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Clinical Research

Spectroradiometric and
Chemical Analysis
of Severely Discolored
Endodontically Treated Teeth

J Wei ¢ Y Wang ¢ Q Li

Clinical Relevance

Discolored root-filled teeth are more sensitive to acid bleaching agents than normal natural
teeth. Therefore, dentists must take precautions when bleaching root-filled teeth.

SUMMARY

Objective: This study aimed to explore the
chemical changes and discoloration of end-
odontically treated teeth using spectroradio-
metric and chemical analyses.

Methods and Materials: Ten freshly extracted
sound third molars and 10 discolored molars
obtained after root canal treatment (RCT)
were included in this study. Dentin blocks (3
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X 3 X 1 mm) were prepared and treated with an
intracoronal bleaching agent. Spectroradio-
metric evaluations, X-ray photoelectron spec-
troscopy (XPS), and attenuated total reflection
Fourier transform infrared spectroscopy
(ATR-FTIR) analyses were performed before
and after bleaching. The spectroradiometric
parameters and XPS and ATR-FTIR spectra of
the dentin slabs were analyzed using indepen-
dent-sample ¢-tests or one-way analysis of
variance.

Results: Differences in color coordinates and
translucency parameters were observed be-
tween the two groups before bleaching. De-
mineralization effects were also detected in
the discolored dentin. No binding energy shifts
or new spectral bands were found in the XPS
and ATR-FTIR spectra, except in the narrow-
scanned XPS spectra of C;,. Significant chang-
es in color coordinates were also found in both
groups after bleaching, and the translucency
parameter was remarkably altered in discol-
ored dentin. The organic and inorganic com-
ponents of dentin also decreased in both
groups. However, binding energy shifts (ie,
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Cis, Cagp, and Py,) were detected only in
discolored dentin.

Conclusion: Significant alterations in the or-
ganic and inorganic components of dentin
contributed to the discoloration of endodonti-
cally treated teeth. Moreover, intracoronal
bleaching could effectively whiten both discol-
ored and vital dentin. The chemical composi-
tions of mineral and organic components
within discolored dentin are more sensitive
to the acid bleaching agent than normal teeth.

INTRODUCTION

Dental hard tissue discoloration frequently occurs
after root canal treatment (RCT).!® RCT-related
tooth discoloration is usually mild and thus easily
ignored by both patients and dentists. However,
progressive and severe discoloration can lead to
esthetic issues.*® The appearance of teeth, especially
that of the anterior teeth, is increasingly becoming of
particular cosmetic importance to the public and
among dental practitioners.®” However, the discol-
oration mechanism of an endodontically treated
tooth has not yet been fully clarified.

Tooth color is determined by interactions between
the optical properties of dental tissues and light.®*°
Any change in the structures and/or chemical
compositions of teeth will likely alter its appear-
ance.''? Changes in endodontic materials, which
can alter the structure and/or chemical compositions
of dental tissues, are among the most common
reasons for tooth discoloration after endodontic
treatment.'®'3 Endodontic irrigation materials, such
as chelators and sodium hypochlorite, can change
the proportion of the organic and inorganic compo-
nents of dentin.'*'® Endodontic sealers, such as AH
26 and Kerr Pulp Canal Sealer, can also alter the
chemical compositions of dentin by permeating into
dentinal tubules.!®!” Removal of pulp and the
subsequent loss of moisture within dental tissues
also affects the optical properties of teeth,'® which is
another possible reason for tooth discoloration after
RCT. However, no direct chemical evidence explain-
ing the effect of compositional changes in root-filled
teeth on tooth color is available.

This study aims to explore the possible relation-
ship between chemical changes in endodontically
treated teeth and discoloration using spectroradio-
metric evaluation, X-ray photoelectron spectroscopy
(XPS), and attenuated total reflection Fourier trans-
form infrared spectroscopy (ATR-FTIR). Intracoro-
nal bleaching was used as a positive treatment to
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induce potential chemical discrepancies between
vital and severely discolored nonvital teeth. Our
null hypothesis was that vital and severely discol-
ored teeth are not significantly different in terms of
optical properties or chemical composition.

METHODS AND MATERIALS
Tooth Selection

Ten vital third molars, which were extracted because
of impaction or other orthodontic reasons, were
included in this study and served as the normal
color group (group NC). All of the teeth were free
from stains, caries, or other defects. Tetracycline-
stained teeth or teeth with fluorosis were excluded
from this study.

Ten discolored molars that had been endodonti-
cally treated in the endodontics department of the
Hospital of Stomatology, Wuhan University, were
extracted for periodontal reasons and included in the
study (group DC). The inclusion criteria for group
DC were as follows: history of RCT (more than two
years); composite fillings; absence of cracks and
secondary caries; no use of chlorhexidine; no history
of orthodontic intervention, prosthetic therapy, and
bleaching; and no occupational exposure to metallic
salts. The teeth were carefully examined after their
surfaces were thoroughly cleaned, and those exhib-
iting extrinsic stains were excluded. The selected
teeth were observed once more under a stereo
microscope (Zeiss Stemi SV 11 Apo, Gottingen,
Germany) after sectioning, and samples exhibiting
obvious stains from the outer enamel extending into
the inner dentin were also excluded.

The color of the extracted tooth and that of the
neighboring teeth was measured using a commercial
colorimeter (ShadeEye NCC, Shofu, Japan). Color
differences (AE) between the extracted and neigh-
boring teeth were calculated by equation 1: AE =
[(AL*)? + (Aa*)® + (Ab*)*]"2,' where AL*, Aa*, and
Ab* represent differences in lightness, green-red
coordinates, and blue-yellow coordinates, respective-
ly. The means of AE values for groups NC and DC
were 2.12 + 0.89 and 5.87 = 2.36, respectively. All of
the extracted teeth were cleaned thoroughly and
stored in distilled water at 4°C until use.

Specimen Preparation

The teeth were longitudinally sectioned in the
mesiodistal direction using a low-speed rotary
diamond cutting instrument (SP1600, Leica Micro-
systems GmbH, Wetzlar, Germany) under water
cooling. Two dentin blocks (3 X 3 X 1 mm) were
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Figure 1. (A): Schematic diagram of specimen fabrication. (B): Positioning system for color measurements.

obtained from each tooth (Figure 1A). All the
blocks were embedded in translucent acrylic resin,
while both their inner surface (approaching the
pulp cavity) and their outer surface (approaching
the enamel) were left exposed. In addition, the
inner and outer dentin surfaces were flattened
using 800-, 1000-, 2000-, and 2500-grit SiC papers
in sequence under continuous water cooling and
then polished using 0.5 pm of aluminum oxide
slurry. Finally, 1.0-mm-thick dentin slabs were
achieved. The specimens were ultrasonically
cleaned for 15 minutes and then stored in distilled
water before testing.

An intracoronal bleaching gel containing 35%
hydrogen peroxide (Opalescence Endo, Ultradent
Product Inc, South Jordan, UT, USA) was applied
to the inner surface of all dentin slabs under 100%
humidity at 37°C according to the manufacturer’s
instructions. The bleaching gel was replaced every
three days and applied twice.

Spectroradiometric Evaluations

One dentin slab of each tooth (10 dentin slabs in each
group) was selected for color evaluation. A spectro-
radiometer (PR-655 Spectra Scan, Photo Research
Inc, Chatsworth, CA, USA) equipped with Macro-
Spectra MS-75 and SL-0.5X lenses was used for color
measurements before and after bleaching. The
standardized illuminant D65 (OL 53, Optronic
Laboratories Inc, Orlando, FL, USA) at 2-degree
observer and 0-/45-degree optical configurations
were adopted in the color measurements.?° The
spectroradiometer was standardized to 91.4 mm
from the measured object and a measurement

aperture size of 1.5 mm in diameter. A customized
jig with A3 shade background (Filtek Z350, 3M
ESPE, St Paul, MN, USA) was used to fix the dentin
slabs and confirm the position for repeated mea-
surements (Figure 1B). To avoid dentin slab dehy-
dration, we obtained each measurement within 10
seconds. The spectral reflectance of the specimens
was also obtained at 380 to 780 nm at 2-nm intervals
and then subsequently converted into CIE L*a*b*
values.?! AE values after bleaching were determined
by equation 1.

The color coordinates of each specimen were
measured against a white (CIE L*=99.99, a*=0.16,
and b*=-0.03) and a black (CIE L*=2.24, a*=0.47,
and b*=0.53) background before and after bleaching.
The translucency parameter (TP) was calculated
using equation 2: TP = [(Lw* — Lg*)? + (aw* — ag*)?
+ (bw™ — bp*)?]V 219 where the subscripts W and B
refer to the color coordinates recorded against the
white and the black background, respectively.

XPS Measurement

Five dentin slabs were randomly selected from each
group for XPS evaluations before and after bleach-
ing. The specimens were dried, evacuated at 107 Pa,
and then introduced into a monochromatic X-ray
photoelectron spectrometer (ESCALAB 250Xi, Ther-
mo Scientific Inc, Waltham, MA, USA) equipped
with an Al Ko X-ray radiation source. The photo-
electrons emitted from the Al Ko X-ray radiation
source (1486.6 eV) were analyzed using a 180-degree
hemispherical capacitor electron energy analyzer.
The XPS survey spectra were obtained at 0 to
1350.21 eV with a pass energy of 150 eV at a step
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Figure 2. Means of color coordinates (L*, a*, and b*), translucency
parameter (A), and AE values (B) of both groups before and after
bleaching. (superscript * in the figure denotes significant difference
between two groups; p<0.05).

of 1.0 eV. The narrow-scanned spectra were collected
with a pass energy of 30 €V at a step of 0.05 eV. The
binding energy scales for the specimens were
calibrated by setting the value of the carbon bonded
to either hydrogen or carbon (C-H/C-C) as a
reference at 284.80 eV. The spectral data were
analyzed by Avantage Software (Thermo Scientific),
the averaged atomic concentrations of Cyg, O1s, Cagy,
and Py, were recorded, and the Ca/C, P/C, and Ca/P
ratios were calculated.

ATR-FTIR Measurement

The remaining five dentin slabs in each group were
analyzed using an FTIR spectroradiometer (Nicolet
Impact 420, Thermo Fisher Scientific, Waltham,
MA, USA) equipped with a diamond crystal ATR
unit. The spectra were collected at 800 to 1600 cm >
at a resolution of 4 cm ! to achieve a total of 64 scans
and then analyzed by OMNIC 8 software (Nicolet,
Madison, WI, USA). The phosphate/amide ratio (the
ratio of the integrated areas of phosphate vy, v3 to
that of amide I peak) of ATR spectra were examined
before and after bleaching.??
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Statistical Analysis

Differences in color coordinates (L*, a*, and b*), TP,
and phosphate/amide ratios between the two groups
were analyzed using independent-sample ¢ tests.
Analysis of variance was performed to evaluate
differences in the effects of bleaching between the
ATP and AE values of the two groups. All analyses
were accomplished using SPSS for Windows (SPSS,
Chicago, IL, USA), and the level of significance was
established at o = 0.05.

RESULTS
Spectroradiometric Evaluations

Figure 2A shows the means of the color coordinates
(L*, a*, and b*) and TP values. The L* and a* values
of the two groups were significantly different before
bleaching. Moreover, the TP values were significant-
ly lower in group DC than in group NC both before
and after bleaching (p<0.01). Bleaching did not
significantly influence the TP values of group NC but
remarkably increased those of group DC (p<<0.05). In
addition, the color coordinates (L*, a* and b*) of
both groups were significantly changed after bleach-
ing, and the AE value was significantly greater in
group DC than in group NC (p<0.05; Figure 2B).

XPS Analysis

Figure 3 shows the representative wide-scanned
XPS spectra of the inner dentin surfaces before and
after bleaching. The heights of Ci5, Cagp, and Py,
peaks in both groups were lower after bleaching than
before bleaching. Figure 4A through F shows the
narrow-scanned XPS spectra and the binding ener-
gies of the elements Cag, and Py, The spectral
profiles and binding energies of these elements in
the two groups were similar before bleaching.
However, the binding energies of Cy5, Cagp, and Py,
in group DC obviously shifted toward higher ener-
gies compared with those in group NC after
bleaching.

A low protrusion was observed in the narrow-
scanned XPS spectra of Ci of both groups before
bleaching (Figure 4A). The peak at 288.13 eV in
group NC corresponds to the carbon double bonded
to oxygen (C=0), which is most probably related to
either the carboxyl groups (COOH) or the amide
bond (peptide bond) (CONH) of dentin proteins.
However, the peak of the low protrusion in group
DC shifted to 287.93 eV, possibly indicating deoxi-
dization of C=0. After bleaching, the low protrusion
in the narrow-scanned XPS spectra of Ci; nearly
disappeared in both groups (Figure 4D).
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Figure 3. Wide-scanned X-ray photoelectron spectroscopy spectra
before and after treatment. (A) Group NC. (B) Group DC.

Curve fitting was used in analyzing the compo-
nents of the Cy region in group DC because of the
remarkable change in its peak profile and binding
energy after bleaching (Figure 4G). The Cy4 spec-
trum of the discolored dentin was fitted with three
components at binding energies of 284.83, 286.83,
and 289.73 eV, respectively. The peak at 284.83 eV
corresponds to aliphatic hydrocarbons [C—(C,H)],
which are related to the organic components,
whereas the peak at 286.83 eV includes single
carbon bonded to either oxygen or nitrogen
[C—(O,N)], which may originate from proteins. The
component at 289.73 eV corresponds to the carbon-
ate groups (CO%‘) present in the mineral component
of dentin.

The relative atomic ratios of the dentin slabs were
also calculated before and after bleaching (Figure
4H). Before bleaching, the Ca/C, P/C, and Ca/P ratios
were lower in the inner discolored dentin surface
than in the vital one (p<<0.05). After bleaching, the
Ca/P remained significantly lower in group DC than
in group NC (p<0.05). Bleaching treatment can thus
greatly influence the Ca/C and P/C ratios of both
groups (p<0.05).
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Figure 4. Narrow-scanned X-ray photoelectron spectroscopy spec-
tra of elements (Cs, Cazp, and Pzp) of both groups before bleaching
(A-C) and after bleaching (D-F). Curve fitting of the C;5 region in group
DC after bleaching (G). Means of Ca/C, P/C, and Ca/P ratio of both
groups before and after bleaching. (H) (superscript * in the figure
denotes significant difference between two groups; p<<0.05).

ATR-FTIR Analysis

Figure 5 shows the representative ATR-FTIR spec-
tra of the inner dentin surfaces before and after
bleaching. The characteristic absorption bands of the
collagen matrix and the hydroxyapatite mineral
components were identified and marked in the
spectra according to the literature.?*2° The ATR
spectra showed that the relative intensities of
phosphate vq,u3 were significantly lower in group
DC than in group NC before bleaching (Figure 5A).
Moreover, the relative intensities of phosphate vq,vs,
carbonate vy, and amides I, II, and III decreased in
both groups after bleaching (Figure 5B). More
dramatic decreases in the relative intensities of
these components were also detected in group DC.
The phosphate/amide ratio was significantly lower in
group DC than in group NC before and after
bleaching (p<<0.05; Figure 5C).
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Figure 5. Attenuated total reflection spectra of both groups before
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DISCUSSION

Our null hypothesis was rejected because the
chemical compositions and optical properties of the
discolored dentin were evidently different from those
of the vital dentin both before and after bleaching.

Mountouris?® and Hiilsmann?’ reported that the
chemicals used in endodontic irrigation and/or
disinfection potentially affect the mineral and or-
ganic contents of dentin. Chelators, such as EDTA,
are widely used in root canal irrigation, and they
interact with the calcium in dentin by forming a
stable complex with calcium, leading to decalcifica-
tion.?®2° The ATR spectra revealed that the relative
intensities of phosphate v{,u3 were obviously lower in
the discolored dentin than in the vital dentin (Figure
5A). Moreover, the phosphate/amide ratio was
significantly lower in the discolored dentin than in
the vital dentin. XPS analysis further showed the
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significant decrease in the atomic ratio of Ca/C, P/C,
and Ca/P in the discolored dentin. These results
reveal that the amount of mineral components was
remarkably lower in the discolored dentin, indicat-
ing that dentin demineralization occurred in discol-
ored dentin after RCT.

Chromatic alteration is the most noticeable change
in nonvital teeth after RCT. The spectroradiometric
evaluations demonstrated significant differences in
the color coordinates (L*, a*, and b*) and TP values
of the two groups. Light propagation through human
dentin was affected by dentinal tubules and collagen
fibers in the dentin.®*® Any change in the organic
and inorganic components of dentin may affect the
light transmission through the dentinal tubules,
which will greatly influence the optical properties of
dentin. In terms of the narrow-scanned XPS spectra
of C, before bleaching, a low protrusion occurred at
approximately 288.13 eV in normal dentin and at
approximately 287.93 eV in discolored dentin. More-
over, the peak heights at 288.84 and 287.93 eV were
lower and higher, respectively, in discolored dentin
than in normal dentin. These results indicate that
aliphatic hydrocarbons [C—(C,H)] were decomposed
and that new chemical groups were formed in the
organic components of discolored dentin. Gross-
man®! proposed that pulpal necrosis and pulpal
hemorrhage contribute to teeth discoloration. This
supposition was subsequently modified by Ingle,3?
who considered that discoloration also frequently
results from necrotic pulp tissue decomposition even
though frank hemorrhage has not occurred. Howev-
er, whether the blood components of the pulp tissue,
the necrotic pulp tissue, or both are the primary
causes of tooth discoloration has not yet been
understood. New chemical groups formed in the
organic components of discolored dentin most likely
originated from hemolysis of red blood cells and/or
decomposition of necrotic pulp tissue. The organic
compositions of discolored dentin were exposed after
dentin demineralization and bonded to the new
chemical groups, thereby forming the chromophores
and causing tooth discoloration.

To explore the possible mechanism of color change
in root-filled teeth, a positive treatment of intraco-
ronal bleaching was performed to induce potential
variations between the two groups. The most
noticeable change in group DC after bleaching is
the shifts in its binding energies of Cy5, Cagp, and Py,
toward higher energies. This phenomenon indicates
that the chemical structure of the mineral and
organic components of discolored dentin were signif-
icantly influenced by bleaching. Moreover, the

$S900E 98] BIA |0-60-GZ0Z 1e /woo Alojoeignd-pold-swiid-yewssiem-1pd-awiid//:sdiy woll papeojumoc]



376

reduced Ca/P ratio in both groups implies deminer-
alization of dentin. The wide-scan XPS spectra of
both groups demonstrated a decline in the peak
height of Cay, and Py, after bleaching. This
demineralization effect can be explained by the low
pH of Opalescence Endo (pH = 3.0 to 5.0).22:3334 The
Ca/P ratio remained significantly lower in discolored
dentin than in vital dentin after bleaching. The ATR
spectrum also showed that the relative intensities of
phosphate v;, v3 were obviously lower in the
discolored dentin than in the vital dentin after
bleaching. The binding energies of Cag, and Py, in
the discolored dentin surface shifted toward higher
energies after bleaching. These results suggest that
the mineral substance (hydroxyapatite) of discolored
dentin suffers more damage after bleaching and that
its chemical structure is altered by the strong
oxidation property of the intracoronal bleaching
agent.

With respect to the change in organic components
of the discolored dentin, curve fitting of the narrow-
scan spectrum of the C;, region revealed that the
primary component of the carbon-containing com-
pounds in the discolored dentin surface after
bleaching was the carbon single bonded to oxygen
(C-0) instead of hydrocarbons (C—C/C-H/C=C). This
phenomenon can be explained by the oxidation effect
of the intracoronal bleaching agent on the organic
content of the discolored dentin.?*3” Being the active
ingredient of the intracoronal bleaching agent,
hydrogen peroxide can break down and produce free
radicals, such as hydroxyl radicals, perhydroxyl
radicals, perhydroxyl anions, and superoxide an-
ions.>” By cleaving the conjugated chain or by
oxidizing other chemical moieties in the conjugated
chain, the reactive molecules, which often include
heteroatoms, carbonyl, and phenyl rings in the
conjugated system, can decompose the chromophores
in discolored dentin.?® Compared with those of vital
dentin, the organic components of the discolored
dentin suffer more serious damage after bleaching.
The ATR spectrum showed that the relative inten-
sities of amides were obviously lower in the discol-
ored dentin than in the vital one. Moreover, the
phosphate/amide ratio significantly increased in
discolored dentin after bleaching. During bleaching,
the surface organic contents of dentin are quickly
removed by the bleaching agent; the surface mineral
components also collapse and then form a protective
layer to reduce the destruction of the underlying
dentin.?? Therefore, the discolored dentin is more
sensitive to bleaching agents due to the low density
of mineral contents on its surface.

Operative Dentistry

The color coordinates (L*, a*, and b*) and the TP
value of the discolored dentin were greatly influ-
enced by bleaching. Dentinal tubules are the main
cause of light scattering in dentin.?® When exposed
to 30% hydrogen peroxide, the organic components of
the dentinal tubules, including chromophores and
collagen fibers, were decomposed, as result of the
strong oxidizing ability of hydrogen peroxide.?%3¢
The intertubular and peritubular dentin were also
dissolved and lost due to the acidity of hydrogen
peroxide.??3¢ Such changes enlarged the orifices of
the dentinal tubules and increased their permeabil-
ity,3® which might have reduced the light scattering
and allowed more light to pass through the dentinal
tubules. Thus, remarkable alterations in color
coordinates and translucency of the discolored
dentin were caused by greater amount of light
reflected from the black, white, and A3 shade
backgrounds. By contrast, the TP value of the vital
dentin did not significantly change after bleaching.
The AE in the vital dentin was significantly lower
than that in discolored dentin. On the basis of the
chemical analysis, we can safely conclude that the
optical properties of dentin are closely associated
with the chemical structure of the inorganic and
organic substances within dentin. Moreover, signif-
icant changes in the color coordinates and translu-
cency of the discolored dentin were caused by
remarkable alterations in the chemical structure of
the mineral and organic components within the
discolored dentin.

The etiology of the discoloration of endodontically
treated teeth is the most important issue in the
analyses. This study excluded the extrinsic causes of
discoloration, and thus strict inclusion criteria were
set during specimen selection to ensure that only
intrinsic factors were considered. However, some of
the criteria may be extracted mainly from the
medical history and/or patients’ memory, and possi-
ble errors may influence the results. To obtain
accurate and repeatable measurements, the inner
dentin surface was flattened during specimen prep-
aration. Removal of the inner region of the dentin
may have altered its chemical compositions. Further
studies are thus necessary to clarify these limita-
tions.

CONCLUSIONS

Within the limitations of this study, the following
conclusions were drawn: 1) the optical properties of
dentin are closely associated with the chemical
structures of inorganic and organic substances with
significant changes in the proportion of organic and
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inorganic components of dentin contributing to the
discoloration of root-filled teeth; 2) intracoronal
bleaching can effectively whiten both discolored
nonvital and vital dentin although the chemical
structure of the mineral and organic components of
the discolored dentin may suffer more serious
bleaching-induced damages.
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