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ABSTRACT
Raman microprobe spectroscopy was used to investigate the effects of post-extraction treatments of human
dentin on the penetration of the 4-methacryloxyethyl trimellitic acid (4-MET)/methyl methacrylate (MMA)/
tri-n-butyl borane (TBB) dentin adhesive. Human molar teeth, extracted and stored in distilled water or 70%
ethanol solution for 7 or 28 days, were treated with the resin. Spatially resolved Raman microspectroscopy
was used to measure penetration. The band intensity ratio 1612 cm−1 (resin): 962 cm−1 (dentin) was used as a
diagnostic. Diffusion of the resin into dentin increased with the length of storage period. The results indicate
that the effects of postextraction treatments on teeth must be considered when laboratory measurements of
bonding strengths are employed to predict the clinical performance of dental cements. In addition, it is
demonstrated that Raman microprobe spectroscopy is a feasible analytical tool to evaluate the effects of
postextraction treatments on teeth. © 1997 Society of Photo-Optical Instrumentation Engineers.
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1 INTRODUCTION
Numerous reports about the effects of postextrac-
tion treatments in teeth on the measurement of
bonding strengths have been published since Caus-
ton and Johnson1 revealed that the postextraction
time and preparation of teeth had a significant im-
pact on the measured shear bonding strength of a
polycarbonate cement. On the other hand, a study
performed by Pashley et al.2 has indicated that the
in vivo and in vitro bonding strengths between ca-
nine dentin and light-cured Scotchbond/Silux did
not show any statistical differences. Accordingly, it
has been suggested that bonding systems employ-
ing different bonding mechanisms may not respond
similarly to various types of postextraction
treatment.3 Thus, it appears that a dentin bonding
system with a well-characterized bonding mecha-
nism is necessary for this type of study.
One such system is the 4-MET/MMA/TBB den-

tin adhesive.4–6 In this system, a solution of FeCl3
and citric acid is used to remove a layer of dentin
debris materials known as smear layer from the ex-
posed tooth surface. Such a smear layer is gener-
ated whenever a tooth is cut or drilled during rou-
tine dental restorative procedures. The function of
FeCl3 has been postulated to be demineralizing the
surface and opening up the dentin tubules. After
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this treatment, a layer of 2-hydroxyethyl methacry-
late (HEMA) is applied to wet the dentin surface. A
stronger bond has been reported when HEMA is
used.7 The 4-MET/MMA solution is then mixed
with TBB and brushed on the dentin. Subsequent
polymerization of the comonomer resin within the
dentin surface results in the formation of a dem-
ineralized interdiffusion zone. Thus, the major
bonding mechanism has been considered to be due
mostly to physical penetration of the resin, al-
though some slight chemical interactions may be
present.8,9

Microprobe Raman spectroscopy has been em-
ployed successfully in the past to characterize the
bonding mechanism of the 4-MET/MMA/TBB sys-
tem on both enamel and dentin surfaces.4–6 In addi-
tion, it has also been used to identify the interfaces
formed by this class of resin. Previous studies esti-
mated that the resin was able to penetrate from 4 to
6 mm into the decalcified dentin surface layer.9,10

The extent of resin penetration can be readily uti-
lized as a convenient parameter to assess the effects
of postextraction treatments on stored teeth.
The primary purpose of this study is to demon-

strate the feasibility of a Raman microprobe as a
tool to assess the effect of postextraction treatments
on the infiltration of 4-MET/MMA/TBB dentin ad-
hesive system. The depths of resin penetration into
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dentin were compared among teeth stored in vari-
ous media and for various times. The significance
of any variations across our sample base was then
evaluated in an effort to generate insights into the
interactions between teeth and storage conditions.
Recently, there has also been interest in the appli-

cation of Raman and IR spectroscopies to study the
degree of cure in dental resins.11–13 The extent to
which dental resins are cured has been shown to
correlate with bulk properties such as tensile and
compressive strengths. Our secondary goal, there-
fore, is to use the same database obtained above to
evaluate the degree of cure in the resin as a function
of penetration depth.

2 MATERIALS AND METHODS

2.1 CHEMICALS

A commercially available dentin adhesive system,
Amalgambond Plus (Parkell, Farmingdale, New
York), was applied to the prepared tooth surfaces.
Neat ethanol was diluted with doubly distilled wa-
ter to yield a 70% ethanol solution.

2.2 SAMPLE PREPARATION

Molar teeth extracted for orthodontal purposes
were collected and stored separately in either 70%
ethanol solution or distilled water for 7 and 28 days
respectively at 4 °C. As a control, freshly extracted
molar teeth with no storage treatment were also in-
cluded in the study. Three to four teeth were used
for each sample group. There were a total of five
groups.
After a tooth had been stored for a fixed amount

of time as listed above, its crown and cementum
were then removed by a water-cooled diamond
saw. Dentin adhesive was applied on the occlusal
dentin surface according to manufacturer’s instruc-
tions. The treated tooth was then incubated over
water at 37 °C for 24 h. It was sectioned perpen-
dicularly to the exposed dentin surface into slices
whose dentin-resin interdiffusion regions were then
examined by Raman microprobe spectroscopy.

2.3 RAMAN SPECTROSCOPY

All spectra were acquired with a locally constructed
Raman microprobe. A CW Nd:YAG laser (DPY 305
c/315, ADLAS, Stow, New Hampshire) frequency
doubled at 532 nm with power output at 40 mW
was used to excite all samples. An infinity-
corrected inverted research microscope (IMT-2,
Olympus America Inc., Lake Success, New York)
fitted with a 20.73/0.7 NA objective (Olympus
America Inc.) was employed for illumination and
scattered light collection. The incoming laser beam
was expanded with a set of focusing and collimat-
ing lenses in order to fill up the back focal plane of
the objective and achieve the desired diffraction-
limited focal spot at about 1 mm in diameter. The
sample was mounted on a flexure mount,14 which
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was advanced at an increment of 0.5 mm by a
computer-controlled stepper motor. The starting
spot was selected by visual inspection under the
microscope in an effort to avoid regions smeared by
adhesives loosened as a result of the sectioning of
the samples. Data acquisition time for each sample
ranged from 30 to 45 s. Prolonged exposure of the
samples under the laser beam was necessary to al-
low photobleaching to reduce the fluorescent back-
ground.
A 0.085-m axial transmissive spectrograph15 (Ho-

lospec f/1.8i , Kaiser Optical Systems, Inc., Ann Ar-
bor, Michigan) fitted with a single-track volume
phase holographic transmissive grating (HSG-532-
LF, 2400 g/mm equivalent, Kaiser Optical Systems
Inc.) was used for light dispersion. Rayleigh line
rejection was accomplished with a 532-nm holo-
graphic Super Notch filter (HSNF-532-1.0, Kaiser
Optical Systems, Inc.) Data were collected with a
cryogenically cooled CCD camera (CH 270, Photo-
metrics, Ltd., Tucson, Arizona) equipped with a
10243256 chip (EEV CCD15-11), run and controlled
by CCD9000 software (Photometrics, Ltd.) installed
in an 80486 personal computer.

2.4 DATA ANALYSIS

The acquired data were processed by GRAMS soft-
ware (Galactic Industries, Salem, New Hampshire).
After background subtraction, band areas were
computed by a modified GRAMS ArrayBasic pro-
gram. Three bands of general interest are 962 cm−1

(PO4
−3 symmetric stretching in the inorganic apatite

of tooth), 1612 cm−1 (ring stretching mode of poly-
mer resin), and 1644 cm−1 (stretching mode of the
double bond in the resin). The band ratios between
the 962 and 1612 cm−1 bands and those between
1644 and 1612 cm−1 were calculated for Raman
spectra of different points on the tooth surface.
Whereas the former were needed to determine the
penetration depths of the resin, the latter would
help correlate the degree of cure in the adhesive as
a function of penetration depths.

3 RESULTS
A total of thirty sets of point spectra were taken.
Each set consisted of 160 spectra. A portion of a
representative set acquired on a fresh tooth sample
is shown in Figure 1. The bands of interest are at
1612 and 1644 cm−1, assigned to the polymer resin,
and at 962 cm−1, attributed to the inorganic phase of
the tooth. Variations of these band intensities can
be discerned across the resin–dentin interface.
Bands corresponding to the polymers decrease in
intensity whereas that of dentin increases as one
moves toward the dentin layer. The observed
changes agree fairly well with those reported
earlier.9,10

In order to obtain a better estimate of the extent
of resin penetration, the ratios between the resin
and dentin band intensities are plotted as a function
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of the distances of the interrogated spots from the
surface. Figure 2 shows such a plot generated from
the same data set as in Figure 1. A precipitous drop
of the I(1612 cm−1)/I(962 cm−1) ratio occurs over a
region about 10 mm in width.
Table 1 lists the averaged results on teeth stored

in various media and for various times. Overall, the
averaged penetration depth found in untreated
fresh teeth is 9.662.4 mm. This measurement is in
rough accord with that generally assigned to the
width of the demineralized zone.9,10 For samples

Fig. 1 Raman spectra of dentin-resin interface of an untreated
fresh tooth sample. Acquisition time for each spectrum is 25 s, with
each spectrum being taken successively on spots 0.5 mm apart.

Fig. 2 Resin-dentin Raman band I(1612 cm−1)/I(962 cm−1) area
ratio plot of an untreated fresh tooth.
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that have been stored, the averaged measured
depths of resin penetration are all greater than that
measured on the control.
Similar plots of the band intensity ratios between

I(1644 cm−1)/I(1612 cm−1) were also calculated. Fig-
ure 3 shows such a plot from the same set of data as
above. The plot is relatively level near the surface
depths but begins to show noisy fluctuations as it
moves deeper beneath the surface. The point at
which fluctuation starts in this figure is located
slightly before the point at which the curve levels
off in Figure 2. This behavior most likely occurs
because the 1644 cm−1 band is weaker than the 1612
cm−1 band and thus reaches the detection limit of
the CCD before the 1612 cm−1 band does. The gen-
eral result, however, does not show significant evi-
dence of variations in the intensity ratios across the
region of interest.

Table 1 Summarized results of the penetration depths of the resin
in various treated samples.

Storage time Storage media No. of samples Meas. depths (mm)

None None 6 9.662.4

7 days 70% ethanol 5 12 61.2

28 days 70% ethanol 5 16.863.7

7 days Water 7 14 62.7

28 days Water 7 19.363.4

Fig. 3 Resin-dentin Raman band I(1644 cm−1)/I(1612 cm−1) area
ratio plot of an untreated fresh tooth.
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4 DISCUSSION

Results obtained in the current study on the widths
of demineralized zones of untreated teeth are simi-
lar to those reported previously.9,10 However, when
samples stored in the same media but for different
durations are compared, the penetration depths of
resins are found to increase as a function of storage
time. As in the study performed by Goodis et al.,16

there is some variability in the current results ob-
tained, which are mostly due to the inhomogeneity
of the tooth surfaces. On the other hand, when teeth
stored for the same duration but in different media
are compared, it can be observed that the penetra-
tion depths in teeth stored in water are slightly
greater in both groups. Thus, the rate of degenera-
tion appears to be faster in teeth stored in distilled
water. Finally, when the penetration depths of
stored samples and those of freshly extracted con-
trols are compared, all samples in the former group
indicate a relatively deeper penetration of the resin.
This observation indicates that degeneration of the
tooth sets in almost as early as 7 days after extrac-
tion. In general, any storage appears to degrade the
teeth to a certain extent relative to freshly extracted
samples.
In an attempt to correlate the degree of cure of

dental resins with the penetration depths, I(1644
cm−1)/I(1612 cm−1) ratios were also plotted against
the depth distances for each group. The results,
however, do not show any variations in the cure as
a function of penetration depths. One reason for the
failure may be that in this study, after the samples
were sectioned, they were not immediately exam-
ined spectroscopically. The exposure of the surfaces
to air might eventually lead to a uniform curing of
the dental resins on the surfaces.
This study thus demonstrates the feasibility of

Raman microprobe spectroscopy for investigating
the problem of storage media for teeth. The en-
hanced penetration is probably due to resin tag
penetration into tubule lamina, which become ac-
cessible after odontoblasts and odontoblastic pro-
cesses degenerate during storage.17 The degrada-
tion, however, might have been accelerated by the
presence of bacteria. The addition of an antimicro-
bial agent should therefore shorten the observed
penetration depths with respect to their corre-
sponding storage conditions. If such a correlation is
confirmed, it will help provide us with a clearer
understanding of the bonding mechanism of this
type of resin.
Because the type of resin employed in this study

works primarily through a physical bonding
mechanism, a deeper penetration should therefore
lead to an increased bonding strength as measured
on the stored samples. Penetration explains earlier
results obtained on this type of adhesive: the
strengths of polymeric dentin bonding agents in-
creased if the tooth was stored for some time after
extraction.16,18,19 Results obtained on this system,
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however, may not be applicable to other adhesive
systems that have a different bonding mechanism.
Since this system uses FeCl3/citric acid as a condi-
tioner to remove the smear layer and create a de-
mineralized zone in preparation for the subsequent
resin polymerization, systems that make use of
other types of conditioning strategies may be af-
fected differently by the various methods of pre-
serving extracted teeth.
It would be of interest to determine to what ex-

tent storage time and media may affect other types
of adhesives, such as glass ionomers, which are re-
ported to exert a more significant chemical bond on
the dentin surface.19 Results of this study have al-
ready indicated that Raman microprobe spectros-
copy should be a viable technique for studying post-
extraction effects on the bonding of adhesives on
extracted teeth. For this adhesive, Raman micro-
probe spectroscopy may prove to be attractive be-
cause it can map out the variations in the chemical
bond strengths across the interface.
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