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Abstract. Incomparison toenamel, bonding tonormal dentin
is a greater challenge because of its organic constituents, fluid-
filled tubules, and variations in intrinsic composition. Bonding
to sclerotic dentin is even more difficult. To evaluate the shear
bond strengths of four adhesive systems to dentin substrates
with different levels of mineralization, 120 extracted human
teeth were randomly assigned to three groups (n = 40). After
mid-coronal dentin was exposed, groups of specimens were
artificiallyhypermineralizedbyimmersion in a remineralizing
solution, demineralized by means of an acetic acid de-
mineralizing solution, or stored in distilled water to model
sclerotic, carious, and normal dentin, respectively. Resin
composite wasbonded todentinbyuse ofcommercial adhesive
systems. After the specimens were thermocycled, shear bond
strengths were determined in an Instron universal testing
machine. Dentin substrates and resin/dentin interfaces were
examined by SEM. For each adhesive system, the mean shear
bond strength to normal dentin was significantly higher than
that to either of the other substrates. Shear bond strengths to
hypermineralized dentin were significantly higher than those
to demineralized dentin with all adhesives except Prisma
Universal Bond 3.
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Introduction
Strong, durable bonds between dental biomaterials and tooth
substrates are essential, not only from a mechanical stand-
point, but also from biologic and esthetic perspectives. Good
marginal adaptation of restorative materials reduces
microleakage, staining, pulpal irritation, and recurrent caries
(Nakabayashi, 1992).

Buonocore(1955)demonstrated thatacid-etchingof enamel
with 85% phosphoric acid increased the retention of resin to
enamel. Bonding is micromechanical, because resin forms tag-
like extensions into the etched enamel surface (Gwinnett and
Matsui, 1967). Dentin is a less favorable substrate than enamel
for resin bonding. Many factors contribute to the difficulty in
bonding, including the high organic content of dentin, varia-
tions in its intrinsic composition, the presence of fluid and
odontoblastic processes in the tubules, the presence of the
smear layer, and the inherent wetness of the surface (Pashley,
1989; Ten Cate, 1989; Soderholm, 1991).

Bonding to hypermineralized dentin surfaces is even more
difficultthanbondingtonormaldentin(DukeandLindemuth,
1990). Hypermineralized dentin occurs in several situations.
For example, peritubular dentin is more mineralized than
intertubular dentin(Takuma, 1960). Inaddition,dentinchanges
throughout the life of an individual, since deposition of calci-
fied tissue continues with function (Mendis and Darling, 1979;
Duke and Lindemuth, 1991). Dentin in naturally desensitized
areas is also highly mineralized, and most of the tubules are
occluded with rhombohedral crystals(Yoshiyama et al., 1989).
Under carious lesions, deposition of beta tricalcium phos-
phate crystals increases the mineral content and decreases the
permeability of dentin (Duke and Lindemuth, 1991).

Sidhu et al. (1991) found that the composition of the dentin
substrate may affect theperformance of bonding agents.Some
bondingagentsmightbondmorereadilytoahypermineralized
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Table 1. Batch num bers of materials used

All Bond2
All-l tch
P'riricr A
Primer B
Dentin/Einamel Boncliing Resin

Arnatlparinbo11d I'lus

Activator
Adhesive Agent
Base B

Catalyst C
Prisniu UJn i ve rsa l Bond 3

Denitin Primer
Aclhesive

Scitt hboud Multi-Plurpsic
itchant
Primer
Adhesive

029072
059282
029092
0O9262

20402
072792- 397183
20401
204031

920708
920723

P920319
P920319
P920319

tissue and others to a more organic substrate. Duke and
Lindemuth (1990) stated that increases in peritubular dentin D
and obliteration of tubular orif ices may preclude the develop-
ment of' adequate micromechanical retention. For example,
Scotchbond 2 primer (maleic acid and HFMA) does not condi-
tion sclerotic dentin ef'f ectively (Duke and 1 indemuth, 1991).

The purpose of' this study was to evaluate the shear bond
strengths of four adhesive systems to dentin substrates with
different levels of mineralization.This information could help
to clarif'y the roles of the organic and inorganic components of
dentin in resin bonding.

Materials and methods

Specimen preparation
One hundred twenty unrestored caries f'ree human molar teeth
were selected for this study, Tissue remnants and debris were
removed from the teeth,and the teeth were refrigeratedfor upto
one year in a thymol disinf'ectant solution. The occlusal surf'ace
of each tooth was ground flat with a water-cooled orthodontic
model-trimmer (Whip-Mix, I ouisville, KY). Half of the crown
height was removed to expose mid-coronal dentin (Gwinnett,
1992). Dentin was polished with wet 240-, 400-, and 600-grit
silicon carbide abrasive paper on an Fcomet grinder (Buehler,
Ltd., Lake Bluf'f, IL).The polished surf aceswere inspected with a
dissecting microscope (American Optical Company, Buffalo,
NY). If any enamel remained, the surface wasground again until
all enamel was removed. The apices were sealed with sticky wax
(Whip-Mix), and the teeth were covered with two coats of acid-
resistant varnish. A 5-mm circular area was left uncovered as a
bondingsite in the center of the occlusal surface.

The teeth were randomly assigned to three equal groups (n

Figure 1. Scanning electron micrographs of (a) norinal dentimn (h)
artificially hyperrninei-alized denltinl;anid (c)ai til icial ly ceminici alizecc
dentin,

= 40). The exposed occlusal dentin sut'faces of the f'irst group
were etched f'or 5 sec with 32'S. phosphoric acid (UJni-Ftch,
Bisco, Itasca, IL) to remove the smear layer (Brannstrom et af.,
1979). The teeth were suspended in 600 ml of a mineralizinig
solution (pH = 7) which contained 1.5 mM calcium (from
CaCI, 2HO), 0.9 mM phosphate (from K,PO0), and 0.15 M po-
tassium chloride (Heilman and Wefel, 1989). The solution was
maintainedat room T, and wascontinuously stirred. The speci
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Table 2. Shear bond strengths (MPa)

n Mean S.D. Max Min

All-Bond 2 30 10.62 6.60 23.86 0.00
Normal Dentin 10 16.84 4.06 23.86 10.60
Hypermineralized Dentin 10 12.07 3.11 15.24 7.02
Demineralized Dentin 10 2.93 1.67 5.56 0.00

Amalgambond Plus 30 11.16 7.47 21.47 0.00
Normal Dentin 10 17.47 4.59 21.47 5.03
Hypermineralized Dentin 10 14.05 2.33 16.96 9.81
Demineralized Dentin 10 1.96 2.41 7.42 0.00

Prisma Universal Bond 3 30 7.70 4.65 18.69 0.00
Normal Dentin 10 11.40 5.45 18.69 0.00
Hypermineralized Dentin 10 7.11 2.29 10.60 3.59
Demineralized Dentin 10 4.58 2.92 11.53 1.59

Scotchbond Multi-Purpose 30 9.63 6.93 19.09 0.00
Normal Dentin 10 16.14 2.21 19.09 11.40
Hypermineralized Dentin 10 11.23 5.06 17.32 2.38
Demineralized Dentin 10 1.51 1.04 2.91 0.00

mens were placed in fresh mineralizing solution every 24 h for
14 d, a duration that was determined by a pilot study. The
second group of teeth (n = 40) was placed in a demineralizing
solution of 0.1 mol/L acetic acid, which removes minerals but
does not dissolve collagen (van Strijp et al., 1992). The speci-
mens were suspended in 400mL of the solution (pH = 4.5) and
stored in a refrigerator for 7 d (van Strijp et al., 1992). The
solution was changed after the second and fourth days. The
remaining 40 teeth were stored in distilled water at room T.

Bonding procedures
All specimens were mounted in phenolic rings (Buehler) with
self-curing acrylic resin (Shur-Tray, Miles Inc. Dental Products,
South Bend, IN). The surface of the acrylic was coated with
varnish to prevent any residual acrylic monomer from con-
taminating the dentin surfaces. Bonding procedures were car-
ried out 7 d after the teeth were removed from the treatment
solutions. The specimens weremounted on a custom apparatus
for bonding with the adhesive systems All-Bond 2 (Bisco),
Amalgambond Plus (Parkell, Farmingdale, NY), Prisma Uni-
versal Bond 3 (Caulk/Dentsply, Milford, DE), or Scotchbond
Multi-Purpose (3M Dental Products Division, St. Paul, MN)
(Table 1). For each adhesive system except Universal Bond 3,
dentin was kept moist after being etched and rinsed by re-
moval of excess water with a damp cotton pellet instead of by
drying with compressed air. Moist dentin is a more appropriate
substrate than dry dentin for some etched-dentin adhesives
(Gwinnett, 1992; Kanca, 1992a; Swift and Triolo, 1992). For
Prisma Universal Bond 3,whichcontains nodentin etchant, the
surface was completely dried as directed by the manufacturer.

Gelatin capsules (Eli Lilly and Company, Indianapolis, IN)
with an internal diameter of 4.85 mm were used as matrices.
The gelatin capsules were filled to two-thirds of their length

with resin composite (Command Ultrafine, Kerr Manufactur-
ingCompany, Romulus, MI)(Barkmeier etal., 1991a)whichwas
polymerized for 120 s. Restorative Z100 resin composite (A2
shade, 3M Dental Products Division)was inserted into the final
one-third of each gelatin capsule, slightly overfilling the cap-
sule. The capsule was applied to the dentin surface, excess
material was removed, and the composite was cured for 160 s
(40 s from each of four perpendicular directions) by use of a
Demetron 401 visible-light-curing unit (Demetron Research
Corporation, Danbury, CT). The intensity of the curing light
was monitored periodically with a Curing Radiometer
(Demetron Research Corporation), and its intensity was con-
sistently in the range of 450-500 mW/cm2. The specimens
were set aside for 20 min and were then immersed in water
(Leung et al., 1983).

Bond strength testing
After storage in distilled water at room temperature for 7 d
(Feilzer et al., 1990), the specimens were subjected to 2000
thermal cycles (Brown et al., 1972; Lloyd et al., 1978). Each cycle
consisted of 34 s in water baths of 10° and 50° + SC, with an
exchange time of 13 s between baths.

Thespecimens were then stored in distilled water for 48h at
room temperature. Bond strengths were measured in the shear
mode by a universal testing machine (Instron Corporation,
Canton, MA) with a 500-kg compression load-cell. A knife-
edge shearing rod was attached to the crosshead, and the cross-
head speed was set at 0.5 cm/min. The distance from the probe
to the dentinwas monitored by a spacer of two celluloid matrix
strips(Hawe-Neos Dental, Gentilino, Switzerland).The force at
which composite dislodged from the dentin surfaces was re-
corded on a strip chart, and shear bond strengths (MPa) were
calculated from the cross-sectional area of the composite posts.
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Table 3. Two-way analysis of variance

Source of Variation Sum of Squares DF Mean Square F Ratio F Prob

Main Effects 3551.965 5 710.393 62.388 0.0001

Bonding System 208.741 3 69.580 6.111 0.001

Mineralization 3343.224 2 1671.612 146.805 0.0001

Interactions Bonding System vs. Mineralization 331.572 6 55.262 4.853 0.0001

Explained 3883.537 11 353.049 31.006 0.0001

Residual 1229.758 108 11.387

Total 5113.295 119 42.969

Table 4. Duncan's multiple-range test of shear bond strength

Group Mean SBS (MPa)a Duncan Groupb

ND/AM 17.47 A
ND/AB 16.84 A B
ND/SB 16.14 A B
MD/AM 14.05 B C

MD/AB 12.07 C
ND/PUB 11.40 C
MD/SB 11.23 C
MD/PUB 7.11 D

DD/PUB 4.58 D E

DD/AB 2.93 E

DD/AM 1.96 E

DD/SB 1.51 E

ND = normal dentin.
MD = hypermineralized dentin.
DD = demineralized dentin.
AB = All-Bond 2.
AM = Amalgambond Plus.
PUB = Prisma Universal Bond 3.
SB = Scotchbond Multi-Purpose.
a n = 10 for all groups.
b Values with the same letter are not significantly different

at p < 0.05.

Microscopic evaluation
Each fractured specimen was examined with a dissecting mi-
croscope (American Optical Microscopy) so that the type of
failure could be evaluated. In addition, two specimens from
each bonding group were processed for SEM observation. Lon-
gitudinal 300gm bucco-lingual sections were taken by means
of a Silverstone-Taylor hard-tissue microtome (Sci-Fab,
Littleton, CO). Sections of the restored specimens were im-
mersed in6 mol/L HCIfor 30 sand1%NaOClfor 12h for partial
demineralization and deproteinization of dentin (Nakabayashi
and Takarada, 1992). The specimens were mounted on alumi-

num stubs with colloidal silver paint, and vacuum-desiccated
for 24 h. They were sputter-coated with gold-palladium at 15
mA for 2 min and were examined in a Hitachi S-4000 Field
Emission Scanning Electron Microscope (Hitachi, Tokyo, Ja-
pan) at a 12-kV accelerating voltage and 10-mm working dis-
tance. Also, specimens with cohesive failures were not dem-
ineralized, but were prepared for SEM observation by remov-
ing the coronal portion of each tooth and mounting it on an
aluminum stub. Finally, six additional specimens were made
and immersed in remineralizing solution, demineralizing solu-
tion, or water so that the surface morphology of the various
dentin substrates could be examined with SEM.

Statistical analysis
Bond strength data were subjected to two-way and one-way
analyses of variance (ANOVA). When the F-ratios were sig-
nificant, Duncan's multiple-range test was used to compare
specific mean values at p < 0.05. The statistical analysis was
processed with the SPSS/PC+ software system (SPSS, Inc.,
Chicago, IL).

Results
The mean shear bond strengths and standard deviations for
each group are listed in Table 2. All of the dentin bonding
systemshad higher shearbond strengths tonormal dentin than
to hypermineralized or demineralized dentin. Two-way
ANOVA revealed significant differences in bond strengths
based on dentin substrate and bonding system and their inter-
action (Table 3). Duncan's multiple-range test was used to test
the significance of differences between specific means (Table
4). Amalgambond Plus, All-Bond 2, and Scotchbond Multi-
Purposeonnormaldentinhad the highestmeanbond strengths,
and these were statistically similar. Bond strengths to deminer-
alized dentin were the lowest of the three substrates for each
adhesive. Prisma Universal Bond 3 was the only system that
had statistically similar mean bond strengths regardless of
whether the dentin was hypermineralized or demineralized.
However, its bond strength to normal dentin was significantly
greater than that to either of the other substrates.

j Dent Res 73(l) 1994 47
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Figure 2. Bonding interlaces ol (a) A malgam bond, (b) AI B-Bond 2 (c Prismar niversal Bond 3. and (d) Scotchond MultiiPuLFposc with 1101n111o I
dentin Thc Amalgamnbondc specimc 0 shows a particulIarly weli delined hybrid layer (1) Arrow inclicates one area ol hyhbrici lai er in wh ic h
collagen I ibers are evident

The means were also exatnined for each of the two inde-
pendent variables. When data were pooled by the degree of
dentin mi-neralization, one-way ANOVA revealed that mean
bond strengths to the three substrates were significantly dif-
lerent (p < 0.0001), The results of the post hoc test are shown
in Table 5. When the data were pooled by dentin bonding
system, ANOVA showed no statistically significant differ-
ences in mean bond strengths (p = 0,18),

The ef'f'ects of the demineralizing and rernineralizinig so-
lutions on the dentin substrates are shown in the scanning
electron micrographs in Fig. 1, The dentin resin interfaces of
All-Bond 2, Amalgambond Plus, Prisma Universal Bond 3,
andScotchbond Multi-Purposewith normaldentin areshown
inscanningelectron micrographsin Fig,2.Thefunnel-shaped
configuration of' the resin tags is evident mainly in Amial-
gambond Plus and All Bond 2 specimens (Nakabayashi and
Takarada, 1992). The necks of the resin tags are connected
with resin-inf iltrated dentin surface (Fig. 2b). All-Bond 2 and
Amalgambond Plus also had a rough pattern on the superfi-
cial areas of the resin tags, whereas Scotchbond Multi-Pur-
pose produced a smoother morphology. Prisma Universal
Bond 3 generally did not penetrate the dentinal tubules, be-

cause this agent does not remove the smear layer (O3arkeik ie-
et cl, 1990) However, scattered resini tags werc pr-esenlt in
some areas.

The dentin-resin interlaces of All-Bond 2, Amalgamiibond
Plus, IPrisimia Universal Bond 3, and Scotchbonid Multi Put
pose on mineralized and deminieralized dentini are shown in
Figs. 3-6.

Almost all f'ailures were adhesive. witlh f ractui-es occur-
ring at the interl'ace between dentin and resin (Fig 7) (Tablc
6). As used here, the term "adhesive" meanis simply that no
cohesive failure of dentin or resin was observed; it does not
ref'er to the nature of' the bond betweeni resin and dentini.
Sixteen of the 120 specimens had cohesive failures of dentin.
with most of these occurring in normal dentin specimens.
Another 16 specimens had iriixed adhesive/cohesive f'ailures.
in which composite was still partially bonded to the dentitn,
but withoutdentinfracture Flevenspecimenshaddeepci-acks
into the tooth structure.

Discussion

Some investigators have proposed that chemical adhesion is the

JI)ctit Res 7.3(1) 1994
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Figure 3. Resin denitin/intertaces of All-Bond witi (a) derninieralized
and (b)hypermineralized dentin No resin iscident on theddernineraI-
ized dentin surface

principal mechanism of bonding to dentin (Buonocore ct al.o
1956; Munksgaard and Asmussen, 1985; Ruse and Smith, 1991)
AsmussenandUno(t[992)notedthepresenceof chemicalgroups
in the collagen molecule which might be available for bonding,
including hydroxyl, carboxyl, amino, and amido groups. How-
ever, micromechanical retention is now thought to be the most
likely mechanism of resin/dentin bonding (Erickson, 1992;
Spencer et al., 1992). Micromechanical adhesion to dentin may
depend on the hydrophilicity of the adhesive system (Erickson,
1992), and bonding of hydrophobic resins to etched dentin has
proved unsuccessful (Torney, 1978). Acid-etching opens
microporositieson the dentin surf acesand exposescollagen that
collapses on itself due to the loss of inorganic support (Pashley,
1992; Van Meerbeek et al., 1992). Primer application raises the
collapsed collagen, keeping the porosities open (Erickson, 1992;
Pashley, 1992; Van Meerbeek et al, 1992) Resin penetrates the
collagen network, resulting in a mechanical interlocking with
dentin to form a "hybrid layer" or "resin-infiltrated layer"
(Nakabayashi et al, 1982; Erickson, 1989; Van Meerbeek et al.,
1992). All-Bond 2, Amalgambond Plus, and Scotchbond Multi-
Purpose all rely on etched dentin, even though their specif ic
mechanisms of action may differ. In this study, the mean shear

Figure 4. Resin denitin /iii cl acesol Amalgamonhod witii h(ca)eni nicr-
alized and th) hy peinineralized denltin i initclacc C =denitini cross-
section: R hBottom surf ace ol riesinID dentitii

bond strengthsof theseagents tonormal dcntini were not sigiiI i-
cantly dif ferent (p < 0.05).

All Bond 2 uses a 109;. phosphoric acid semi-gel to ctch
dentinforl5s(Suh,1991) .Ihosphoricaciddecalciliesthcssupel
ficial dentini, removes calcium and phosphate ions. ancl cx-
poses collagen (Chiba ct al., 1989; Thompson ct fl., 1989; Rusc
and Smith, 1991). The depth of deinineralizationi has been re-
ported to be 7.5 pm with 10'1, phosphoric acid (Van Mccibeck et
al., 1992), although the decalcif ied dentin probably colntainis
residual mineral particles (Van Meetibeck et (tf., 199:3). Adhe-
sion is compromised if the depth of demiincralization excceds
the depth of monomer penetrationi (Frickson, 1992; I'ashle) ct
al. 1992). According to Van Meerbeek et fl (1992), the depth of
the resin-reinforced layer for All-Bond 2 is 2.5 pin, meaninig
that the primers did not infiltrate through the entir-e depth of
the decalcified dentin.

Bonding of the All Bond 2 dentin adhesive system depends
on the interaction of its primers with dentin and with each
other (Bowen ct al, 1982; Bowen and Marjenhoff, 1991). The
primerscontain acetone,which actsasa 'water-chaser" tocarry
resins into the etched dentin, resulting in a good adaptation to
the surface (Bowen, 1985; Suh, 1991; Kanca, 1992b; Gwinnett,
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4..-

Figure 5. Resin dentin/interfacesof Prisma U>niversaI Bond 3 with (a)
demineralized and (h) hypermineralized dentin interface C =den
tin cross sectionl P another plane of dentin

1992) All Bond 2 isa modif'ication of a system originally intro
duced by Bowen et al. (1982), and contains 2% NTG-GMA and
16"/o BPDM (Van Meerbeek et al. 1992). The BPDM molecule has
an extra benzene ring, but otherwise is similar to PMDM
(Barkmeier et al. 1991a) The PMDM molecule contains two
methacrylate groups that polymerize to form insoluble poly-
mers, while the carboxylic acid groupscan bind tocalcium and
other com ponents of enamel and dentin (Johnston and Bowen,
1991). Bowen et al. (1982) reported that the aromatic ring of
NTG-GMA is electron rich, while that of' PMDM is electron-
poor The two molecules therefore have a mutual affinity, and
NTG-GMA initiates polymerization of PMDM. Schumacher et
al (1992) hypothesized a synergistic reaction between surf ace-
active monomerscontainingcarboxylicgroups,such asPMDM,
and surface-activeamineactivatorssuch as NPG.Thechemical
complexes f'ormed by these two materialscould decompose by
an electron transfer mechanism, forming radicals that initiate
copolymerization of the monomers.

The bond strengths of All-Bond 2 with normal dentin ob-
tained in this experiment were lower than those reported in
several recent studies (Kanca, 1992a,b; Barkmeier et al., 1991a;
Gwinnett, 1992), but were similar to those obtained by Triolo

Figure 6. Resin dentin/interl aces ol Scotchbond Multi-PLrl pose wvith
(a) demineralized and (b) hvperimineralized dentin I =intcrltcc (C=
dentin cross section

and Swift (1992). Barkmeier et al. (991b),( happell et al. (192),
and Kerr Manufacturing Company (1992) Dif'f'erences in test
methods account for some of the dif'ferences in bond strengths
reported by various laboratories For example, some research-
ers condition and prime entire dentin surf-aces, while others
treat only smaller, circumscribed areas. Researchers may use
dif ferentcrosshead speeds, with fasterspeedsresul tingin lower
bond strengths

Amalgambond Plus etches dentin with a solution of [0%/
citric acid and 3% ferric chloride (10/3) Citric acid demineral
izes the dentin surface, and f'erric chloride reportedly prevents
collagen denaturation and collapse (Nakabayashi, 1985a,b.
Nakabayashi et al, 1992). Ftching with the citric acid/t'erric
chloride solution exposes 1 2 pm of the superficial dentin col
lagen (Fukushima and Horibe, 1990). Amalgambond primer is
a 35% HEMA solution that increases the dif'f'usion of monomer
into dentin (Nakabayashi and Takarada, 1992; Nakabayashi et
al, 1992), and may be essential both for hybrid zone formation
and for a gap-free dentin-resin interf'ace (Nakabayashi et al,
1992).ThechemicallycuredAmalgambondPlusbondingresin
contains 5% 4-methacryloyloxyethyl trimellitate anhydride
(4-MFTA), HEMA, and methylmethacrylate (MMA), and a tri-

j Dent Res 7.3( 1) 1994
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Table 5. Duncan's multiple-range test, shear bond strengths by degree of dentin mineralization

Type of Dentin n Mean Shear Bond Strength (MPa) Duncan Group*

Normal 40 15.46 A
Hypermineralized 40 11.12 B
Demineralized 40 2.74 C

* Values with different letters are significantly different at p < 0.05.

Table 6. Modes of failure

Group n Cohesive Adhesive Mixed

All-Bond 2 30 4 (2)* 23 3 (2)
Normal Dentin 10 4 (2) 4 2 (2)
Hypermineralized Dentin 10 0 9 1
Demineralized Dentin 10 0 10 0

Amalgambond Plus 30 5 19 6 (1)
Normal Dentin 10 3 5 2 (1)
Hypermineralized Dentin 10 2 4 4
Demineralized Dentin 10 0 10 0

Prisma Universal Bond 3 30 1 27 2 (2)
Normal Dentin 10 1 7 2 (2)
Hypermineralized Dentin 10 0 10 0
Demineralized Dentin 10 0 10 0

Scotch bond Multi-Purpose 30 6 (3) 19 5 (1)
Normal Dentin 10 5 (3) 2 3 (1)
Hypermineralized Dentin 10 1 7 2
Demineralized Dentin 10 0 10 0

Numbers in parentheses denote specimens with visible cracks in the dentin surface.

n-butylborane (TBB) initiator. 4-META is a coupling agent
similar toPMDM (Bowen et al., 1982), and is hydrolyzed into 4-
MET,which containsboth hydrophilic andhydrophobic groups
(Ozaki et al., 1991; Hotta et al., 1992).

4-META adhesives have had consistent results in many
other experiments, with bond strengths ranging from 15 to 26
MPa (Pashley, 1991;Tao et al., 1991; Gwinnett, 1992; Nakabayashi
and Takarada, 1992; Trioloand Swif t, 1992).Two factorsmay be
responsible for the relatively high bond strength of Amalgam-
bond Plus. First, the 4-MET molecule may bond both chemi-
callyandmechanically to hydroxyapatite.Twodifferent forms
of 4-MET occur at the adhesive interface (Ozaki etal., 1991). One
of these reacts with calcium ions, and the other forms a copoly-
mer withMMA. Also, the slow chemical polymerization (inter-
facial initiation of polymerization) and high viscosity of Amal-
gambond Plus unfilled resin may reduce internal stresses and
contribute to its effectiveness as an adhesive (Imai et al., 1991;
Pashley, 1991; Van Meerbeek et ai., 1992).

Prisma Universal Bond 3 includes a primer and an unfilled
resin. The former is 6% PENTA and 30% HEMA in an ethanol
solution.PENTA is an adhesion-promoting, weakly acidic, self -
etching primer. It may or may not remove the smear layer,

depending on the thickness of the smear layer and plugs
(Barkmeier and Cooley, 1992; Erickson, 1992). PENTA may also
facilitate penetration of resin monomers into dentin surfaces
for micromechanical bonding (Van Meerbeek et al., 1992). The
adhesive resin contains 50% UDMA, 25% TEG-DMA (a diluent
resin), 4.5% PENTA, 0.5% to 1% glutaraldehyde, and a
photoinitiator (Albers, 1990a;Johnson eta l., 1991;Van Meerbeek
et aL., 1992; Barkmeier and Cooley, 1992). The presence of a
urethane group in the unfilled resin may result in bonding to
surface-bound hydroxyl groups (Eliades et al., 1985).

Reported bond strengths for Prisma Universal Bond 2/3 to
normal dentin range from 11 to 19 MPa (Barkmeier and Cooley,
1992; Chappell et al., 1992; Gwinnett and Kanca, 1992). In this
experiment, themeanbond strengthsof Prisma Universal Bond
3 to demineralized dentin and hypermineralized dentin were
not statistically different. This finding suggests that collagen
and calcium may both be involved in bonding of Prisma Uni-
versal Bond 3. On demineralized dentin, Prisma Universal Bond
3 had the highest mean bond strength of the adhesives tested,
although the difference was not statistically significant. This
may be the result of an interaction of its glutaraldehyde com-
ponent with dentinal collagen (Albers, 1990a; Barkmeier and
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Cooley, 1992). Bonding to collagen has been associated vvith
glutaraldehyde containing dentin bonding systeins (Munks-
gaard and Asmussen,1985). Glutaraldehyde is a very effective
protein cross-linking agent (Richard and Knowles, 1968) that
bonds to the NH, groups oft amino acids such as lysine and
hydroxylysine (Fliades etcil., 1985) Ionic bonding is evidently
another major component of the bonding mechanism of' Uni-
versal Bond 3, since Barkmcier and jetf'eries (1992) reported
that dentin conditioning with FDTA, 37Y1/ phosphoric acid, or
2.5'"i nitric acid/NPG decreased the mean bond strengths of'
I'risma Universal Bond 2 to dentinl I ike second-generation
phosphonateesters, the bonding irmechanism of Prisma Univer-
sal Bond 3 could involve ionic bonds between the phosphate
groupsof PENTA and the calcium ionsof the smear layeror the
dentin surf'ace(Albers, 1990a) However,its behavioron miner-
alized dentin in this study did not confirm this hypothesis.
Some non-collagenous proteins removed by etching may be
necessary f'orsubsequent remineralization(Pashley etal., 1992).

Scotchbond Multi-Purpose is the most recently developed
dentin bonding systemim used in this experiment. It uses an
aqueous solution of 10%/6 maleic acid with a polyvinyl alcohol
thickener (pH = 1.2) to etch dentin and enamel (3M Dental
Plroducts Division, 1992). The primer is an aqueous sol ution of
HEMA and a polyalkenoic acid copolymer similar to that
incorporated into Vitrebond glass-ionomer cement (3M Den-
tal Products Division, 1992). The Vitrebond copolymer is a
modif ied polyacrylic acid with polymerizable methacrylate
groups. When powder and liquid are mixed, calcium alumi-
num polyacrylate gel forms as a result of the conventional
acid/base glass-ionomer setting reaction. When light-cured,
the methacrylate groups form inter-chain covalent bonds.
The carboxylic groups of the polyacrylic acid form ionic
bonds either with the dentin calcium or with the aluminum
ions from the powder (Albers, 1990b; Mitra, 1991; Prati et a I.,
1992; Smith, 1992). Prati et al. (1992) used calcium oxalate to
increase the bond strengths of Vitrebond to dentin, verifying
this hypothetical bonding mechanism. Scotchbond adhesive

is a mixture of Bis GMA and HEMA, w ith less than 1.0"/.
hexaf luorophosphate.

Otherf actorsmaybe involvedinthebondinigof Scotchbond
Multi Purpose to dentin. Scotchbond Multi-Purpose showed a
fairly consistent behavior on normal dentin (coef'fIicienit of'
variation = 13.7%), but its bonding to minieralized dentin was
unpredictable (coefficient of variation = 45.0%)o). If ionic inter
action with calcium was the main coimiponent of bonding,
Scotchbond Multi-EPurpose should havedisplayed higher bond
strengthstomineralizeddentin Studieswith Scotchbond Multi-
Purpose are not abundant, because it is a new product. Sw ift
and Triolo(1992)obtained 17.8 Ml'a on dry dentin and 21 0 MPla
on moist dentin, al-ter thermocycling-values that are slightly
higher than the ones obtained in this study

All of the dentin bonding systems used in this study had
lower bond strengths to mineralized dentini than to norm al
dentin. This f'inding may be related to the partial or coiliplete
obliteration of tubules and intertubular dentini by minieral
deposition. Occlusion of the tubules by minerals and the in-
creased area occupied by peritubular dentini may preclude the
development of a good interpenietrationi oft the bondinig sys-
tems in dentin (Duke and 1-indemnuth, 1990) I.ess resin tag
formation is frequenltly associated with sclerotic substrates
(Gwinnett and Jendresen 1978; Duke and Lindemiiuth, 1991),
and clinical and laboratory evidence showxs that bondinig to
scleroticdentin isadif'fticult task( Dukc,1992).Generally,denl
tinbondingsystemsdonotbonidas welltodenitin suLr-aceswith
increasing age (Heymann et cfl. 1991). Our results on inincial
ized dentin conf'irmn that either the patency of the tubIle ori
ficesand the mineralcontenitof intertubular-denitin ai-c imipol--
tant factors in bonding.

SEM observations failed to demonistrate a consistent resin-
dentin interface morphology. Resin detached Ir-oin the dentini
substrate in some areas Desiccation of dentini during SFM
processing may have contributed to this detachmenit (Suzuki
and Gwinnett, 1991) as specimenswerevacuum desiccated foi-
24 h (Nakabayashi and Takarada, 1992). However, in a pilot
study, we treated several specimens with a regimen that in
cluded fixation with glutaraldehyde, rinsing with a sodium
cacodylate buffer, post-f ixation with osmium tetroxide, and
dehydration in a graded seriesol' ethanols. The specimeins were
then either dried in a hexainethyldisilazane (HMDS) solution
or werecritical-point-dried These proceduresdid not imiiprove
the quality of the SEM specirinens over simple vacuum desicca-
tion. In our experience, fixation and critical-point or HMDS
drying are essential only for evaluating the ef'fects of condi-
tioners on the dentin surf'ace.

Discrepancies in the dentin-resin interface morphology may
be related to variations in the dentin substrate (Pashley, 1989;
Duke and Lindemuth, 1990, 1991). The morphology of the
Amalgambond Plus resin-impregnated layer obtained in our
study confirms the reports by Nakabayashi (1985a,b) and
Nakabayashi and Takarada (1992). The reticular pattern sug-
gests that collagen fibers are present (Fig. 2b). The interface
morphology with mineralized dentin is somewhat peculiar.
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Even though hybrid or "hybrid-like" layers are evident with
All-Bond 2 and Amalgambond Plus (Figs. 3b, 4b), as well as tag
necks (Wang and Nakabayashi, 1991; Nakabayashi and
Takarada, 1992), the tags are thinner than in normal dentin.
Resin penetration with Prisma Universal Bond 3 and
Scotchbond Multi-Purpose in mineralized dentin was not con-
sistent (Figs. 5b, 6b). No hybrid or "hybrid-type" layer was
evident, which may explain their significantly lower bond
strengths to mineralized dentin.

The interface morphology with demineralized dentin was
similar for all bonding systems. The bonding area showed a
depression, probably related with the collapse of collagen after
demineralization. Surprisingly, one of the Prisma Universal
Bond 3 specimens apparently showed a "hybrid-type" layer
(Fig. 5a) that resisted the acid used for scanning electron mi-
croscopy processing. Nakabayashi (1985b) hypothesized that
glutaraldehyde may play a role similar to that played by ferric
ions as a collagen stabilizing agent, which may explain the
presence of this hybrid-type,layer as well as the relatively high
mean shear bond strength of Prisma Universal Bond 3 to de-
mineralized dentin.

The shear bond strengths of adhesives to normal dentin in
this study are similar to those reported inrecent studies (Pashley,
1991; Nakabayashi and Takarada, 1992; Swift and Triolo, 1992;
Triolo and Swift, 1992). The relatively large standard devia-
tions are a reflection of the differences in dentin substrate
which have been described by several authors (Pashley et al.,
1978,1984,1987; Pashley, 1989; McGuckin et al., 1991; Fowler et
al., 1992). The low bond strengths to demineralized dentin
suggest that a micromechanical infiltration into etched dentin
is a more important factor in adhesion than chemical bonding
to collagen (Erickson, 1989; Misra, 1989).

The results with hypermineralized dentin suggest that the
partial or total obliteration of the tubules and intertubular
dentin with mineral deposits may prevent reliable bonding
of resins. The mineral deposits probably prevent adequate
etching and resin penetration. Clinically, hypermineralized
substrates occur with sclerotic dentin (Duke and Lindemuth,
1991) and beneath carious lesions (Kurosaki et al., 1990). Thus,
appropriate mechanical retention should be used in these
clinical situations.

References
Albers HF (1990a). Dentin-resin bonding. ADEPT Report 1:33-44.
Albers HF (1990b). Light-cured fluoride releasing liners. ADEPT Re-

port 1:1-8.
Asmussen E, Uno S (1992). Adhesion of restorative resins to dentin:

chemical and physicochemical aspects. OperDent (Suppl 5):68-74.
BarkmeierWW, Huang C-T, Hammesfahr PD,Jefferies SR (1990).Bond

strength, microleakage, and scanning electron microscopy exami-
nation of the Prisma Universal Bond 2 adhesive system. J Esthet
Dent 2:134-139.

Barkmeier WW, Suh BI, Cooley RL (1991a). Shear bond strength to

dentin and Ni-Cr-Be alloy with the All-Bond universal adhesive

system.] Esthet Dent 3:148-153.
Barkmeier WW, Cooley RL, Douville CJ (1991b). Adhesive resin bond

strength to dentin and Ni-Cr-Be alloy (abstract).J Dent Res 70:526.
Barkmeier WW, Cooley RL (1992). Laboratory evaluation of adhesive

systems. Oper Dent (Suppl 5):50-61.
Barkmeier WW,Jefferies SR (1992). Dentin adhesion using acid condi-

tioners with Prisma Universal Bond 2 (abstract).J Dent Res 71:170.
Bowen RL (1985). Bonding of restorative materials todentin: the present

status in the United States. Int DentJ 35:155-159.
Bowen RL, Cobb EN, Rapson JE (1982). Adhesive bonding of various

materials to hard tooth tissues: improvement in bond strength to
dentin.J Dent Res 61:1070-1076.

Bowen RL, MarjenhoffWA (1991). Development of an adhesive system
for bonding to hard tooth tissues.J Esthet Dent 3:86-90.

Brannstrom M, Johnson G, Nordenvall K-J (1979). Transmission and
control of dentinal pain: resin impregnation for the desensitization
of dentin.JAm Dent Assoc 99:612-618.

Brown WS,Jacobs HR, Thompson RE (1972). Thermal fatigue in teeth.
J Dent Res 51:461-467.

Buonocore MG (1955). A simple method of increasing the adhesion of
acrylic filling materials to enamel surfaces.J Dent Res 34:849-853.

Buonocore M, Wileman W, Brudevold F (1956). A report on a resin
composition capable of bonding to human dentin surfaces.] Dent
Res 35:846-851.

Chappell R, Eick J, Morgan R (1992). Shear bond strength and SEM
observation of the newest dentin adhesives (abstract).J Dent Res
71170.

Chiba M, Itoh K, Wakumoto S (1989). Effect of dentin cleansers on the
bonding efficacy of dentin adhesive. Dent MaterJ 8:76-85.

Duke ES (1992). Clinical studies of adhesive systems. OperDent (Suppl
5):103-110.

Duke ES, LindemuthJ (1990). Polymeric adhesion todentin: contrasting
substrates. AmJDent 3:264-270.

Duke ES, LindemuthJ (1991). Variability of clinical dentin substrates.
Am] Dent 4:241-246.

Eliades GC, Caputo AA, Vougiouklakis GJ (1985). Composition, wet-

ting properties and bond strength with dentin of six new dentin
adhesives. Dent Mater 1:170-176.

Erickson RL (1989). Mechanism and clinical implications of bond
formation for two dentin bonding agents. AmJ Dent 2:117-123.

Erickson RL (1992). Surface interactions of dentin adhesive materials.
Oper Dent (Suppl 5):81-94.

Feilzer AJ,de Gee AJ, DavidsonCL (1990). Relaxation of polymerization
contraction shear stresses by hygroscopic expansion. J Dent Res
69:36-39.

Fowler CS, Swartz ML, Moore BK, Rhodes BF (1992). Influence of se-

lected variables on adhesion testing. Dent Mater 8:265-269.
Fukushima T, Horibe T (1990). A scanning electron microscope inves-

tigation of bonding of methacryloyloxyalkyl hydrogen maleate to

etched dentin.J Dent Res 69:46-50.
Gwinnett AJ (1992). Moist versus dry dentin: Its effect on shear bond

strength. Am] Dent 5:127-129.
Gwinnett AJ, Matsui A (1967). A study of enamel adhesives. The physi-

cal relationship between enamel and adhesive. Arch Oral Biol
12:1615-1620.

j Dent Res 73(1)1994 53

 at Instituto Politecnico de Coimbra on March 1, 2010 http://jdr.sagepub.comDownloaded from 

http://jdr.sagepub.com


54 Perdigao et al.

Gwinnett AJ,Jendresen MD (1978). Micromorphologic features of cer-
vical erosion after acid conditioning and its relation with compos-
ite resins.J Dent Res 57:543-549.

Gwinnett AJ, Kanca J (1992). Micromorphology of the bonded dentin
interface and its relationship to bond strength. AmJDent 5:73-77.

HeilmanJR, WefelJS (1989). Effect of remineralization on demineral-
ized root surfaces (abstract).J Dent Res 68:351.

Heymann HO, SturdevantJR, Bayne S, Wilder AD, Sluder TB, Brunson
WD (1991). Examining tooth flexure effects on cervical restora-
tions: a two-year clinical study.JAm Dent Assoc 122:41-47.

Hotta K, Mogi M, Miura F, Nakabayashi N (1992). Effect of 4-MET on
bond strength and penetration of monomers into enamel. Dent
Mater 8:173-175.

Imai Y, Kadoma Y, Kojima K, Akimoto T, Ikakura K, Ohta T (1991).
Importance of polymerization initiator systems and interfacial
initiation of polymerization in adhesive bonding of resin to dentin.
J Dent Res 70:1088-1091.

Johnson GH, Powell LV, Gordon GE (1991). Dentin bonding systems:
a review of current products and techniques. J Am Dent Assoc
122:34-41.

Johnston AD, Bowen RL (1991). Protective coatings for tooth crowns.J
Am Dent Assoc 122:49-51.

Kanca J (1992a). Resin bonding to wet substrate. I. Bonding to dentin.
Quint Int 23:39-41.

KancaJ (1992b). Effect of resin primer solvents and surface wetness on
resin composite bond strength to dentin. AmJDent 5:213-215.

Kerr Manufacturing Company (1992). OptiBond . Multi-use filled
adhesive. Technical profile.

Kurosaki N, Kubota M, Yamamoto Y, Fusayama T (1990). The effect of
etching on the dentin of the clinical cavity floor. Quint Int 21:87-92.

Leung RL, Fan PL, Johnston WM (1983). Post-irradiation polymeriza-
tionof visible light-activated composite resinJ]Dent Res62:363-365.

Lloyd BA, McGinley MB, Brown WS (1978). Thermal stress in teeth.J
Dent Res 57:571-582.

3M Dental Products Division (1992). Scotchbond Multi-Purpose Dental
Adhesive System. Technical Product Profile.

McGuckin RS, Tao L, Thompson WO, Pashley DH (1991). Shear bond
strength of Scotchbond in vivo. Dent Mater 7:50-53.

Mendis BRRN, Darling Al (1979).A scanning electron microscope and
microradiographic study of closure of human coronal dentin
tubules related to occlusal attrition and caries. Arch Oral Biol
24:725-733.

Misra DN (1989). Adsorption of 4-methacryloxyethyl trimellitate an-
hydride (4-META) on hydroxyapatite and its role in composite
bonding.J Dent Res 68:42-47.

Mitra SB (1991). Adhesion to dentin and physical properties of a light-
cured glass-ionomer liner/base.J Dent Res 70:72-74.

Munksgaard EC, Asmussen E (1985). Dentin-polymer bond mediated
by glutaraldehyde/HEMA. ScandJ Dent Res 93:463-466.

Nakabayashi N, Kojima K, Masuhara E (1982). The promotion of adhe-
sion by the infil.tration of monomers into tooth substrates.JBiomed
Mater Res 16:265-273.

NakabayashiN (1985a). Bondingof restorative materials todentine: the
present status inJapan. Int DentJ 35:145-154.

Nakabayashi N (1985b). Biocompatibility and promotion of adhesion

to tooth substrates. CRC Crit Rev Biocompatibil 1:25-52.
Nakabayashi N (1992). Adhesive bonding with 4-META. Oper Dent

(Suppl 5):125-130.
Nakabayashi N, Takarada K (1992). Effect of HEMA on bonding to

dentin. Dent Mater 8:125-130.
Nakabayashi N, Watanabe A, Gendusa NJ (1992). Dentin adhesion of

"modified" 4-META/MMA-TBB resin: function of HEMA. Dent
Mater 8:259-264.

Ozaki M, Suzuki M, Itoh K, Wakumoto S (1991). Laser-Raman spectro-
scopic study of the adhesive interface between 4-MET/MMA-
TBB resin and hydroxyapatite or bovine enamel. Dent MaterJ
10:105-120.

Pashley DH (1989). Dentin: a dynamic substrate-a review. Scanning
Microsc 3:161-176.

Pashley DH (1991). Dentin bonding: overview of the substrate with
respect to adhesive material.J Esthet Dent 3:46-50.

Pashley DH (1992). The effects of acid-etching on the pulpodentin
complex. Oper Dent 17:229-242.

Pashley DH, Livingstone MJ, GreenhillJD (1978). Regional resistances
to fluid flow in human dentine in vitro. Arch Oral Biol 23:807-810.

Pashley DH, Kepler EE, Williams EC, O'MearaJA (1984). The effect on
dentine permeability of time following cavity preparations in dogs.
Arch Oral Biol 29:65-68.

PashleyDH,AndringaHJ,DerksonGD, DerksonME,KalathoorS(1987).
Regional variability in the permeability of human dentine. Arch
Oral Biol 32:519-523.

Pashley DH, HornerJA, Brewer PD (1992). Interactions of conditioners
on the dentin surface. Oper Dent (Suppl 5):137-150.

Prati C, Montanari G, Biagini G, Fava F, Pashley DH (1992). Effects of
dentin surface treatments on the shear bond strength of Vitrabond.
Dent Mater 8:21-26.

Richards FM, Knowles JR (1968). Glutaraldehyde as a protein cross-
linking reagent.J Molec Biol 37:231-233.

Ruse ND, Smith DC (1991). Adhesion to bovine dentin-surface charac-
terization.J Dent Res 70:1002-1008.

Schumacher GE, Eichmiller FC, AntonucciJM (1992). Effects of surface-
active resins on dentin/composite bonds. Dent Mater8:278-282.

Sidhu SK, Soh G, Henderson LJ (1991). Effect of dentin age on effective-
ness of bonding agents. Oper Dent 16:218-222.

Smith DC (1992). Polyacrylic acid-based cements: adhesion to enamel
and dentin. Oper Dent (Suppl 5):177-183.

Soderholm K-JM (1991). Correlation of in vivoand in vitro performance
of adhesive restorative materials: a report of the ASC MD156 Task
Group on test methods for the adhesion of restorative materials.
Dent Mater 7:74-83.

Spencer P, Byerley TJ, EickJD, WittJD (1992). Chemical characteriza-
tion of the dentin/adhesive interface by Fourier Transform Infra-
red Photoacoustic Spectroscopy. Dent Mater 8:10-15.

Suh BI (1991). All-Bond-fourth generation dentin bonding system.J
Esthet Dent 3:139-147.

Suzuki M, Gwinnett AJ (1991). Relationship of bonded resin composite
restorations to dentin (abstract).J Dent Res 70:525.

Swift EJ, Triolo PT (1992). Bond strengths of Scotchbond Multi-Purpose
to moist dentin and enamel. AmJ Dent 5:318-320.

Takuma S (1960). Electron microscopy of the structure around the

J Dent Res 73(l) 1994

 at Instituto Politecnico de Coimbra on March 1, 2010 http://jdr.sagepub.comDownloaded from 

http://jdr.sagepub.com


dentinal tubule.J Dent Res 39:973-981.
Tao L, TagamiJ, PashleyDH (1991). Pulpal pressures and bond strengths

of Superbond and Gluma. AmJ Dent 4:73-76.
Ten Cate AR (1989). Oral histology: development, structure and func-

tion. 3rd ed. St. Louis, MO: The C.V. Mosby Company, pp. 157-196.
Thompson VP, Edler TL, DavisG (1989). XPS characterization of dentin

and dentin treated with bonding primers (abstract). J Dent Res
68:958.

Torney DL (1978). The retentive ability of acid-etched dentinJ.Prosthet
Dent 39:169-172.

Triolo PT, Swift EJ (1992). Shear bond strength of ten dentin adhesive
systems. Dent Mater 8:370-374.

Van Meerbeek B, Inokoshi S, Braem M, Lambrechts P, VanherleG (1992).

55

Morphological aspects of the resin-dentin interdiffusion zone with
different dentin adhesive systems.J Dent Res 71:1530-1540.

Van Meerbeek B, Dhem A, Goret-Nicaise M, Braem M, Lambrechts P,
Vanherle G (1993). Comparative SEM and TEM examination of the
ultrastructure of the resin-dentin interdiffusion zone.J Dent Res
72:495-501.

Van Strijp AJP, Klont B, Ten Cate JM (1992). Solubilization of dentin
matrix collagen in situ.J Dent Res 71:1498-1502.

Wang T, Nakabayashi N (1991). Effect of 2-(methacryloxy)ethyl phe-
nyl hydrogen phosphate on adhesion to dentin.J Dent Res 70:59-66.

Yoshiyama M, MosadaJ, Uchida A, Ishida H (1989). Scanning electron
microscopic characterization of sensitive vs. insensitive human
radicular dentin.J Dent Res 68:1498-1502.

J Dent Res 73(1)1994 Bonding to Dentin Substrates

 at Instituto Politecnico de Coimbra on March 1, 2010 http://jdr.sagepub.comDownloaded from 

http://jdr.sagepub.com



