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Abstract
Objective—Measuring the structure, composition or suitability for bonding of the acid etched dentin
substrate, especially in its hydrated state, has been a formidable problem. The purpose of this study
was to determine the morphological and structural profiles of the dentin demineralized layer
measured in its natural wet state using environmental scanning electron microscopy (ESEM) and
micro-Raman imaging.

Materials and methods—The occlusal 1/3 of the crown was removed from 9 extracted, unerupted
human third molars. Dentin surfaces were abraded with 600 grit SiC sandpaper under water to create
smear layers. The prepared dentin surfaces were randomly selected for treatment with the self-etching
agent (Adper™ Prompt L-Pop) or the total etching agent 35% H3PO4 gel (with/without agitation).
Micro-Raman spectra and imaging were acquired at 1-1.5 μm spatial resolution at positions
perpendicular to the treated surfaces; since this technique is non-destructive, the same specimens
were also imaged with ESEM. Specimens were kept wet throughout spectral acquisition and ESEM
observations.

Results—ESEM could be used to reveal demineralized layers in acid-etched dentin, but the
resolution was low and no collagen fibrils were disclosed. The detailed chemical maps/profiles of
demineralized dentin layers under wet conditions could be obtained using Raman imaging. It was
shown that the mineral existed in the superficial layer of all etched dentin covered with smear layers.
The mineral was much easier to be removed underneath the superficial layer. The depth, degree, and
profile of dentin demineralization were dependent on the types of acids (self-etching vs. total etching)
and application procedures (with vs. without agitation).

Significance—Most current adhesives are applied using wet bonding techniques in which the
dentin is kept fully hydrated throughout the bonding. Our ability to fully characterize the hydrated,
etched dentin substrates is very important for understanding bonding under in vivo conditions.
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1. Introduction
Dentin is a complex, hydrated, dynamic bonding substrate [1,2]. It has been speculated that
regional differences in density and orientation of dentin tubules, mineral/collagen matrix
content, presence of various forms of dentin, dentin permeability, varying smear layer
thickness, and differences in dentin hydration state as a function of intratooth location would
result in complex, nonuniform acid etching of dentin [3]. The complexity and nonuniformity
of this demineralized dentin layer will directly affect subsequent penetration/infiltration of
bonding agents and, ultimately, adhesive bond formation with the dentin substrate [4,5].

Measuring the structure, composition, or suitability for bonding of this complex, etched dentin
substrate, especially in its natural, hydrated state, has been a formidable problem and to date
the most popular techniques for studying the etched dentin layer have relied on morphologic
characterization of this layer after fixation by scanning electron microscopy (SEM) [6,7]. The
major drawback of this technique is that information regarding the depth of demineralization
and morphology could have been changed during the specimen preparation procedure which
involves fixation, dehydration, drying, and vacuum. Using atomic force microscopy (AFM),
Marshall et. al. [8-11] studied the initial stages of dentin demineralization using dilute acidic
solutions. Since AFM allows the examination of specimens in solution at high resolution, these
studies provided new insight into the dynamics of dentin demineralization. They found that
the peritubular dentin etched linearly over time for all agents studied, while intertubular matrix
quickly reached a plateau in the hydrated state. This was the first time that investigators were
able to directly observe the changes in the surface characteristics of wet dentin specimens
during demineralization [11,12]. The AFM has also been used to measure the depth changes
of the demineralized layer resulting from dehydration and rehydration by comparing to a
reference [8-11,13] under wet conditions. However, the disadvantage associated with this
technique is that it does not allow longitudinal evaluation of the demineralized layer. Little is
known about the exact depth and chemical profile of the demineralized layer under its natural
wet state.

Environmental SEM (ESEM) and Raman microscopy can potentially be used to obtain a
longitudinal view of the demineralized dentin layer in its wet condition. In contrast to the
abovementioned traditional SEM, there is no need for specimen preparation/metallization for
ESEM [14,15]. With this technique, the morphology/profile of the dentin demineralized layer
can be observed under wet conditions, while taking advantages of SEM technique such as good
depth of field and high magnification. In addition, the chemical profile of this layer can be
obtained using Raman microscopy. In contrast to other microscopic techniques, Raman
microscopy can be used to detect and quantify the molecular chemistry of microscopic
specimens. By combining spectroscopy with microscopy, molecular information can be
obtained with great spatial resolution at the microscopic level. Specimens can be analyzed
directly in water at room temperature and pressure without destroying the sample when using
a water immersion lens. The capability of performing spatially resolved chemical analyses of
microscopic regions of specimens in situ has been applied to materials science and biological
sciences. Raman micro-spectroscopy is an exceptional tool for investigating the chemistry of
the interfaces or surface profiles because it does not rely on homogenization, but rather each
structure is analyzed in situ.

Many of the current approaches to dentin bonding rely on acidic etching. A wide variety of
conditioning agents such as self-etching or total etching are utilized with various bonding
systems. They may induce different morphological effects and demineralization depths.
However, many details of this important process are poorly understood. Little is known about
the profile such as the mineral content changes as a function of depth. In this study, both ESEM
and Raman microscopy were used in a longitudinal view aimed at studying the effects of
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different acid etching on the demineralization of dentin measured in its natural wet state. The
null hypothesis tested was that there would be no differences in the morphological, chemical,
and structural profiles of the dentin demineralized layer between the self-etching and total
etching.

2. Materials and methods
2.1 Specimen preparation

Nine extracted, noncarious, unerupted human third molars stored at 4°C in 0.96% w/v
phosphate buffered saline (PBS) containing 0.002% sodium azide were used in this study. The
teeth were collected after the patient's informed consent was obtained under a protocol
approved by the Adult Health Sciences Institutional Review Board of the University of
Missouri - Kansas City. We prepared the dentin discs by first cutting the roots at the cementum–
enamel junction with a water-cooled, low-speed diamond saw (Buehler, Lake Bluff, IL) and
then removing the occlusal one-third of the crown with a second, parallel section. Dentin discs
without any enamel remnants or exposure of the pulp chamber were prepared. We produced
standardized smear layers by wet-sanding the dentin surface for 30 s with 600-grit silicon
carbide sandpaper. These specimens were sectioned perpendicular and parallel to the smeared
surface with a water-cooled, low-speed diamond saw. These slabs were 10 mm long, 2 mm
wide, 2 mm thick. The individual rectangular slabs were randomly selected for treatment with
the self-etching agent Adper™ Prompt L-Pop (in a triple lollipop-shaped aluminum foil
package, 3M ESPE, St Paul, MN) or total-etching agent Scotchbond 35% H3PO4 gel (3M
ESPE, St Paul, MN). The treated specimens were rinsed thoroughly with water, immediately
submersed in liquid nitrogen, and cryo-fractured perpendicular to the treated dentin surface.
These fractured slabs were kept in water and analyzed immediately by micro-Raman and
Environmental SEM.

2.2 Evaluation of hydrated demineralized dentin substrate using ESEM
The wet fractured slabs were examined in the field emission environmental SEM (Philips XL
30, Philips, Eindhoven, Netherlands) in such a way that the effect of the treatments could be
viewed occlusally as well as perpendicular to the treated surface. The environmental chamber
was maintained at 95% humidity and the specimens were imaged at 10 kV with a gaseous
secondary electron detector.

2.3 Evaluation of dentin demineralized layer under wet conditions using micro-Raman
The experimental apparatus used to collect the Raman spectra was a Jasco NRS 2000 Raman
spectrometer equipped with Olympus lenses and a liquid nitrogen-cooled CCD detector. The
optical microscope allowed for visual identification of the position at which the Raman
spectrum was obtained. The excitation source was an Argon laser operating at 514.5 nm.
Instrument fluctuation was evaluated by comparing spectra from standards such as silicon and
each spectrum was frequency calibrated and corrected for chromatic variations in spectrometer
system detection.

Etched dentin slabs recovered from the same tooth and adjacent to those slabs prepared for
ESEM analysis were placed directly in petri dishes and covered with water. The specimen were
placed at the focus of a 60 × water immersion lens and spectra were acquired at positions
corresponding to 1 μm intervals across the interface of the acid-etched smear layer,
demineralized dentin layer, and mineralized dentin by use of the computer-controlled x-y-z
stage with a minimum step width of 50 nm. Spectra were obtained at a resolution of ∼6 cm-1

over the spectral region of 800-1800 cm-1, which spans the fingerprint region associated with
collagen and mineral. The spectral features in smear/demineralized layer of dentin substrates
following etching will be compared and analyzed. The relative mineral content, or the degree
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of demineralization as a function of spatial position, was determined from the ratios of the
relative integrated intensities of spectral features associated with mineral (961 cm−1, P-O
symmetric stretch) and collagen (1454 cm-1, CH2 deformation). Based on the calculated
mineral content at different positions, the depth of demineralized and/or partially demineralized
layer were determined.

3. Results
Figure 1A illustrates a side view of wet dentin, which had been etched with self-etching agent
Adper™ Prompt L-Pop (APLP). The prepared dentin specimens were etched according to
manufacturer's instructions. More specifically, the dentin surface was rubbed with moderate
finger pressure for 15 s, air dried for 10 s, applied a second coat, rinsed with water, then
fractured in liquid nitrogen. As shown in Fig. 1A, a layer of demineralized dentin above the
unaffected, mineralized substrate was visible. This layer has a smooth, gel-like appearance in
the wet mode ESEM. The width of this layer was ∼2 μm. Figures 1B and 1C depict
representative lateral views of wet dentin, which had been etched with the total-etching agent
phosphoric acid gel. The etching gel was spread on the dentin surfaces and was either left to
stand undisturbed (Fig. 1B, without agitation, following the manufacturer's instructions) or
agitated during the application (Fig. 1C). Both were etched for 15 s, then rinsed with water.
Without agitation, the width of the layer was ∼2.0 μm. The width was increased to ∼5 μm with
agitation. The detailed structure such as demineralized collagen fibrils within all these layers
was not observed (Fig. 1).

Etched dentin slabs recovered from the same tooth and adjacent to those slabs prepared for
ESEM analysis were covered with water and were placed at the focus of a 60 × water immersion
lens (Fig. 2). Raman imaging was collected across the demineralized layer of etched dentin.
Figure 2C presents the total peak area image of a demineralized dentin layer collected from 20
μm × 16 μm area. While there is no chemical information in the full peak area image, it is a
spatial representation of the energy impinging on the detectors. It is noted, however, that some
features are observed, indicating weaker peak intensities (less energy impinging the detectors)
in the left side (demineralized region) of the image. Since each pixel in a Raman image contains
a spectrum, chemical images can be generated based on different strategies. For example, the
maximum Raman peak shift associated with vibration of PO4

3- in mineral is at 961 (Fig. 3A).
The images generated based on peak shift range (952-962 cm−1) can be used to identify the
presence of mineral in the demineralized layer (Figs. 3B-D). The existence of mineral was
observed in the regions across the demineralized/mineralized dentin within both APLP etched
and H3PO4 gel etched (without agitation) dentin (Figs. 3B, 3C). The mineral disappeared in
the middle region of the demineralized layer within the specimens etched H3PO4 gel with
agitation (Fig. 3D).

To put a figure on the relative mineral/matrix content, images of the ratios of intensities based
on 961 (PO4

3-, mineral) and 1454 (CH2 deformation, matrix) were generated and presented in
Fig. 4. Using this technique, the degree and/or depth of demineralization, as a function of spatial
position (Fig. 4) were determined. The relative mineral/matrix contents were minimum/
neglectable in the demineralized layer of APLP etched dentin (Fig. 4B). The width of this
demineralized layer was ∼6 μm, and was similar to that in the H3PO4 gel etched dentin (without
agitation) (Fig. 4C). However, the relative mineral contents in the H3PO4 gel etched dentin
layer were not neglectable, but were actually little higher in the superficial region of the
demineralized layer as compared to APLP etched dentin (Fig. 4C). Agitating gel during etching
not only removed the mineral in the demineralized layer but also increased the width of dentin
demineralization (∼10 μm) (Fig. 4D).
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Since the preceding images contained hundreds of very high quality spectra at a resolution of
1-1.5 μm, the more detailed chemical information can be determined across the length and
breadth of the demineralized/mineralized dentin interface. As an example, a series of micro-
Raman mapping spectra across the interfaces (the position was represented by the dotted line)
are represented in Figs. 5 and 6. Fig. 5 shows mapping across the interfaces of APLP etched
dentin. The mapping spectra were recorded from the interfaces at positions corresponding to
1-μm intervals with the water immersion lens. The first three spectra of the series, recorded
during mapping from the top of the demineralized layer, are presented in detail. Spectral feature
associated with the mineral component was apparent in first spectrum (Fig. 5); however, below
this layer the mineral peak was decreased. Similarly, the mineral peaks can be clearly seen in
mapping spectra from the superficial layer of the other two H3PO4 gel etched dentin specimens
(Fig. 6).

Fig. 7 represents the quantitative ratios of 961/1454 for degree of dentin demineralization as
a function of position. The profiles of depth of demineralization for the above three types of
etched dentin were clearly observed. The depth of demineralization is similar between APLP
etched and H3PO4 gel (without agitation) etched dentin. However, the degree of
demineralization is different as a function of position and the mineral contribution persists 2-3
μm into the superficial layer of the later ones. It was noticed that the profile of demineralization
of dentin was dramatically different when applying the etchant gel with agitation. The ratios
of 961/1454 for degree of mineralization were low (nearly zero) until the position at the
9th-10th μm, then showed a very gradual growth as a function of spatial position. The width of
this partially demineralized dentin was 3-4 μm.

To determine whether application of 35% phosphoric acid gel for 15 s with agitation caused
any denaturation of dentin collagen, the Raman spectra containing amide I and III (1100-1765
cm-1) were compared for demineralized dentin and its underlying mineralized dentin (Fig. 8).
The similarities of the two spectra indicate that these procedures did not denature dentin
collagen.

4. Discussion
Many dental adhesive systems require the dentin surface to be acid etched prior to bonding.
Although considerable progress in bonding techniques has taken place over the past decade, a
key problem still remains in our lack of detailed understanding of dentin demineralization.
Understanding the depth and chemical profile of the etched dentin surface is important for
improving reliability and durability in these systems. Currently, SEM has been used to measure
the depth of dentin demineralization both indirectly and directly. In the indirect methods, the
depth of the demineralized layer is obtained by measuring the width of the resin interdiffusion
zone after applying adhesives [16-18]. In the direct evaluation of the dentin demineralized
layer, fixation is employed in an attempt to stabilize the collagen matrix [19]. It was noticed
that fixation and subsequent drying of specimens prior to examination by SEM caused
substantial dimensional changes in the tissue [20,21]. The collapse of the collagen network
during bonding application or fixation and further by high vacuum causes the values to be
inaccurate by the two methods. This leads to significant underestimation of the
demineralization depth. It would be very desirable if the depth of dentin demineralization could
be measured under its natural wet condition right after acid etching. In this study, both ESEM
and Raman microscopy were used to measure and compare the depth and profile of the dentin
demineralized layer in its wet condition. Micro-Raman mapping technique combined with
water immersion lens appeared to offer a powerful new method to directly measure the depth
of the demineralized layer and the mineral distribution under wet conditions right after acid
etching and rinsing.
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It was originally expected that the dentin specimens would not shrink when they were analyzed
in an aqueous medium using ESEM. However, we demonstrated the rather extensive shrinkage
experienced by the specimens in ESEM. The demineralized layers still shrink by 50-65% using
ESEM. For example, the width of the demineralized layer measured by ESEM was ∼2.0 μm
for the dentin etched by 35% H3PO4 gel without agitation. The width of the same demineralized
dentin was ∼6 μm measured by Raman microscopy. Using fixation and direct SEM observation
of the demineralized layer, it was reported that the width was 2-3 μm when using a similar
brand of etchant gel [7]. This indicates that observation of the demineralized layer under wet
condition and low vacuum in ESEM does not protect the demineralized collagen network from
collapsing.

The results also indicated that Raman microscopy outperformed ESEM in the study of structure
in the dentin demineralized layer. The ESEM images of all the demineralized dentin layers
showed the appearance of a gel-like structure. The demineralized zone appeared to coalesce
and no collagen fibrils were disclosed in any specimens. Currently, there has been argument
concerning the issue of the collagen denaturation on exposure to acids. It was suggested [22,
23] that degradation of collagen might occur following exposure of dentin to 30% and higher
concentrations of phosphoric acids for 1 min. On the other hand, by examining demineralized
dentin layers in a wet, air-dried and critical point-dried state using ESEM and conventional
SEM, Gwinnett concluded that degradation of the collagen (by these acids) resulting in micro-
morphological change was minimal. This was supported by the well-defined fibrous matrix
revealed by critical point drying [24]. It was proposed in that study that the relatively smooth,
gel-like appearance in ESEM was most likely artifactual resulting from surface tension effects
during desiccation [24]. Direct comparison of demineralization depths of the same specimens
from ESEM and Raman indicated that the demineralized layer did shrink by 50-65%
immediately after placement in the ESEM chamber (Figs. 1 and 4). Furthermore, by comparing
the collagen spectra collected from the demineralized layer and the mineralized dentin, it was
shown that the spectra were almost identical (Fig. 8). The amide I and III regions in the spectra
are known to be very sensitive to the collagen conformation and secondary structure [25-27].
It is expected that if collagen is denatured, the spectral changes in these regions will be seen
[28-30]. The Raman results (Fig. 8) confirmed that the demineralized collagen was not
denatured, which is consistent with the AFM study of collagen showing the banding periodicity
after acid etching [31,32].

In addition, SEM is not as sensitive and reliable for the detection of mineral loss from dentin
as is the Raman analysis. In the previous dentin demineralization studies, a difference in
demineralization depths was a major parameter measured. Our data has shown that the profile
of the demineralized layer is more complicated than originally expected. The Raman technique
could be used to measure the mineral loss during demineralization both qualitatively and
quantitatively. For example, using the phosphate peak in the range of 952-962 cm−1 for
identifying the presence of mineral in the demineralized layer, the existence or disappearance
of mineral could be observed in the regions across the demineralized/mineralized dentin (Figs.
3B, 3C, 3D). However, this method does not provide information on the extent of mineral left.
Using the ratios of 961/1454 for degree of dentin demineralization, the quantitative information
such as depth and degree of dentin demineralization could be obtained (Figs. 4 and 7).

The chemical profile of the dentin demineralized layer is dependent on the type of acids and
application procedures. Although based on the ESEM images the depths of the demineralized
layer between APLP etched and H3PO4 gel (without agitation) etched dentin appeared to be
similar, the chemical profile of dentin demineralization was different as a function of depth.
More mineral was removed in the APLP etched demineralized dentin, which was not originally
expected. This is likely due to the different application procedures between the two etchants,
although both were applied according to their manufacturers' instructions. APLP was applied
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to dentin with rubbing or agitation for 15 s. The 35% H3PO4 gel was applied on the dentin
surface and was left to stand undisturbed for the same time period. Although APLP is a self-
etching agent, it is more aggressive as compared to other self-etching systems [33]. Applying
this agent to dentin surface with agitation created a demineralization depth similar to that by
the total etching agent 35% H3PO4 gel without agitation. Moreover, rubbing during application
may facilitate dissolving of mineral. To further test this, the total etching gel was agitated during
the application. The results confirmed that agitation would help remove the remaining mineral
in the demineralized layer, but meanwhile increase the demineralization width (∼10 μm). This
information will provide the basis for subsequent investigations on the effects of substrates on
adhesive bonding. For example, if the remaining mineral in the demineralized layer is found
to inhibit adhesive penetration, applying 35% H3PO4 gel with agitation for shorter time (<15
s) may be a better approach.

In summary, both ESEM and Raman microscopy were used to study the demineralized dentin
layer in its wet state. ESEM could be used to reveal demineralized layers in acid-etched dentin,
but there were some issues involved such as shrinkage and low resolution and no collagen
fibrils were disclosed. Raman Microscopy in combination with the use of a water immersion
lens is well suited as a non-destructive tool for the detection of spatial inhomogeneity. With
the use of a water immersion lens, chemical compositional changes in the region of the
demineralized layer have been analyzed. It was shown that chemical maps/profiles of
demineralized dentin layers were more complicated than originally expected. The mineral
existed in the superficial layer of all etched dentin covered with smear layers. The mineral was
more easily removed underneath the superficial layer. The depth, degree, and profile of dentin
demineralization were dependent on the types of acids and application procedures. The null
hypothesis was rejected.

Most current adhesives were applied using wet bonding techniques. Under these conditions
the dentin is kept fully hydrated throughout the bonding procedure. Our ability to fully
characterize the hydrated dentin substrate for bonding (etched dentin surface) is very critical
and important for understanding the bonding when applying adhesive resin. Using a water
immersion lens, we have developed a technique that allows us to maintain the specimens under
water throughout the Raman microspectroscopic analysis. Because the structure of collagen is
very sensitive to dessication, this technique is critical to accurate molecular structural
characterization of demineralized dentin. Water immersion also reduces the potential that the
specimen will be exposed to excess and potentially damaging heat during spectral imaging.

In addition, dentists must usually bond to bio-altered dentin such as caries-affected or sclerotic
dentin substrates, but the bond that characteristically forms with these substrates does not
provide the durability necessary for long-term clinical function. It is apparent from the above
results that acid etching of dentin produces profound changes in the chemical composition,
structure, and properties of the bonding matrix. We speculate that as compared to the acid-
etched demineralized matrices of normal dentin, the demineralized matrices of acid-etched,
bio-altered dentin would exhibit a complex, non-uniform composition and structure. These
changes within the substrate could have a direct effect on the quality, strength, and durability
of the adhesive/dentin bonds. The agitation technique may enhance etching of sclerotic dentin
that has been so resistant to etching. However, this speculation needs to be tested in the future.
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Fig. 1.
Representative micrographs of wet demineralized dentin layer collected using environmental
scanning electron microscopy (ESEM). (A) Self etching agent Adper™ Prompt L-Pop (APLP),
the dentin surface was rubbed with finger pressure for 15 s, air dried for 10 s, applied a second
coat, rinsed with water; (B) Total-etching agent 35% phosphoric acid gel, the etching gel was
spread on the dentin surface and left to stand undisturbed (without agitation, the manufacturer's
instruction) for 15 s, rinsed with water; (C) Total-etching agent 35% phosphoric acid gel, the
etching gel was spread on the dentin surface and agitated during the application for 15 s, then
rinsed with water.
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Fig. 2.
A schematic of the approach to Raman imaging collection of the demineralized dentin layer.
(A) Etched dentin slabs recovered from the same tooth and adjacent to those slabs prepared
for ESEM analysis were covered with water and placed at the focus of a 60 × water immersion
lens; (B) Spectra were acquired at positions corresponding to 1 μm intervals across the interface
of the acid-etched smear layer, demineralized dentin layer, and dentin); (C) representative total-
peak-area image of a demineralized dentin layer collected from 20 μm × 16 μm area.
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Fig. 3.
Representative micro-Raman peak shift (952-962 cm−1) imaging of the demineralized dentin
layer. (A) The Raman peak shift in the range of 952-962 cm−1 is associated with ν1 vibration
of PO4

3- in mineral; the images generated based on this peak range can be used to identify the
presence of mineral in the demineralized layer; (B) Adper™ Prompt L-Pop (APLP), 15s with
rubbing; (C) 35% phosphoric acid gel, 15 s, without agitation; (D) 35% phosphoric acid gel,
15 s, with agitation.
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Fig. 4.
Representative micro-Raman imaging of the demineralized dentin layer based on the ratios of
the 961 (ν1 PO4

3-, mineral) and 1454 (CH2 deformation, matrix). (A) The peak intensity ratios
of 961/1454 represent the extent of dentin demineralization; (B) Adper Prompt L-Pop (APLP),
15s with rubbing; (C) 35% phosphoric acid gel, 15 s, without agitation; (D) 35% phosphoric
acid gel, 15 s, with agitation.
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Fig. 5.
Representative micro-Raman mapping spectra acquired at 1-μm intervals across the interfaces
of the acid-etched smear layer, demineralized dentin layer, and dentin (etched with (Adper™
Prompt L-Pop (APLP) for 15 s with rubbing).
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Fig. 6.
Representative micro-Raman mapping spectra acquired at 1-μm intervals across the interfaces
of the acid-etched smear layer, demineralized dentin layer, and dentin. (A) Etched with 35%
phosphoric acid gel for 15 s without agitation; (B) Etched with 35% phosphoric acid gel for
15 s with agitation.
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Fig. 7.
Raman intensity ratios of 961/1454 as a function of spatial position across the interfaces of the
acid-etched smear layer, demineralized dentin layer, and dentin. (A) Adper™ Prompt L-Pop
(APLP), 15s with rubbing; (B) 35% phosphoric acid gel, 15 s, without agitation; (C) 35%
phosphoric acid gel, 15 s, with agitation.
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Fig. 8.
Representative Raman spectra collected (A) from the demineralized layer and (B) mineralized
dentin of the same specimen.
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