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Abstract: Dentin proteoglycans are fundamental constitu-
ents of the dentin matrix and are distributed ubiquitously
both in dentin and cement. They have several important
functional properties; in particular, they have a fundamental
role in the maintenance and the correct stabilization of col-
lagen fibers. The use of phosphoric acid on dentin, as pro-
posed in most common dental adhesive systems to establish
a reliable bond, may affect the molecular structure of pro-
teoglycans. The aim of this study was to evaluate, after the
application of EDTA or phosphoric acid on dentin, the den-
tin proteoglycans with an immunocytochemical approach
with high resolution SEM. For this purpose, dentin disks
obtained from recently extracted human molars were etched
with a 35% water solution of phosphoric acid for 15 s, 30 s,
and 60 s. Control specimens were conditioned with EDTA.
Specimens were immunolabeled with a monoclonal anti-
body antichondroitin sulfate and visualized with a gold-
conjugated secondary antibody. Conditioning dentin with

EDTA resulted in a distinct labeling of the proteoglycans, as
visualized on branching fibrillar structures in the order of
10-20 nm. The use of 35% phosphoric acid on dentin re-
vealed a coagulation of proteoglycans after etching for 15 s
while a very low labeling signal was detectable after 30 s. No
labeling was obtained after etching dentin with phosphoric
acid for 60 s. These results suggest that the use of 35% phos-
phoric acid on dentin is able to produce significant struc-
tural modifications of the dentin proteoglycans even after
short application times. Additionally, when applied on the
dentin surface for more than 30 s, phosphoric acid produces
a dramatic decrease in proteoglycans’ antigenicity, probably
due to structural modifications of the three-dimensional
conformation of these molecules. © 2002 Wiley Periodicals,
Inc. ] Biomed Mater Res 61: 40—-46, 2002.
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INTRODUCTION

Most modern dental adhesive techniques require
the use of a preliminary etching step, usually per-
formed clinically with 35% phosphoric acid (PA) on
the instrumented dentin and enamel surfaces."” On
dentin, the acid opens the dentin tubules by removing
the smear plugs, and results in a superficial porous
demineralized area on the intertubular dentin through
which the fluid adhesive agents penetrate.” This pro-
cess creates a complex hybrid structure formed by de-
bris of instrumentation, residual mineral crystals, col-
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lagen fibrils (CF), and noncollagenous proteins that
can be embedded by the polymerized adhesive mono-
mer, producing a hybrid layer.*® Several studies have
demonstrated that the use of PA as a dentin etchant
greatly improves the bonding capability, but on the
other hand it may affect the organic substrate of den-
tin, inducing structural modifications of the CF®™® and
of the noncollagenous proteins that constitute the den-
tin matrix.”

Proteoglycans (PG) and phosphoproteins represent
the main constituents of the dentin noncollagenous
proteins."®” PG are carbohydrate polyanions with a
high molecular weight (from 11,000 up to 220,000)10’11
constituted mainly of a polypeptide core to which is
attached one or more glycosaminoglycan (GAG)
chains.’*'* The GAG chains are repeating disaccha-
ride units with sulfate ester groups linked at positions
4 or 6, and they usually are identified as hyaluronan,
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heparin sulfate, keratan sulfate (KS), dermatan sulfate,
and chondroitin sulfate (CS). The presence of KS,
CS-4, and CS-6 is very well described on predentin,
dentin, and cement.'”'® These GAGs regulate the bio-
physical properties of the dentin PG as well as their
three-dimensional appearance. In fact, these mol-
ecules have the ability to fill space, bind and organize
water molecules, and repel negatively charged mol-
ecules. Their high affinity to water molecules and their
tight relationship with the collagen fibril network'” '
give the PG a fundamental role in determining the
properties of the dentin demineralized matrix, which
represents the substrate of the dental adhesive tech-
nique.”

Several histochemical techniques have been em-
ployed to visualize PG, in particular, the use of peri-
odic acid-Schiff (PAS),*? alcian blue,® azure A, thio-
nine, toluidine and cuprolinic blue, and ruthenium
red.** Additionally, autoradiographic methods have
been used.” All of these techniques have been applied
to describe the morphologic aspects of dentin PG.?**°
Recently an immunocytochemical approach has been
proposed at the light microscopy level.’

The aim of this research project was to identify the
human dentin PG following different application
times of a solution of 35% PA (and, as control speci-
men, after conditioning with EDTA at pH 7.0) by
means of an immunocytochemical technique with
high-resolution SEM. For this purpose we utilized a
monoclonal antibody anti-CS followed by a secondary
antibody conjugated with 15 nm of gold particles. The
possibility of obtaining morphologic details at a high
level of magnification also allowed an investigation of
the relationships between PG and the dentin CF.

The null hypothesis tested was that the application
of PA on dentin would not modify the dentin PG an-
tigenicity nor would it affect their structural physical
properties.

MATERIALS AND METHODS
Dentin preparation

Ten dentin disks were obtained from five impacted hu-
man third molars immediately after extraction. The patient
signed an informed consent. Disk preparation was per-
formed, in order to expose middle/deep dentin, using a
low-speed diamond saw (Remet, Franco Cicerchia, Casalec-
chio di Reno, Italy) under intense water-cooling. The dentin
specimens then were ground with 600-grit wet abrasive pa-
per to reduce the thickness and a standard smear layer on
the surface, and small dentin pieces of 2 mm wide x 2 mm
long and 1 mm thick were obtained.

Dentin then was etched with (1) EDTA (0.5M) at pH 7.0
for 30 min; (2) 35% PA solution for 15 s; (3) 35% PA solution
for 30 s; and (4) 35% PA solution for 30 s followed by rinsing
in saline solution and a re-application of 35% PA for 30 s. All
the specimens then were rinsed with distilled water for 30 s.

41

Immunohistochemistry

Specimens were immersed in a 0.05-M Tris HCI buffer
solution (TBS) at pH 7.6, with 0.15M of NaCl and 0.1% bo-
vine serum albumin, and pre-incubated for 30 min in normal
goat serum (NGS, British BioCell International, Cardiff;
United Kingdom) in TBS (0.05M) at pH 7.6. Overnight incu-
bation was performed using the primary antibody, a mono-
clonal antibody anti-chondroitin sulfate (mouse monoclonal,
Clone CS-56, Sigma Chemical Co., St. Louis, MO) at 4°C.
Gold labeling was performed using a secondary antibody, a
goat anti-mouse IgG conjugated with 15 nm of colloidal gold
particles (British BioCell International, Cardiff; United King-
dom) in 0.02M of TBS at pH 8.2 (0.02M of Tris HCl buffered
at pH 8.2 with 0.15M of NaCl and 0.1% BSA) for 90 min at
room temperature. Specimens then were rinsed in TBS
(0.02M) at pH 8.2, washed in water, fixed in 2.5% glutaral-
dehyde in 0.1M of Sorensen’s phosphate buffer (PB) at pH
7.2 for 4 h, and rinsed in 0.15M of PB. After dehydration in
an ascending ethanol series, specimens were submitted to
hexamethyldisilazane (HMDS) drying.*°

FEISEM analysis

Specimens were mounted on the microscope stubs and
coated with a 5-nm thick layer of evaporated carbon using a
Balzers Med 010 Multicoating System (Bal-Tec AG, Liech-
tenstein). Observations were performed under a field emis-
sion in-lens SEM (FEISEM) JEOL JSM 890 (JEOL, Tokyo,
Japan) at 7 kV accelerating voltage and 1 x 107" A probe
current. Final images were obtained mixing both back-
scattered (BSI) and secondary (SEI) electron signals and by
optimization of gain and brightness control levels.>'**

Two different observers made the observations, and im-
ages were taken from the areas of the specimens observed
more frequently and considered as representative for the
sample. All measurements of structures of interest were per-
formed utilizing the image-analysis software of the micro-
scope (JSMSCS, JEOL Italia SpA, Milan, Italy).

Controls

Controls consisted of dentin specimens processed, as pre-
viously described, and incubated overnight in TBS (0.05M)
at pH 7.6 without the primary antibody.

RESULTS

FEISEM observations showed the CS distribution as
well as the dentin morphology after the different times
of application of PA. The images are the result of a
mixing of the BSI, which reveals the gold nanopar-
ticles as spheric white spots approximately 15 nm in
diameter, with the SEI, which shows the dentin fea-
tures at a high level of resolution.

EDTA-conditioned specimens [Fig 1(A-D)] revealed
residual particles of smear layer on the intertubular
dentin (ITD) surface while smear plugs appeared to be
removed by the dentin tubule orifices. Labeling was
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more evident on the peritubular matrix than it was on
the ITD [Fig. 1(A,B)]. Higher magnification images of
the peritubular and intratubular structures revealed
an intense labeling of minor fibrillar structures
branching from major CF [Fig. 1(C)]. A detail of these
small fibrillar structures, identified by the gold nano-
particles and their relationships with the CF, is shown
in Figure 1(D).

Specimens etched with the 35% PA solution re-
vealed the typical morphologic features of PA etching
(Figs. 2 and 3), such as smear-layer removal, funnel-
ing, and collar formation around the tubular orifices,
regardless of the etching time. Differences from the
EDTA-conditioned samples and among the different
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times of application were clearly evident from ob-
servations of the gold-labeling that identifies the den-
tin CS.

After the 15-s application of PA, the colloidal gold
particles were clustered in spots [Fig. 2(A,B)]. The
clusters of gold particles mostly were localized in the
peritubular dentin, with a few spots evident on the
ITD. Details of the clusters revealed a preferential lo-
calization of the gold particles on globular structures
intimately joined to the dentin CF [Fig. 2(C)]. The
globules showed as spheric electron-reflective mate-
rial, with diameters ranging from 20 to 50 nm. Gold
particles also were detected inside the open tubules,
labeling lateral globular structures of the collagen ra-

Figure 1. FEISEM micrographs of the dentin surface conditioned with EDTA for 30 min. (A) The odontoblastic tubule (T)
appears partially open, with only small remnants of the tubular plugs. The lamina limitans is shown as an intricate network
of CF. An intense labeling is detectable on minor fibrils. (B) Labeling of the PG is particularly evident inside the tubule and
along the peritubular dentin matrix (arrows). Minor labeling can be detected on the intertubular dentin (ITD). (C) Image
revealing the fibrils network of the peritubular dentin. Labeling of the PG (arrows) is particularly evident on minor branching
fibrils that connect major CF. (D) High magnification image revealing the PG (arrows) on the peritubular dentin matrix.
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Figure 2. FEISEM micrographs of the dentin surface etched
with PA for 15 s. (A) The intertubular dentin (ITD) surface
reveals a non-uniform labeling of the PG as they appear as
clustered in spots. (B) The PG are coagulated in globules
(arrows) on a substrate of CF. (C) The clusters of gold-
labeling particles also were evident on the peritubular den-
tin (T = odontoblastic tubule).

Figure 3. FEISEM micrographs of the dentin surface
etched with PA for 30 s. (A) Only few scattered clusters of
gold particles were still detectable on the dentin surface (ar-
row). (B) Inside the tubule the labeling (arrows) was still
evident, revealing a minor effect of the acid on the PG of the
inner surface of the open tubules. (C) High magnification
image revealing detail of fibrils of different diameters, with
the gold particles identifying the PG (arrows).
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dial fibers that suspend the lamina limitans to the tu-
bule lateral walls.

PA application longer than 15 s resulted in a dra-
matic decrease of the labeling, even if the clustering of
the gold particles (compared to the EDTA-conditioned
specimens) was confirmed. In particular, specimens
etched for 30 s revealed few scattered clusters of gold
nanoparticles in the intertubular dentin. High magni-
fication of the clusters revealed features similar to the
ones observed after a 15-s application, even if a
smaller number of particles per cluster were identified
[Fig. 3(A-C)].

Etching with 35% PA for 60 s resulted in an ex-
tremely rare cluster of labeling scattered throughout
the demineralized dentin surface (image not shown).

Control specimens (incubated without the primary
antibody) showed no labeling, thus confirming no
cross-reaction between the secondary antibody and
the dentin substrate.

DISCUSSION

Proteoglycans (PG) are fundamental components of
the extracellular matrix and are distributed ubiqui-
tously throughout human connective tissues. PG are
large molecules characterized by GAG side chains that
give to the complex an extremely high-fixed negative
charge density, which, in turn, creates structures with
high osmotic pressure. These structures have a high
capacity to imbibe large amounts of water, and this
peculiarity is transferred to nonmineralized connec-
tive tissues as a strong resistance to a load force that
would decrease the amount of water in the PG do-
main.>® On the other hand, the presence of the CF in
the connective tissue matrices typically gives high re-
sistance to traction forces. Thus the CF and the PG
interact, creating a complex network of fibrillar struc-
tures that act as scaffolding in the extracellular matrix
of both mineralized and nonmineralized tis-
Sues, 1314,17,19,33

The dentin matrix is exposed by an etching proce-
dure that routinely is performed on the dentin surface
following clinical instrumental procedures. The super-
ficial demineralization of dentin is carried out in order
to increase dentin permeability by removing the smear
plugs and thus opening the tubule orifices and making
the presence of a superficial demineralized layer of
dentin available for adhesive infiltration.>** The result
is the formation of a hybrid tissue of dentin matrix and
polymerized acrylic monomer commonly known as
hybrid layer.*> The presence of this layer has been
demonstrated to be fundamental for several dental ad-
hesives to achieve acceptable clinical and laboratory
bonding properties.>>*® Thus the etching procedure
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represents an essential prerequisite to creating the
most suitable substrate for bonding to dentin.”

Questions relative to the most useful type of acid,
the most adequate pH and concentration of the solu-
tion, the correct mode (undisturbed or under continu-
ous brushing), and the proper length of time for the
application of the etching have been investigated ex-
tensively in order to achieve a satisfactory bonding of
the dental adhesive system to the dentin substrate.’?
Nevertheless, very scarce information is available re-
garding the modifications of the dentin matrix mol-
ecule after the application of these acids. Previous
studies have provided evidence that CF can be af-
fected by the use of PA and that long-time etching
may induce structural modifications to the molecular
integrity of the CF.5™

Several studies previously have investigated the na-
ture and the distribution of PG in predentin, dentin,
and cement. The existence of PG in dentin tissue was
first chemically identified many years ago,*® but to-
day’s highly specific techniques have revealed several
details as to their distribution and functional proper-
ties in the dentin tissue.

It has been demonstrated that CS-4 and CS-6 are not
homogeneously distributed in the dentin matrix® as
strong staining is evident in the dentin tubules (sur-
rounding the odontoblastic processes),while a lower
labeling has been detected on the intertubular dentin
matrix. Moreover, dermatan sulfate PG was localized
in the odontoblastic layer.”” The presence of PG also
was investigated in the predentin tissue,* revealing
mostly the presence of CS-4 and CS-6.*' CS also was
found in rat*? and human® cement. And with an im-
munolabeling technique, it was specifically localized
on bovine cement in small pericellular spaces close to
the lacunae,** with lumican and fibromodulin®® also
present in small amounts. Lumican also recently has
been identified in human predentin, revealing a pos-
sible fundamental role in the mineralization process of
the dentin matrix,*® and in human cement at the bor-
der of inserted periodontal ligament fibrils.*”

A recent study also suggests that PG play an impor-
tant role in repairing the cement lines, mediating the
attachment between new and old mineralized tissue,*®
and that the adhesion of PG seems to be more impor-
tant than the intermingling of dentinal and cement CF
in determining cemento-dentinal attachment.*’

The results of the present study demonstrate the
three-dimensional organization of dentin PG at the
FEISEM level and reveal how the use of 35% PA so-
lution on dentin affects PG structural organization as
well as their morphologic appearance. In fact, major
differences were observed when comparing dentin
specimens obtained after demineralization with neu-
tral EDTA and after etching with PA.

The use of neutral EDTA for 30 min was chosen as
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the control specimen of the study because of the mild
activity of the acid on the dentin surface.>* We chose it
also because of the previously demonstrated possibil-
ity of EDTA’s preserving the antigenic binding sites of
the protein compartment of the dentin matrix.>?
EDTA-treated specimens revealed a gold immunola-
beling of minor fibrillar structures branching and con-
necting the CF in an intricate network that constitutes
the dentin matrix.

These observations confirm the hypothesis on the
PG nature of minor fibrils formulated in previous
high-resolution SEM studies®®*>!”° on human dentin.
In fact, the FEISEM images obtained in this study re-
veal an intense labeling of these structures of 10-30
nm in diameter, demonstrating the existence of an in-
tricate network of PG fibrils that connect major CF.
These morphologic data confirm the functional inter-
action between the PG and the CF previously shown
by other studies. In fact, it is well known that PG
electrostatically interact with the type I CF, regulating
the fibrillogenesis and the fibrillostasis,'® and that the
GAG are not incorporated into the CF but interact
with them, determining the CF morphology and func-
tional properties.'”!™>*

Previously a hypothesis was made as to the pres-
ence of two different classes of PG on human dentin.
One localized the predentin in the spaces between the
CF and was extremely susceptible to degrada-
tion,'>*”* being constituted of globules and filaments
in close association with the CF."”*” The second class
of PG has been shown to be more resistant to fixative
and etching solutions.”””* Our data confirm that PG in
close relationship with CF are resistant to ETDA con-
ditioning; they reveal a very well preserved and re-
petitive morphology with a selective immunolabeling.
On the other hand, PA shows a time-dependent effect
on PG.

Morphologic and quantitative differences in the la-
beling intensity easily could be observed when com-
paring samples treated with EDTA (Fig. 1) with
samples etched with PA for 15 s (Fig. 2) or 30 s (Fig. 3).
The gold labeling appears not only to be greatly re-
duced by the PA etching, but a massive coagulation of
the gold particles is shown, thus suggesting a shrink-
age or collapse of the dentin PG. These modifications
induced by the acid may be the result of structural
changes caused in the GAG, modifying their negative
charge that regulates the capability of binding water
molecules.

The use of a liquid PA instead of a gel formulation
(mostly used in clinical conditions) was preferred in
this study in order to avoid interference due to the
different viscosity and thickening agents of the PA
gels. In fact, it previously was demonstrated that the
different PA gel formulations available on the market
are able to produce different morphologic features on
a dentin surface, depending on their thickening agents
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and pH.? Additionally, a previous immunohistochem-
ical study demonstrated that in a comparison of liquid
versus gel formulation, dentin PG are affected differ-
ently by PA, showing a lower sensitivity to the gel
formulation.”

Unetched specimens were not considered as no la-
beling could be revealed when the smear layer was
still present on the dentin surface (data not shown).

CONCLUSIONS

The possibility of achieving a distinct and selective
labeling of dentin PG using a monoclonal antibody
allowed a selective labeling of the substrate and re-
vealed several morphologic differences in the PG an-
tigenicity relative to the different times of application
of PA tested in the study.

The higher sensitivity>*® of the immunolabeling
technique due to the use of a monoclonal antibody
suggests that the application of a 35% solution of PA
on the dentin surface for periods of time longer than
15 s results in a dramatic decrease of PG antigenicity,
probably due to structural modifications occurring to
the dentin PG during the etching process. These modi-
fications also may affect dentin CF, as an intimate re-
lationship between dentin PG and type I CF was ob-
served.

This investigation was supported by 40% and 60% grants
of MIUR, Italy.
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