is 

described by the equation litotal = lid + lip + lih. 

The dispersive force contribution (lid) is from interactions between non-polar 

molecules and the attractipn is due to van der Waals forces (very weak forces). The polar 

force contribution (lip) is due to dipole-to-dipole interactions between polar molecules. 

Dipole-to-dipole interactions are caused by the attraction of the positive end of one polar 

molecule to the negative end of another polar molecule. Dipole-to-dipole interactions are 

stronger than attractions between non-polar molecules, (i.e. polar forces are stronger than 

van der Waals forces). The contribution due to hydrogen bonding (lih) is caused by 

molecules that hydrogen bond with each other. Hydrogen bonding is an especially strong 

type of dipole-to-dipole attraction, where one hydrogen atom serves as a bridge between 

two electronegative atoms, holding one atom by a covalent bond, and the other by purely 

electrostatic forces. 

Miller et al. (1998) suggested that lih values of primer components could be used 

to rank or compare primers according to their ability to form or break hydrogen bonds. 

Water has the highest lih value of any solvent (37.3 (J/cm3}"\ and readily breaks 

interfibrillar hydrogen bonds and re-expands shrunken collagen matrices. However, since 

water cannot polymerize to form a dentin hybrid layer, a primer must be added to it. 

Hydroxyethyl methacrylate (HEMA), is a water-miscible polymerizable monomer that 
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has a relatively low lih, 16.1 (J/cm3)v.. As more water is added to HEMA, the lih value of 

the mixture increases. 

Asmussen and Uno (1993) hypothesized that, in each step of a dentin-bonding 

procedure, the next reagent in the procedure should have approximately the same 

solubility parameter and polarity as the surface left by the preceding step. Dentin 

conditioning (acid-etching), the first step of the dentin bonding procedure, leaves behind 

exposed dentin collagen fibrils (a semi-solid biopolymer). The aim of conditioning is to 

expose dentin collagen fibrils and facilitate monomer penetration into the exposed matrix 

in order to achieve micro-mechanical retention. Marshall et a!. (1999) suggested that 

when the demineralized dentin matrix is air-dried, collagen fibrils touch and form 

interfibrillar hydrogen bonds. For a primer to be effective in re-expanding the collapsed 

matrix, it must be able to break the interfibrillar hydrogen bonds formed during drying. 

This study evaluated the relationship between the water concentration of three 

different water-HEMA mixtures and their ability to re-expand shrunken, demineralized 

dentin matrix. Since there is a relationship between water concentration and lih, there may 

also be a high correlation between lih of model primers and their ability to expand 

shrunken dentin matrix. 



II. MATERIALS AND METHODS 

Extracted, unerupted human third molars were obtained from oral surgery clinics 

in Augusta, GA and stored at 4° C in isotonic saline with 0.2% sodium azide (to inhibit 

bacterial growth). The teeth were sectioned at right angles to their long axes, through the 

mid-crown region to remove occlusal enamel. A second parallel section was made above 

the pulp chamber to produce dentin disks approximately 0.2 rnrn thick. Each disk was 

then demineralized in 17% EDTA for five days at 25° C with constant stirring to remove 

the mineralized dentin and enamel. This process yields a demineralized dentin disk 

composed primarily of type I collagen, approximately 9 x 7 x 0.2 inrn. 

The instrument used to measure dentin shrinkage and expansion was the linear 

variable differential transformer (L VDT) portion of a thermal mechanical analyzer 

(TMA), (TA Instruments, New Castle, DE). The TMA was modified by removing the 

oven, thereby exposing the underlying contact probe. Changes in vertical displacement 

were recorded by a computer attached to the modified TMA instrument (Fig. 1). 

The contact probe was a quartz rod 3 rnrn in diameter, stepped down to a final flat 

tip diameter of 0.89 rnrn. A 500 mg weight was applied to the weight pan during all 

procedures. The weight of the probe and empty pan was 3.09 g. Due to the presence of a 

spring in the apparatus, the actual vertical weight on the disk was only 0.22 g. 

The LVDT had a sensitivity of ± 0.1 J.lm over a linear range of 300 J.!ffi. 

Calibration of the unit was verified by vertically displacing the contact probe using a 
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micrometer accurate to ± 0.5 J.lm (Model No. 33 I 711 30, Mitutoyo, Tokyo, Japan). The 

correlation coefficient . of the L VDT micrometer values compared to the direct 

micrometer values was very high (0.99), as was the R2 value (Fig. 2). 

The TMA was operated isothermally at 22 ± 2° C at an ambient relative humidity 

of 40-65%, as measured with a laboratory hygrometer (Thermo-Hygrometer, Hanna 

Instruments, Woonsoclat, Rl). During testing, the dentin specimen was fixed to the 

bottom of a Plexiglas well (volume 4.7 mL) with a viscous cyanoacrylate cement (Zap-It, 

Dental Ventures of America, Corona, CA) to prevent movement. 

Each experiment began with the contact probe supported by wet, fully expanded, 

demineralized dentin matrix, with the initial height serving as baseline for the subsequent · 

expansion of the collapsed demineralized dentin. Beginning with fully expanded, wet 

dentin matrix, dry, compressed air (0% relative humidity) was blown on the surface at a 

45° angle from a distance of 3 em at a rate of 500 mL/sec. The rate of matrix collapse was 

continuously measured with the L VDT and recorded. Once shrinkage was complete 

(indicated by a plateau in the curve), the collagen disk was treated with I 00% water 

(Solution A, positive control) and re-expanded to the original. height. After a steady. 

baseline was obtained, dry compressed air was again applied to shrink the demineralized 

dentin matrix to the same plateau, after which one of three test solutions (10, 25 and 50 

weight percent water) was added and the rate and degree of expansion of the collapsed 

matrix was measured over time. Each solution was randomly tested six times on each 

specimen, and a total of eighteen specimens were used in the experiment. 

Table I lists the sequence of solution application. This application matrix was 

used to prevent an "order effect" of the solutions, which could occur if the water-HEMA 
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solutions were tested consecutively (i.e. testing solution B six times, followed by C six 

times, followed by D six times). 

Group 
I 
2 
3 
4 
5 
6 

Table I 

Randomized Solution Application Order 

Solution Order · 
B C D 
C D B 
D B C 
B D C 
D C B 
C B D 

,Solution* 

B = I 0% H20-90% HEMA 
C = 25% H20-75% HEMA 
D =50% H20-50% HEMA 

*All values are weight percent. 

The nonaqueous solvent used to vary water concentration was 2-hydroxyethyl 

methacrylate (HEMA). This compound is a water-miscible, but water-free monomer 

commonly used as a primer component in many commercially available dentin bonding 

systems. 



Figure 1. The modified TMA instrument used to measure changes in 

the rc:te and expansion of dried, demineralized dentin matrix. 
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Figure 2. LVDT calibration correlation of measured mechanical probe 

displacement with calculated LVDT probe displacement. 
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Table II shows water-HEMA concentrations used in the study, expressed both in. 

weight percent water and moles per liter. 

Table II 

Composition ofWater-HEMA Solutions . 

I Solution 1Water'% 

r Molal!;~tilll 
Moleslt ·· HEMA% M:hles/L HEMAIH20. 

A 100 55.56 0 0 0.00 
B 10 5.56 90 6.92 1.24 
c 25 13.89 75 5.76 0.41 
D 50 27.78 50 3.85 0.14 

Percentages are weight/weight. Molecular weight of HEMA - 130.1 g/mole. 
HEMA/H20 = molar ratio. 

Each water-HEMA solution was applied with a glass pipette, using 3 to 4 drops 

(150-200 ).LL) to completely cover the demineralized dentin disk. The test solution was 

applied carefully to avoid touching the contact probe resting on the dentin surface. 

After adding the test solution, dentin collagen expansion was followed for 20 

minutes, or until a steady-state plateau was reached. The specimen was then thoroughly 

rinsed with three, 4.7 mL washes of distilled water. Water not only extracted any residual 

HEMA, but also re-expanded the matrix. During the washing process, the specimen was 

left in the chamber in its original position. This method ensured that the same specimen 

area was tested each time, and that the degree of re-expansion was followed to ensure that 

the specimen returned to its original, expanded height. This process verified that the 

previous treatment had not altered the expansion ability of the matrix. Suction (Rico 

Suction, Burlington, NC) was used to remove the water after each rinse cycle. After 

rinsing, the specimen was prepared for another test cycle. This procedure was repeated 

until all the test solutions were applied. Each specimen required approximately 16 hours 



14 

of data collection in order to test all of the groups shown in Table I. Controls consisted of 

100% water (Solution A) tore-expand the air-dried dentin. 

Types of Data Generated. The data generated were a continuous measurement of 

contact probe vertical displacement with respect to time. A total of 323 tests were 

performed on eighteen dentin specimens (323 tests for solution A, 107 tests for solution 

B, 108 tests for solution C, and 108 tests for solution D). 

Calculation of expansion rate for each test was based on steady-state plateau 

values. The expansion rate was approximated by fmding the time in minutes required to 

reach 50% of maximal expansion, divided into the height, in microns, of the 50% 

expansion value. This rate was also expressed as a percentage of the expansion rate 

produced by 100% water. 

The total re-expansion height produced by each primer solution was expressed in 

both absolute (microns) and in relative (%) terms. Relative expansion was calculated as 

the height produced by a primer solution, relative to the height produced by 100% water 

in that specimen. Expressing the data in this manner decreased the variability among 

specimens as determined by the coefficient of variation (i.e. the standard deviation 

divided by the mean). 

Method of Data Analysis. A repeated measures analysis of variance was used to 

evaluate ·differences in the rate and extent of expansion as a function of water 

concentration (moles!L). A least squares means comparison test was then used to 

compare the data after completing the ANOV A using statistical software· (Statistical 

Analysis Software, Version 6.12, SAS Institute, Cary, NC). 
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Regression analysis was used to examine the linear relationship between the rate 

and height of expansion of dried, demineralized dentin matrix and water ·concentration 

(moles/L) of the primer solutions. Similar regression analysis was performed to describe 

the relationship between the final specimen expansion and the solubility parameter for 

hydrogen bonding forces (Miller et al., 1998). Least square means, correlation 

coefficients, and R2 values were also calculated. 

Comparison of primer hydrogen bonding capacity. We hypothesized that, as 

interfibrillar space decreased and collagen fibrils touched, associations were developed 

via weak forces (hydrogen bonding, Vander Waals forces, etc.) that tended to stiffen the 

collapsed matrix and prevented expansion. Primers, especially those containing polar 

molecules, that can .break interfibrillar H -bonds may expand the matrix and create 

interfibrillar spaces for resin infiltration (Nakabayashi and Pashley, 1998). In the current 

study, HEMA, a relatively poor H-bonding substance, was used to adjust water 

concentration (a very strong H-bonding substance). Because we mixed two solvents of 

widely differing hydrogen bonding tendencies (water and HEMA), we chose the 

solubility parameter model to express their relative H-bonding capacities. 

Solubility parameters. The solubility parameter is a quantity characterizing the 

intermolecular forces in a liquid, a solid, or between a liquid and a solid. The square of 

the solubility parameter is the cohesive energy density of a material. If two solutions have 

similar chemical structures, their cohesive energy densities will be approximately equal, 

· and they should mix or be "soluble" in each other. Thus, miscibility can be predicted if 

cohesive energies or solubility parameters of the liquids are known. Similarly, the ability 

of a solvent to soften or partially solubilize the surface of a solid polymer can be 
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predicted from their relative cohesive energy densities. For a solvent to soften a solid 

surface, the solvent must first wet and spread on the surface. Thus, solubility parameters 

can also predict the ability of a solvent to wet a surface (Gardon, 1963). 

Solubility parameters for many substances can be calculated by summing the 

contributions due to each functional group in the molecule (van Krevelen, 1990). This 

process has been done for various water-HEMA inixtures and for collagen at various 

stages of hydration (Miller, personal communication). 



III. RESULTS 

Figure 3 shows a graph of height change of a demineralized disk during 

dehydration with compressed air, its re-expansion with 100% water (Solution A), 

followed by a second cycle of air-dehydration, and then re-expansion by solutions B, C 

and D (1 0, 25 and 50 weight percent HzO, respectively). The frrst dehydration cycle 

provided information about the degree to which that particular specimen could sl¢nk 

when dehydrated (note that it reached a "shrinkage plateau" at- 100 ~). 

The original height and the dehydrated height established the dimensional 

boundaries for that particular specimen. The first shrinkage produced by air-drying gave 

a negative slope of -54.5 ± 17.1 J.lrnlminute (mean± SD, N = 270), and a change in 

height of -103.4 ± 33.5 J.lm (Table III). When water was added tore-expand the shrunken 

matrix, the matrix expanded at a much faster rate (+203.1 ± 91.0 J.lrnlminute) than the 

original rate of shrinkage (p < 0.001), and reached a height that was slightly, but 

significantly (p = O.QlS), lower (+94.2J.lm vs. -103.4 ~),than the original height. 

When the second shrinkage was induce~ by air-drying in preparation for the use 

of the experimental primers, the rate of shrinkage was -49.5 ± 17.4 J.lmlminute, a value 

that was slightly, but significantly (p =·0.012), lower than the original shrinkage rate. The 

change in matrix height (-97.3 ± 23.6 J.lm, Table III) was not different from the first 

shrinkage (p = 0.759), however. 
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Figure 3. Expansion of dried, demineralized dentin by 

water (A) and by model primers B, C and D. 
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Table III 

Shrinkage vs. Re-expansion Produced Only by Air-drying and Water Application 

First Shrinkage 
First Re-expansion 
Second Shrinkage 

Change iii Height (~-Lm} 

-103.4 ± 33.5 (270)" 
+94.2 ± 22.2 (27W 
-97.3 + 23.6 (269)" 

-54.5 ± 17.1 (270)" 
+203.1 ± 91.0 (270)" 

-49.5 + 17.4 (26W 
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Similar superscript letters identifY equivalent groups (p > 0.05). Numbers in parentheses 
represent total observations made on 18 specimens. 

When primer B was added (10% water-90% HEMA), the dry, demineralized, 

dentin expanded slowly, relative to the rate using 100% water (Solution A, Positive 

Control), and to a lesser degree (approximately 20% of control height). The expansion 

reached a plateau after approximately 20 minutes (Fig. 3). After washing the specimen 

and chamber with three, 4. 7 mL rinses, the test cycle was repeated with one of the other 

primers chosen at random. Figure 3 indicates that the model primer containing 25% 

water-75% HEMA (line C) expanded faster than the primer containing 10% water-90% 

HEMA (line B), but only reached approximately 35% of the fully expanded control 

height (Solution A). After rinsing with three water rinses, the third model primer (50% 

water-50% HEMA; line D) produced an even faster expansion rate with the height 

reaching 62% of control. 

A summary of the test results of all eighteen specimens is shown in Table IV. 

Shown are the specimen dimensions and the maximum ·shrinkage measured for each 

specimen during air-drying phase of the experiment. Each dentin specimen is unique, and 

therefore, individual variation was expected among specimens. 



20 

Table IV 

Specimen Dimensions and Total Shrinkage 

Specimend: Size . Qriginal A;bsolute ~erc¢nt j 
Number•''' (mm) Thickness ().lm) Shrinkage ().lm). • Shthlkage 

I 10 x5 160 54 34 
2 J3 X 6 190 99 52 
3 10 X 5 200 76 38 
4 II x 5 200 96 48 
5 12 X 5 200 77 39 
6 13 x4 200 82 41 
7 .. 8x5 180 96 53 
8 9x7 200 134 67 
9 ·,'' 8x8 320 197 62 
10 9x7 180 64 35 
II 9x8 220 90 41 
12 12 X 7 200 122 61 
13 9x7 220 141 64 
14 10 X 7 220 123 56 
15 II X 7 220 133 60 
16 8x7 200 121 61 

I 17 9x7 180 94 . 52 
18 _, 8x7 200 130 65 

Mean± SD 205 ± 33 107 ± 34 52± II · 

These completely demineralized specimens ranged in thickness from 180-320 Jliil 

(205 ± 33 Jliil, mean± SD, N = 18). Thickness was measured with a digital micrometer 

(Model No. 331 711 30, Mitutoyo, Tokyo, Japan) before and after demineralization. 

Shrinkage varied from 34% to 67% (52 ± 11 J.lm, mean± SD, N = 18). 

The average rates and degrees of re-expansion of the eighteen specimens induced 

by the three model primers are shown in Table V. With each of the three solutions, 

complete, 100% re-expansion did not occur, no matter how long the solution was left in 

contact with the specimen. Solution B expanded the dried matrix 20 ± 5% of control, 

solution C produced 35 ± 4% expansion, and solution D produced 62 ± 6% expansion 
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relative to control. The results are listed as the rate and height of expansion for the 

different water concentrations (moles/L) in both absolute and percent values (Table V). 

Table V 

Water Molar Concentration, and Rate and Height of Expansion 

Weight Water Collagen Collagen 
Percent Concentration Expansion Rate (J.!mlmin)* Expansion Height (J.lm) 
.,;H20 (mo1e~J;) Absolute Percent! Absolute· HI,·. 'Percentt . 

' 

B (10) 5.6 6.94 ± 5.46' 4 ± 4' (107)1 18.71 ± 5.98' 20 ± 5' (107i 
0 ~:; 

G~25) 13.9 14.22 ± 4.65b 9 ± 5b (109)1 32.49 ± 7.75b 35 ± 4b (I09i 

0(50) 27.8 18.74 ± 6.22' 12 ± 7' (107i 58.94 ± 13.38' 62 ± 6' (107)1 
,,, 

A (1001) 55.6 203.14 ± 6.22d 100 (270)! 94.18 ± 22.24d 100 (270)1 

*Values are mean ± SD, N = 18. tPercent of water-treated controls. !Values in parentheses are the 
number of measurements made with each solution. Groups identified by similar superscript letters 
are equivalent (p > 0.05). 

Figure 4 is the regression analysis of expansion rate of dried, demineralized 

dentin matrix and the three model primers and control solution expressed in the molar 

water concentration. Although there was some dispersion of the data points, the 

correlation coefficient (r = 0.95) was significant (p < 0.001), with an R2 value of= 0.90. 

A similar regression analysis was done on the final matrix expansion height versus the 

molar water concentration of the test solutions. In this case, the correlation coefficient 

increased tor= 0.91 and the R2 value was 0.83 (Fig. 5). 



Figure 4. Molar water concentration of model primers vs. 

expansion rate of demineralized dentin matrix. 

A, B, C and D refer to the primer designations listed in Table 11 
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Figure 5. Molar water concentration of model primers vs. expansion 

absolute height of dried, demineralized dentin matrix. 

A, B, C and D refer to the primer designations listed in Table /1 
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IV. DISCUSSION 

Mature dentin is approximately 70 weight % inorganic material, 20 weight % 

organic material, and 10 weight % water (located primarily in the dentin tubules, but also 

adsorbed on the surface of the mineral or in interstices between crystals). By volume, 

dentin is 45% inorganic, 33% organic and 22% water (Ten Cate, 1998). The inorganic 

component consists mainly of hydroxyapatite, while the organic phase is about 90% type 

I collagen with fractional amounts of proteoglycans and phosphoproteins (Ten Cate, 

1998). After demineralization, the dentin matrix is about 33% collagen and 67% water 

(Carvalho et al., 1996b ). 

Type I collagen found in dentin is a triple helix configuration made up of three 

polypeptide subunits known as a-chains; each chain consists of 1000 amino acids, and is 

wound in a left-handed helix. The three a-chains are coiled around each other in a right

handed superhelix which is stabilized by inter-chain hydrogen bonds ( extrahelical 

telopeptides). In order for the three a-chains to wind into a triple helix, they must have 

the smallest amino acid, glycine, at every third position along the chain. Each of the three 

chains, therefore, has the repeating structure Gly-Xaa-Yaa, where Xaa and Yaa may be 

any amino acid, but are frequently the imino acids: proline and hydroxyproline (Kadler et 

al., 1996). Both proline and hydroxyproline are rigid, cyclic imino acids that limit the 

rotation of the polypeptide backbone and thus contribute to the stability of the triple 

helix. Imino acids do not have primary amino groups. Instead, they are secondary amines 
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that limit the rotation of the polypeptide backbone, and thus contribute to the stability of 

the triple helix. The telopeptide region of collagen, which does not have a repeating Gly

Xaa-Yaa structure and does not adopt a triple-helical conformation, accounts for 2% of 

the molecule and is critical for fibril formation. In this configuration, type I collagen is a 

rigid, fibrous biopolymer of identical or similar subunits. 

Type I collagen molecules self-assemble into D-periodic cross-striated fibrils, 

where D = 67 nm, the characteristic axial periodicity of collagen (Kadler et al., 1996). 

The fibril forming individual collagen molecules consist of an uninterrupted triple helix 

300 nm (0.3 f.!m) in length by 1.5 nm in diameter. During fibril formation, the molecules 

self-aggregate (Nimni, 1991 ). After aggregation, the molecules begin slowly developing 

covalent cross-links, especially in mineralized tissue collagen matrices, making them 

much tougher and more able to resist acids than soft tissue collagens (V eis and Schlueter, 

1964; Knot and Bailey, 1998). 

Collagen fibrils range from 20 to 200 nm in diameter (averaging about 100 nm in 

dentin), with cross-striations every 67 nm. They are made of aggregations of collagen 

molecules that overlap with each other by approximately 25% of their length. Collagen 

fibrils can grow by association into larger collagen fibers. Individual collagen fibers vary 

in diameter from less than 1 f.!m to about 12 f.!m, and are composed of collagen fibrils. 

The fibers, which are usually arranged in bundles, undergo some branching and are of 

indefinite length (Kastelic et al., 1978). 

Collagen Fibril Shrinkage. Wet, demineralized dentin matrix consists of a 

network of collagen fibrils about 1 00 nm in diameter, that are separated by 20-40 nm 

interfibrillar spaces (Fig. 6). During drying, collagen fibrils pass through two stages; first 
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there is interfibrillar water loss, followed by intrafibrillar water loss (Frantz! and Daxer, 

1993). 

Shown in Fig. 6-2 are ten fibrils, each 100 run in diameter for a total bundle width 

of 1000 run (1 !lffi). If the distance between each fibril is 20 run, then the total 

interfibrillar space is 180 run (9 x 20 run). If this value is added to the I 000 run total 

bundle fibril width, the total distance is I, 180 run (Fig. 6-1 ). If the interfibrillar spaces 

were 40 run wide, then the total linear interfibrillar contribution would be 360 run (9 x 40 

run). When added to the total fibril width of 1,000 run, a total width of 1,360 run is 

derived (Pashley, unpublished observations). 

If drying decreases interfibrillar distance m demineralized dentin, then the 

collagen mesh would shrink 15% if the spaces are 20 run wide ([180 + 1,180] x 100 = 

15%). If the spaces were 40 run wide, the matrix would shrink 26.5% ([360 + 1,360] x 

100 = 26.5%) as shown in Fig. 6-2. But wet, demineralized dentin collagen shrinks 

approximately 50% (Table IV). Therefore, either the interfibrillar spaces are larger than 

40 run, the collagen fibrils themselves also shrink (Fig. 6-3.), or both phenomena occur. 



Figure 6. Inter- and intrajibrillar collagen fibril shrinkage. 
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There are at least two very different possible explanations for the varying degrees 

of expansion caused by the three model primers in this experiment. The first is a physical 

explanation based on changes in the modulus of elasticity of collagen. The modulus of 

elasticity of wet dentin matrix is about 7-8 MPa, whereas air-dried collagen has a 

modulus of almost 300. MPa (Maciel et al., 1996). During air-drying, water evaporates 

from interfibrillar spaces first, and then from within the collagen fibrils themselves 

(intrafibrillar spaces). As interfibrillar space decreases, collagen fibrils approximate (Fig. 

7) sufficiently to form interfibrillar hydrogen bonds. It is hydrogen bond formation that is 

thought to collapse the collagen matrix causing shrinkage and making the fibrils stiff 

after air-drying. When 100% water is added, these molecules rapidly diffuse into the 

collagen fibrils, where they compete with interfibrillar, interpeptide hydrogen bonds (H

bonds ). That is, water molecules want to form clusters of water molecules around the 

very chemical groups in collagen that form interpeptide hydrogen bonds. Since there is 

much more water than collagen (on a molar basis), the interfibrillar hydrogen bonds 

break as water molecules form H-bond clusters around the carboxyl and imino groups 

within collagen. As water molecules cluster around these groups, the collagen stiffness 

falls from 300 to 8 MPa (Maciel et al., 1996), and the collagen fibrils begin to separate 

again. Interfibrillar spaces open and fill with water. This ability of water to break 

hydrogen bonds is responsible for the large differences in stiffness between wet versus 

dry hair, wool, cotton and paper, and collagen (Barton, 1991). 

The partial or incomplete expansion produced by the 10% water-90% HEMA 

solution may be due to having too little water available to successfully break all of the 

intrinsic hydrogen bonds within the dried collagen. Thus, the stiffness of collagen 



Figure 7. Schematic of inter- and intrafibrillar collagen fibril shrinkage. 



-E 
::::1.. -+-' 

..!:: 
C> 
CD 

I 
.c:: 

0 

Hydrated 
collagen 

Interfibrillar lntrafibrillar 

fibrils 
shrinkage shrinkage 

-------l-oOoO Partied 

Qo0 o drying 
a o-- -oaoo 0oO:o 00 oOOQ--

aoao 
00 o0 o01 1oo 

OoOo nm 

--r-
Severe 
drying 



30 

remains high enough to prevent it from re-expanding. The presence of HEMA in this 

model serves only to change the water concentration; it has no effect on the collagen or 

water. 

The model primer containing 25% water-75% HEMA re-expands more because 

its higher water concentration breaks more hydrogen bonds between adjacent collagen 

fibrils, thereby lowering its elastic modulus and allowing more expansion of the 

collapsed fibril matrix. Similarly, the primer containing 50% water-50% HEMA expands 

the fibril matrix even more, but not as much as 100% water. 

An alternative explanation for the partial expansion of dried demineralized dentin 

by the model primers is based on the view that the collagen biopolymer is similar to a 

synthetic solid polymer (Asmussen eta!., 1991). The collagen surface can be softened by 

certain solvents having the same fractional polarity (defined as the fraction of the total 

intermolecular interactions that are due to dipole-dipole attractions) and solubility 

parameter (lis defined as the square root of the cohesive energy density) as the polymer 

itself (Asmussen and Uno, 1993). Indeed, these authors presented three-dimensional 

graphs of bond strength, solJibility parameter, and fractional polarity showing the highest 

bond strengths of a wide variety of resin formulations occurred at unique combinations of 

solubility parameters and fractional polarities. 

However, Assmusen and Uno's (1993) use of an average solubility parameter, 

while a useful first approximation, failed to consider specific hydrogen bonding forces. 

That is, there are combinations of polymer (p) and solvents (s) for which lip= li,, but yet 

the polymer and solvent do not show natural solubility. Mutual solubility only occurs if 

the degree of hydrogen bonding in the polymer and the solvents are equal. This problem 
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led Hansen (1967, 1969) to modify the solubility parameter concept to include the 

constituent forces d, p and h for the contribution to 15 due to dispersion forces (8d), polar 

forces (8p), and hydrogen bonding (8h), respectively. 

Any solvent miscible with water (e.g. methanol, ethanol, acetone, HEMA) mixes 

because of mutual hydrogen bonding. Methyl methacrylate has no terminal hydroxyl 

group so it can not mix (i.e. hydrogen bond) with water and is considered immiscible. 

Hydroxyethyl methacrylate, by having a primary hydroxyl group, is very water miscible 

because it easily hydrogen bonds to water. Water-HEMA mixtures, when viewed from a 

solubility parameter perspective, hydrogen bond with each other. For instance, in a 10% 

water-90% HEMA mixture, the molar concentrations of the two substances are almost 

equal (Table II). Thus one mole of water can H-bond with one mole ofHEMA, and there 

is little water available to interact with collagen molecules that H-bonded with each other 

when they became closely approximated by air-drying. The next highest water 

concentration (25% water-75% HEMA), would have more moles of water than ofHEMA 

(Table II), and hence would have more water available to compete with interfibrillar H

bonds between collagen molecules. This increased water content would permit breakage 

of some H-bonds between collagen fibrils, but. not enough to obtain a soft, compliant, 

fully-expanded collagen network. Fifty percent water-50% HEMA (weight percent) 

provides more water for H-bond interaction, resulting in more expansion. Each of these 

solutions has different solubility parameters (Table VI). Table VI lists the three Hansen 

solubility parameters ofwater-HEMA mixtures ranging from 100% water-0% HEMA, to 

0% water-1 00% HEMA. Also listed are the solubility parameters of the three model 

primers that were used in this study (B, C and D). Note that the solubility parameter for 
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hydrogen bonding forces (oh) varies from a low of 16.1 in 100% HEMA to 37.3 (J/cmY' 

in 100% water. 

Table VI 

Solubility Parameters ofWater-HEMA Mixtures 

I -Test Water .. HEMA Mqlat: Ratio Solnl!Hity l,';trameters* (~fernY' 
Solution (~%) (wt%) HEMAIH20 i5• i5h lid 

A 100 0 0.00 27.3 L. 37..3 12.2 
90 10 0.02 25.6 35.3 12.5 
80 20 0.03 23.9 33.2 12.9 
70 30 0.06 22.2 31.1 13.2 
60 40 0.09 20.5 29.0 13.6 

.. D 50 50 0.14 18.7 L 26.9 13.9 
40 60 0.21 17.0 24.8 14.3 
30 70 0.32 15.2 22.6 14.6 

c 25 75 0.41 14.3 r 21:6 14.8 
20 80 0.55 13.4 20.5 15.0 

.iB 10 90 1.24 11.6 18.3 15.3 
0 100 0.00 9.8 16.1 16.7 

*Solubility parameters for polar· forces (li.), hydrogen bonding (lib), and 
dispersion forces (lid), from Miller (personal communication). 

Miller et a/. 1998, calculated these same three solubility parameters for collagen 

(Table VII). Note that the solubility parameters for collagen are highly dependent on the 

state of hydration. Since the solubility parameters of a solution are related to a number of 

important physical properties, such as the ability of these solutions to wet a substrate, it 

becomes valuable to estimate the solubility parameters of demineralized dentin in wet 

versus dry conditions. Miller (1995) has done this in his thesis. His table of solubility 

parameters for collagen are shown in Table VII. Note that the oh values vary from a low 

of 15.2 in dry collagen to a high of 32-34 (J/cm3)y, in 20-30% collagen hydrated with 80-

70% water, respectively. 



I Collagen 
I State 

Wet 

J)ry 

Table VII 

Solubility Parameters for Wet and Dry Collagen 

;;Water 
(wt%) 

100 
90 
80 
70 
60 
50 
40 
30 
20 
10 
0 

Polypeptide 
(wt%). 

0 
10 
20 
30 
40 
50 
60 
70 
80 
90 
100 

Solubility.l{arameters* (J/cm•) ' 
"• · ·oh od· 

27.3 37.3 12.2 
26.5 35.7 12.6 
25.6 34.0 13.1 
24.7 I :: 32.2 13.6 
23.7 30.2 14.2 
22.7 28.2 14.7 
21.6 26.0 15.3 
20.3 23.6 16.0 
19.0 21.0 16.7 
17.6 18.2 17.5 
16.1 t15.2 18.3 

*Solubility parameters for polar forces (op), hydrogen bonding (oh), and 
dispersion forces (od), from Miller (unpublished observations). 
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In dentistry, unlike medicine, the state of hydration of collagen can be altered 

physically by air-drying, or chemically by the use of water miscible, but water-free, 

solvents (Maciel et al., 1996). That is, when bonding systems dissolved in water-free but 

water-miscible solvents are applied to demineralized dentin, it is very likely that the 

collagen water content rapidly approaches that of the solvent. 

According to Asmussen and Uno (1993), when solvents of differing composition 

are applied to fully hydrated dentin, they will "dissolve" in the collagen when the 

differences between their solubility parameters and that of collagen are smallest. If the 

collagen is dried first, its solubility parameters change (Table yrr), and so would the ideal 

primer for causing its "solution/swelling." Theoretically, the opposite should also be true. 

If we begin with fully hydrated dentin and suspend it in a solvent system (e.g. water-

HEMA mixture) that has a different set of solubility parameters, the collagen should 

"shrink" as water that was }!-bonding with collagen begins to H-bond with HEMA. This 
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action would permit peptide-peptide 'H-bonding in collagen to occur, causing further 

shrinkage. 

Although the true water content of air-dried, demineralized dentin is not known, it 

is likely that, regardless of its original concentration, the collagen would rapidly 

equilibrate with the water concentration of· whatever primer -is applied on it. This 

equilibration would change the collagen solubility parameters and hence, how it would 

interact with primers. 

Asmussen and Uno (1993) reported that there was a positive relationship between 

resin-dentin bond strength and the solubility parameter and fractional polarity of adhesive 

resins. They concluded that the optimum values for these variables were important for 

wetting and penetrating the surface, and perhaps for collagen "softening," which in turn, 

leads to high bond strength. In the present thesis, bond strength was not measured. 

Rather, the degree of expansion of dried, demineralized dentin model primers was 

measured. The relationship between the degree of expansion or collapse of demineralized 

dentin and resin-dentin bond strength is not clear. Gwinnett (1994) showed that moist 

_ dentin (i.e. expanded) produced much higher bond strengths than dry dentin (i.e. 

collapsed), but the bond strengths between these two extremes is unknown. Most BEMA

containing bonding systems use 35-45% HEMA, 55-65% water (wt"/o), although the 

relationship between bond strength and HEMA concentration gives a rather flat bell

sh\(ped curve (Munksgaard and Asmussen, 1984). Our results indicate that any solution 

with a water concentration less than 100% will not fully expand demineralized dentin. It 

is clear that none of the water-HEMA mixtures used in this study perinitted full 
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expansion of the demineralized matrix. Further research is necessary to determine if the 

60% expansion does, indeed, produce optimal bond strengths. 

The linear relationship between the rate and extent of expansion of dried 

demineralized dentin as a function of the water concentration of the model primers (Figs. 

4 and 5) is probably due to the very strong influence of water on the solubility parameter 

for hydrogen bonding (see Table VI). Substitutio~ of the 8h values for the water 

concentration of the model primers gives a significant linear relationship of percent 

expansion height of the matrix vs. 8h (Fig. 8). The correlation (r = 0.96) was highly 

significant (p < 0.001) as was the R2 value (0.92). 

Although a similar relationship exists between expansion height and Op, we 

believe that it is fortuitous due to the fact that both 8h and Op increase in water-HEMA 

primers (Table VI), as water concentration increases. Studies of the swelling pressure of 

dried, demineralized dentin matrix in solvents of widely different 8h and Op (Pashley, 

unpublished observations), have shown the swelling pressure correlates better with 8h ~ 

= 0. 75) than with 8p (R2 
= 0.27). Thus, it is likely that 8h is the critical variable among the 

Hansen triple component solubility parameters. This hypothesis will be tested in the 

future by comparing the extent of expansion produced by a series of model primers with 

increasing 8h vs. constant 8h and increasing Op. 

The use of an L VDT contact probe on demineralized dentin disks provides very 

useful quantitative information that will provide new insight into how adhesive 

monomers interact with the dentin matrix. This methodology should lead to 

improvements in resin-dentin bonding. 



Figure 8. Linear relationship between percent expansion height of 

dried, demineralized dentin and the H-bonding solubility 

parameter (oh) ofthe three mode/primers . 
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V.SUMMARY 

The purpose of this study was to te~t the rate and expansion of air-dried, collapsed 

demineralized dentin matrix using three different water-HEMA solutions. Solutions of 

10% water-90% HEMA, 25% water-75% HEMA and 50% water-50% HEMA (by 

weight), and 100% water were evaluated. Eighteen dentin specimens (0.2 mm thick) were 

demineralized in 17% EDT A for 5 days; yielding type I collagen disks approximately 200 

IJl11 thick. 

An L VDT from a modified TMA (with the oven removed) was used to measure 

vertical dimensional changes of the dentin specimens. Specimens were air-dried with 

compressed air, then one of three model primers was applied and the rate and amount of 

expansion was measured over time compared to 100% water. 

Three hundred twenty-three experiments were conducted and the results were 

analyzed using a repeated measures ANOVA, followed by a least squares means 

comparison test. Analysis revealed a significant (p < 0.0001) relationship between water 

concentration and both the rate and amount of re-expansion of dried, demineralized 

dentin matrix. Dentin matrix expansion with the 10% water-90% HEMA solution was 20 

± 5% of the re-hydrated, water control value; with 25% water-75% HEMA it was 35 ± 

4%; and with 50% water-50% HEMA it was 62 ± 6% (Table VIII). 

A similar significant relationship was found between the extent of expansion of 

demineralized dentin and Hansen's solubility parameter for hydrogen bonding forces 
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(15h). The results are consistent with the ability of water to break interpeptide hydrogen 

bonds by preferentially producing H-bonds with water. The extent to which this 

interaction can occur is proportional to the molar water concentration of the primer. 

Table VIII 

Expansion Rate and Height of Solutions B, C, and D. 

. W~ight Water • Conaglin Collagen . 
Percent Concentration Expansion Rate (J.!nl/min)* Expansion Height (J.!m) 

H20 (moles/L) Absolute Percent1 Absolute Percent1 

>:~ 

B (10) 5.6 6.94 ± 5.46' 4 ± 4' (107)1 18.71 ± 5.98" 20 ± 5" c 107)1 

C(~5). 13.9 14.22 ± 4.65b 9 ± 5b (109)1 32.49 ± 7.75b 35 ± 4b (109)1 

D (50) 27.8 18:74 ± 6.22' 12 ± 7' (107)1 58.94 ± 13.38' 62 ± 6' (1 07)1 
. 

c . -
*Values are mean ± SD, N = 18. 1Perceut of water-treated controls. 1Values in parentheses are the 
number of measurements made with each solution. Groups identified by similar superscript letters 
are equivalent (p > 0.05). 
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APPENDIX 

Shrinkage and expansion of demineralized dentin on a mineralized base. 

Eighteen trials were also performed on one specimen with a mineralized base (to more 

closely simulate conditions found in clinical practice), using three different test solutions 

of 5% water-95% HEMA, 10% water-90% HEMA and 25% water-75% HEMA. The 

specimen was etched for 15 seconds with aqueous 37% phosphoric acid, rinsed with 

water, and then luted into the Plexiglas well with sticky wax. 

In a technique similar to that described previously, a baseline reading was 

established on the wet, mineralized dentin for two minutes. Compressed air was then 

blown on the surface at a 45" angle from a distance of 3 em, and the rate of shrinkage 

recorded on the TMA computer. Once shrinkage was complete and a steady-state 

achieved, the mineralized disk was treated with one of three test solutions (5%, 10% and 

25% H20) and the expansion was measured over time (results shown in Table IX). 

: Solution 
(% H20) 

5 

I 10 
I 25 l 

I 100 

Table IX 

Rate and Height of Expansion of Collapsed 
Demineralized Dentin Matrix on a Mineralized Base 

Concentration Expan~ion Rate (!lrnlmin) Expansion Height (!lm) 
(moles!L) Absolute Absolute ,Perceut1 

2.28 3.88 ± 0.40 (6)' 5.49 ± 0.81 (6)' 43.81% 
5.56 8.19 ± 1.75 (6)b 8.43 ± 1.07 (6)b 64.50% 

13.89 13.17± 2.01 (6)' 11.07 ± 0.83 (6)' 89.37% 
55.56 12.32 ± 0.94 6 ' 100.0% 

Numbers in parentheses are the number of observations made on a single specimen. Different 
superscript letters indicate significant differences (p > 0.05). 
1 Percent of water-treated controls. 
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In this experiment however, in addition to shrinkage and expansiOn of the 

collagen network, there was also warpage of the mineralized base (data not shown). Van 

der Graaf and Ten Bosch (1993) reported that dehydration of mineralized dentin 

produced 1.4-2.0% volumetric shrinkage. This is sufficient to warp or twist the specimen. 

This warpage can cause the contact probe to move up or down ± 5-l 0 11m depending on 

where the probe is with respect to the twisting of the specimen. This obviously introduces 

large errors in attempts to measure changes in the thickness or height of the 

demineralized surface zone. Therefore, the percent expansion is greater compared to the 

percent expansion of demineralized dentin collagen alone. Figure 9 presents a composite 

graph illustrating the typical expansion of the dried, collapsed demineralized matrix on a 

mineralized dentin disk base, following application of the three different test solutions . 

. ' 
The use of completely demineralized specimens (compared to the use of 

demineralized dentin matrix attached to a mineralized base), was selected after a 

preliminary study showed that dentin disks with a mineralized base exhibited excessive 

warpage when air-dried (i.e. in addition to the demineralized dentin matrix shrinking with 

air-drying, the mineralized .base also warped). Application of 35% phosphoric acid gel to 

the surface of mineralized dentin for 15-30 seconds will demineralize the dentin surface 

to an approximate depth of 5-l 0 !liD, and leave behind a mineralized base. This 

application closely simulates conditions found in clinical practice, but yielded ambiguous 

results, because it was difficult to determine how much change occurred in the 

mineralized versus the demineralized dentin. However, the results of three trials of the 

three primers on one specimen is shown in Figure 9 for the purpose of comparison. The 

water concentrations of the primers used on the mineralized specimen were: model 
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primer A= 5% water-95% HEMA; primer B = 10% water-90% HEMA, and primer C = 

20% water-80% HEMA. Although there were quantitative differences in the slopes and 

heights of expansion due to the different water concentrations, the results were 

qualitatively similar. That is, the heights of there-expansions were all proportional to the 

water concentration of the primers, and they all reached steady-state heights that were far 

below the control heights. 

Figure 10 shows a regression analysis of the expansion rate of dried, acid-etched 

dentin on a mineralized base. A mineralized dentin disk was fixed to the bottom of the 

well and its surface acid-etched with 37% phosphoric acid liquid for 15 seconds and then 

rinsed with water. After shrinking the demineralized matrix (as shown in Fig. 9), the 

three model primers were applied randomly and the rate of expansion followed. The 

regression analysis revealed a significant correlation coefficient (r = 0.93 and p < 0.001) 

and anR2 value of0.85. 



Figure 9. Expansion of demineralized dentin on a mineralized base by model primers. 
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Figure 10. Regression analysis of the rate of expansion of mineralized base specimens. 
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