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Abstract

Purpose: To study luminescence, reflectance, and color stability of dental composites
and ceramics.

Materials and Methods: IPS e.max, IPS Classic, Gradia, and Sinfony materials
were tested, both unpolished (as-cast) and polished specimens. Coffee, tea, red wine,
and distilled water (control) were used as staining drinks. Disk-shaped specimens
were soaked in the staining drinks for up to 5 days. Color was measured by a col-
orimeter. Fluorescence was recorded using a spectrofluorometer, in the front-face
geometry. Time-resolved fluorescence spectra were recorded using a laser nanosecond
spectrofluorometer.

Results: The exposure of the examined dental materials to staining drinks caused
changes in color of the composites and ceramics, with the polished specimens exhibit-
ing significantly lower color changes as compared to unpolished specimens. Compos-
ites exhibited lower color stability as compared to ceramic materials. Water also caused
perceptible color changes in most materials. The materials tested demonstrated sig-
nificantly different initial luminescence intensities. Upon exposure to staining drinks,
Iuminescence became weaker by up to 40%, dependent on the drink and the material.
Time-resolved luminescence spectra exhibited some red shift of the emission band at
longer times, with the lifetimes in the range of tens of nanoseconds.

Conclusions: Unpolished specimens with a more developed surface have lower color
stability. Specimens stored in water develop some changes in their visual appearance.
The presently proposed methods are effective in evaluating the luminescence of dental
materials. Luminescence needs to be tested in addition to color, as the two character-
istics are uncorrelated. It is important to further improve the color and luminescence
stability of dental materials.

Appearance affects a person’s quality of life, status, and
self-assessment. Thus, healthy-looking teeth are an important
and desired attribute affecting self-esteem and self-assurance.
Therefore, the aesthetic aspect of dental care has an ever-
increasing importance. An important practical problem is to
produce dental materials in a hue matching that of natural
tooth tissue and capable of maintaining it in the oral cavity
for years. Materials with improved adhesion to hard tooth tis-
sue and improved physical, chemical, and aesthetic properties
are becoming increasingly available. Still, most of these mate-

rials suffer deterioration to some degree: they get dark and lose
transparency and luster.! Factors responsible for the deteriora-
tion include staining drinks and elevated temperatures.?* These
external influences make the proper choice of the material hue
more difficult.* Most often the choice is made by compari-
son to standards (a color key), as color perception depends
on lighting conditions and surroundings, with some individ-
ual variability. Thus, a rigorous method, color mixing, based
on spectral techniques has been introduced.>® In the 1980s
Yamamoto began studying material color in dentistry.”:
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Usually color is described in terms of the L*, a*, b* coordinates,
as defined by CIE (Commission Internationale de 1‘Eclairage).’
Another set of color parameters we shall use includes hue (H),
chroma, (C), and lightness (L) and is more directly related to
human perception of color.'”

Recently, composite materials began to be additionally char-
acterized by the so-called optical properties, including lumi-
nescence; this term describes emission of light by a material
that absorbs UV or visible light. Ideally, a restorative mate-
rial should have luminescence similar to that of natural tooth
tissue. There is some understanding that luminescence can be
used as a tool to identify a restorative material, distinguish it
from natural tooth tissue, and allow it to be examined after
staining.'"?° In fact, luminescence is becoming more impor-
tant due to widespread use of artificial lighting with blue or
UV contributions. Thus, our present objective is to evaluate the
changes in luminescence of selected composite materials due
to staining drinks.

Materials and methods

As anatural way to study luminescence, spectral measurements
using the diffuse reflectance method were performed to monitor
the effects of staining treatment. In addition to the usual spec-
tral measurements, we performed colorimetric measurements
to evaluate the in vitro color stability of dental composites ex-
posed to staining agents such as coffee, tea, and red wine.

Coffee, tea, red wine, and distilled water were used as stain-
ing liquids. Staining liquids were prepared once, with the same
portion used for each specimen during the entire soaking time.
Disk-shaped specimens were soaked in the staining liquids for
up to 5 days, with the same specimen of each material used
in all immersion intervals. One specimen of each material was
immersed into each of the staining liquids. The study was per-
formed on four materials for aesthetic dental restoration in A.2
shade, using both unpolished (as-cast) and polished specimens.
Two ceramic materials, IPS e.max and IPS Classic (Ivoclar
Vivadent AG, Schaan, Lichtenstein, Germany), and two com-
posite materials used in prosthetics, Gradia (GC Europe,
Leuven, Belgium) and Sinfony (3M ESPE, Seefeld, Germany)
were chosen for study. Solid specimens (6 mm diameter, 1.5 mm
thick) were prepared in a special mold, giving all specimens
the same size and shape. A GC Labolight LV-III fluorescent
light-curing unit was used for 4 minutes to polymerize Gra-
dia specimens. Sinfony specimens were polymerized using a
Visio™ Beta Vario (Vita, Bad Sickingen, Germany) light unit
for 4 minutes. Specimens of ceramic materials had one layer,
and were fired at 750°C for IPS e.max and 920°C for IPS Clas-
sic. After polymerization, the specimens were polished on the
two main surfaces with Polityp P rubber (Ivoclar Vivadent AG)
and washed with distilled water. Unpolished specimens were
also examined to verify the importance of proper polishing for
color stability.

Staining liquids

The tests on the materials studied were performed using the
following liquids.

Color and Luminescence Stability

Coffee: 60.0 g of coffee (Jacobs Kronung, Kraft Foods,
Warsaw, Poland) was added to 1.00 dm? of distilled water and
boiled for 10 minutes; the liquid obtained was filtered through a
paper filter and supplemented with distilled water to 1.00 dm>.

Tea: 10.0 g of black tea (Lipton Tea, Lipton, Warsaw, Poland)
was added to 1.00 dm® of distilled water and boiled for
5 minutes; the liquid obtained was filtered through a paper
filter and supplemented with distilled water to 1.00 dm?.

Red wine: was used as commercially available (Tio de la
Bota, Spain).

Distilled water: was used for control to soak the control
specimens.

Tests

Prior to the tests, the specimens of the composites tested were
subjected to color determination. Next, the specimens were
immersed individually in 40 ml of the staining liquids in Petri
dishes and stored at 37°C for 0.5, 1.5, 3.0, 6.0, 12, 24, 48,
70, and 116 hours. The practical relevance of the exposures to
staining liquids for periods of days follows from the following
estimate: 3 coffees per day times 1 minute of exposure per cup
times 365 days per year, for a total of 1095 minutes, or more
than 18 hours of exposure per year.

After each of these time intervals, the specimens were washed
by making 10 immersions in distilled water, dried with a paper
towel, and subjected to color determination on the two main
surfaces. The luminescence of all of the specimens was mea-
sured after the respective immersion time followed by washing
and drying. After the color measurements, all specimens were
immersed again in the staining liquids, and the same procedure
was repeated after the next time interval. Luminescence was
measured for one specimen of each material and each shade
before the immersion in the staining liquids and after 5 days of
their storage in these liquids.

The luminescence spectra were measured on a Fluorolog
3—11 Spex spectrofluorometer (Horiba Jobin Yvon Inc., Kyoto,
Japan). The measuring system of the spectrofluorometer was in-
terfaced to the system for data collection and analysis using the
DataMAX software working in the MS Windows environment.
Fluorolog 3—11 was equipped with individual monochromators
at the input and output of the optical signal, a 450 W xenon
lamp and an R928 photomultiplier detector. The xenon lamp
was warmed up for about 45 seconds for stable performance.
An attachment for solids was used to mount the specimens. To
determine the total luminescence spectra of the specimens, the
luminescence measurements were repeated as the excitation
wavelength was changed at the 10 nm step. Such measure-
ments permitted us to obtain 3D spectra in the coordinates of
excitation wavelength, emission wavelength, and luminescence
intensity. Contour maps were produced from the 3D spectra, to
facilitate their visual presentation.

Reflectance measurements

Reflectance spectra were measured using a Specord M-42 spec-
trophotometer (Carl Zeiss Inc., Thornwood, NY), equipped
with a Labsphere integrating sphere. The remission function
F(R) was obtained by calculating the Kubelka—Munk function
for an ideal diffuse scatterer, which is optically thick at the
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wavelength of interest, assuming a homogeneous distribution
of absorbers throughout the specimen?!
FRy— (L R)? K |

(R) =~ = ¢ (1)
where R represents the observed diffuse reflectance from the
specimen surface, and K and S are absorption and scattering co-
efficients, respectively, both measured in (distance) ! units.?>%
For an ideal diffuser, where the radiation is isotropic, the F(R)
value is proportional to K, which in turn is proportional to the
absorber concentration.

Color measurements were made using a Konica Minolta
CM-2600d spectrocolorimeter (Konica Minolta Sensing Inc.,
Ramsey, NJ). The D65 illuminant was used in all experiments.
The location of a color in the CIE LAB color space is de-
fined using a 3D Cartesian coordinate system. The lightness
value (L*) indicates how light or dark a color is. The a* and
b* values indicate the location on the green(—)/red(+) and
blue(—)/yellow(+) axes, respectively. Tables 1 to 3 list the
measured color parameters (L*, a*, b*) for Sinfony, and repre-
sentative data for all materials. The L*, a*, and b* data were
also used to calculate other parameters, which directly correlate
to the visually perceived color attributes: the hue angle, h®, and
chroma, C. The latter two are related to the color attributes, hue
and color saturation, respectively. By definition, the hue angle
is h° = arc tan (b*/a*), and chroma is C = [(a*)> + (b*)?]'/2.
The CIELAB color difference values (AE,,) were calculated
to provide a quantitative measure of color changes, as

AEp= [(Ly =L + (a5 — a)’ + (5 — b921"* ()

where Ly, ap*, bp*™ are the respective color parameters of the
starting specimens, AL* = L — L is the difference in light-
ness, Aa* = ap™ — a* is the difference in red-green coordinate
and Ab* = by* — b* is the difference in yellow-blue coordi-
nate. According to some authors, these values have been found
to correlate well with average visually perceived color differ-
ences.’* The color difference AE,, is simply the Euclidian
distance between points in the CIELAB color space; however,
CIELAB is not without its problems. For example, a number of
researchers have conducted visual experiments that show color
differences perceived by humans are not uniform across the
CIELAB color space. Thus, in 2000 CIE recommended a new
CIEDE2000 color difference formula, to be used mainly for
evaluating small color differences (fewer than 5 AE,;, units).
Color difference, AEq, is defined according to this formula

asl()

AEqy = [[AL/(k; SLI* + [AC' /keSo)l* + AH' /(kySu)T*

+Rr[AC/(keSc) x AH /(kySi)l]'2 3)

Here, AL’, AC’, and AH’ are the differences in lightness,
chroma, and hue; for a detailed definition the reader is referred
to the original paper by Luo et al,'” especially for the formula
to calculate the hue difference, which is not a simple absolute
value of the difference, an error often encountered on the Inter-
net. Additionally, Sy, Sc, and Sy are the weighting functions
for the lightness, chroma, and hue components, respectively,
while ki, k¢, and ky are the parametric factors to be adjusted
according to different viewing parameters. Still, despite its
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Table 1 Color parameters of unpolished specimens of Sinfony soaked
in coffee, tea, wine, and distilled water (control)

Liquid/time
(hours) L*(D65) a*(D6b) b*(D65)  AEL(D65)  AEw(D65)
0 (mean)’ 72.26 0.22 12.07 0.36 0.26
Water
0.5 71.79 0.34 12.73 0.97 0.66
1.5 71.6 0.16 12.37 0.72 0.50
3 72.05 -0.02 12.33 0.56 0.43
6 70.76 0.06 12.02 1.30 0.99
12 70.69 -0.02 11.96 1.36 1.05
24 70.83 -0.16 11.72 1.24 1.01
48 71.07 -0.22 11.10 1.25 1.00
70 70.01 -0.14 11.76 2.04 1.59
116 69.59 —0.09 11.77 2.45 1.90
Coffee
0.5 71.02 -1.30 13.76 2.65 2.35
1.5 70.22 -0.95 15.79 4.52 3.13
3 69.53 —0.66 16.87 5.72 3.76
6 68.50 —-0.60 16.88 6.23 4.22
12 67.14 -0.30 18.03 7.94 5.36
24 66.71 -0.28 17.72 7.98 5.50
48 65.37 0.45 19.86 10.46 7.04
70 67.11 —0.60 14.17 5.52 4.22
116 66.34 —-0.09 18.48 8.78 5.97
Tea
0.5 71.59 -0.77 10.95 1.34 1.41
1.5 70.88 -0.42 12.49 1.47 1.25
3 70.19 -0.02 13.16 2.29 1.67
6 68.65 0.07 12.60 3.48 2.66
12 68.36 0.04 14.01 4.29 3.17
24 68.14 0.02 13.96 4.46 3.31
48 67.51 0.24 13.15 4,72 3.61
70 65.91 0.82 16.16 7.54 5.54
116 67.74 —0.04 12.16 4.31 3.35
Wine
0.5 71.93 0.30 12.60 0.82 0.55
1.5 70.04 0.44 14.05 3.02 2.11
3 70.22 0.82 14.74 3.51 2.43
6 68.10 0.20 15.27 5.25 3.73
12 66.55 0.56 17.67 8.04 5.56
24 65.35 0.09 16.78 8.33 6.06
48 67.65 0.17 13.09 4.57 3.49
70 69.47 -0.16 13.40 3.04 2.26
116 68.31 —0.45 15.32 5.16 3.69

' Average values, calculated for 12 starting specimens. The respective AEq, and
AEqo characterize variation within the set of the starting specimens and can be
used as standard deviations to estimate the significance of measured changes.

advantages, equation (3) is a more complex formula than equa-
tion (2), therefore, its usage is more limited.

Luminescence is a generic term describing both the short-
lived emission from singlet excited states, fluorescence, and
the long-lived emission from triplet excited states, phospho-
rescence. A given specimen may exhibit either fluorescence,
or phosphorescence, or both. The laser-induced luminescence
(LIL) setup uses short laser pulses to excite luminescent species
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existing in the specimen and obtains their detailed character-
istics by recording time- and spectrally resolved emission. All
measurements were performed at room temperature in the front-
face arrangement on a system built in Lisbon. A detailed de-
scription together with a diagram of the system was presented
by Botelho do Reso et al.>’ Briefly, the system uses the 337.1
nm pulse of a N, laser (Photon Technology Instruments, Lon-
don, Ontario, Canada, Model PL-2300, ca. 600 ps FWHM,
~1.3 ml/pulse) as the excitation source. At the detection site
a gated intensified charge-coupled device (ICCD, Oriel model
Instaspec V, Newport, Irvine, CA) is used to collect light arising
from the specimens and provide the required time resolution.
The ICCD is coupled to a fixed compact imaging spectrograph
(Oriel, model FICS 77441) providing spectral resolution. The
system can be used either by capturing all light emitted by
the specimen or in the time-resolved mode by using a delay
generator (model DG535, Stanford Research Systems, Sunny-
vale, CA) producing a gate pulse of suitable width to select
the time interval of interest. The ICCD has high-speed (2.2 ns)
gating electronics and covers the 200 to 900 nm wavelength
range. Time-resolved emission spectra are thus available in the
nanosecond to second time range.”>">’ Because in the majority
of cases, luminescent properties are independent of the type
of excitation, the present LIL setup adequately characterizes
the luminescent properties of the specimens, discriminating the
nature of the respective excited states by the time-resolved in-
formation provided.

Results
Reflectance spectra

Ground-state diffuse reflectance spectra were collected together
with spectrocolorimetric data for all of the dental materials stud-
ied before and after immersion in test liquids. Figure 1 shows
reflectance spectra of the IPS e.max, IPS Classic, Gradia, and
Sinfony dental materials in A.2 shade, and reflectance spectra
of Gradia (unpolished) and IPS Classic (polished) after rep-
resentative times of immersion in tea. The diffuse reflectance
spectra are plotted in terms of the remission function F(R) ver-
sus wavelength. The two materials selected illustrate the two
extreme cases: Gradia, representing an example of a clear effect
of immersion on diffuse reflectance spectra, and IPS Classic,
representing only a very slight effect of immersion on the spec-
tral properties of dental materials.

Color parameters

Changes in the reflectance properties of the material imply
changes both in the visually perceived color and the instrumen-
tally measured color parameters, L*, a*, and b*. The detailed
values of color parameters of unpolished specimens of Sinfony
soaked in coffee, tea, wine, and distilled water are given in
Table 1. The effect of immersion time and staining fluid on color
differences in some representative materials is presented in
Figure 2. The representative data in function of time are
presented in Tables 2 and 3 for all materials and experi-
ments with immersion, for unpolished and polished materials,
respectively.

Gawriotek et al

Luminescence contour maps

The characteristics of tooth autofluorescence, and those of den-
tal materials mimicking them, are expected to be quite com-
plex due to overlapping emissions from numerous species,
high concentration of fluorophores, and the opaque nature
of the materials involved. Therefore, it is necessary to apply
multidimensional fluorescence techniques to obtain a compre-
hensive description of the fluorescent components; otherwise
luminescence will be difficult to interpret, for example, because
of its apparent dependence on the excitation wavelength. The
so-called excitation—emission matrices or total luminescence
spectra are 3D spectra, in which one axis represents the exci-
tation wavelength, another the emission wavelength, and the
third the intensity (Fig 3, top panel). Alternatively, 3D spectra
may be transformed into 2D contour maps (Fig 3A), in which
one axis represents the emission and another the excitation
wavelength. The contours are plotted by linking points of equal
fluorescence intensity. Such a presentation is more practical
for visual analysis of the fluorescence patterns. Thus, contour
maps were produced to examine the total luminescence emis-
sion of the materials studied, with typical examples shown in
Figures 4 and 5.

A total luminescence spectrum gives a comprehensive de-
scription of a fluorescent material, incorporating the complete
information present both in the fluorescence spectra (Fig 3B)
and excitation spectra (Fig 3C) of all of the fluorescent con-
stituents. Due to these features, the total luminescence contour
map may serve as a unique fingerprint for identification and
characterization of the materials. The spectral resolution of an
excitation—emission matrix depends on the number of conven-
tional emission scans at different excitation wavelengths used to
construct the contour plot. Acquisition of contour maps on con-
ventional spectrofluorometers at sufficient resolution requires a
large number of emission scans for each specimen. The analy-
sis may be speeded up with CCD or video-spectrofluorometers;
however, such instruments are not widely accessible in labora-
tories yet.

Laser-induced luminescence (LIL)

The emission spectra of all dental materials excited at 337 nm
show a single band with the maximum at about 435 nm for
the composite materials and 410 nm for the ceramic materials
(Fig 6); however, the most pronounced differences are in the
luminescence lifetime, relatively short for composite materials,
and much longer for both ceramic materials. Another difference
is the luminescence intensity, the luminescence being very weak
for Sinfony. The effect of immersion time on the luminescence
lifetime was also recorded and is shown in Figure 7.

Discussion
Reflectance spectra

Although all of the presently studied materials were of the A.2
shade, their reflectance spectra show important differences in
the long-UV range, being of course very similar in the vis-
ible range, responsible for our color perception. As might be
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Figure 1 Top panel—reflectance spectra of selected dental materials
in A.2 shade: IPS e.max, IPS Classic, Gradia, and Sinfony (all polished)
before immersion; middle panel—reflectance spectra of Gradia (unpol-
ished) after representative times of immersion in tea; bottom panel—
reflectance spectra of IPS Classic (polished) after representative times
of immersion in tea.

expected, IPS materials seem to have lower absorption in the en-
tire spectral range, also including the short-wavelength region.
The composite materials have significantly higher absorption
at shorter wavelengths, compared to ceramic materials, proba-
bly due to their polymeric matrix. The spectra also show some
variations in function of the material in the visible range, al-
though, being of the same enamel shade, they are predictably

Color and Luminescence Stability

350 400 450 500 550 600 650 700 (]
A [nm]

Figure 3 Total luminescence spectra of Sinfonia A.2 after soaking for
116 hours in water (top panel). Bottom panel—the corresponding con-
tour map showing the intensity of luminescence of the same material
(A), together with (B) luminescence spectra and (C) excitation spectra
extracted from the contour map (A).

similar at longer wavelengths (Fig 1, top panel). The spectra
of untreated materials exhibit a broad spectral absorbance band
with an intensity increasing toward the shorter wavelengths and
an apparent absorption maximum at about 350 nm.

Figure 1 (middle and bottom panels) also shows the re-
flectance spectra obtained for differently stained dental materi-
als. Gradia soaked in tea is shown as a typical case; the changes
in the diffuse reflectance spectrum are easily detected, with the
effect similarly evident in both composite materials and even
larger in unpolished specimens (data not shown). In contrast,
the two ceramic materials were resistant to the staining fluids,
with moderate spectral changes at different immersion times. A
typical example is presented by the diffuse reflectance spectra
of IPS Classic soaked in tea (Fig 1, bottom panel). Polishing of
ceramic materials did not make much difference, either for IPS
Classic or IPS e.max, which appear to be relatively resistant to
staining, even after 5 days of immersion.

Color parameters

Color saturation shows the most pronounced changes for the
composite materials Gradia and Sinfony (Tables 1 to 3). In
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Figure 2 Color changes in: Gradia unpolished
(A) and polished (B); Sinfony unpolished (C)
and polished (D); IPS Classic unpolished (E);
and IPS e.max polished (F). All materials in A.2
shade were kept in staining fluids as indicated.
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Figure 4 Contour maps presenting the intensity of luminescence of control specimens in A.2 shade of the following polished materials: (A) Gradia,

(B) Sinfony, (C) IPS Classic, and (D) IPS e.max.
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Figure 5 Contour maps illustrating the intensity of luminescence of A.2
specimens of Gradia after 5 days of experiment: (A) soaked in tea and
(B) soaked in red wine.

contrast, ceramic materials were not affected significantly by
staining fluids.

Itis commonly assumed that a change in each of the CIELAB
color coordinates by one unit is a threshold of color difference

400
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perception by an average, although trained, observer. Accord-
ing to CIE, the threshold value of color perception or color
difference is AE,, = J3 ~ 1.7 in the space of the coordi-
nates L*, a*, b*. However, in recent publications the threshold
of color difference perception has been variously defined in
a wide range from AE,, = 1 to AE,, = 3.7. Some examples
include Knispel?® and Tung et al*® who have defined this thresh-
old as AE = 1 + 2. Haselton et al’® suggested that AE,, = 3.7,
whereas Kolbeck et al’! assumed it as AE,, = 1.5. Accord-
ing to some other researchers the threshold is AE,, = 1.32734
However, in contrast, Guan et al*®> and Tung et al*® assume that
the maximum color difference acceptable in dental materials is
AE = 2, while others claim that this value is AE,, = 3.3.33:3
According to some more liberal approaches to this problem,
this value is AE,, = 3.5%7 or even AE,, = 3.7, as proposed by
Ertas et al”> and Guler et al*® and by Haselton et al.*® Another
subject of study has been the effect of potentially discoloring
diet elements (such as tea, coffee, and red wine) on the color of
dental materials.3%:31:343%.39 The general outcome of the works
of these authors was that the largest color difference was caused
by exposure to red wine, irrespective of the type of dental ma-
terial studied, while coffee and tea lead to a similar and lower
degree of discoloring.

As known in dentistry, discoloration becomes perceptible
with a total color difference AE,, exceeding 1.0. The value
AE,, = 3.3 is the upper limit of acceptability in the subjective
visual color perception, as discoloration above this level is com-
monly considered unacceptable. According to these criteria, the
immersion of the studied composite materials in tea, coffee, and
wine leads to a distinct discoloration after 5 days of treatment,
for both polished and unpolished composite materials; how-
ever, the color changes observed in ceramic materials soaked in
tea, coffee, or red wine did not exceed the acceptability limits
even after 5 days of soaking in these drinks.

Until now we have only considered AE,, as the color com-
parison criterion; however, this value may not always be the
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Figure 6 Time-resolved fluorescence spectra
of polished specimens of dental materials:
Gradia, Sinfony, IPS Classic, and IPS e.max.
Excitation was at 337 nm for all specimens;
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u
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the spectra were recorded with the time 400
delays (ns) indicated on the respective panels.
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Figure 7 Time-resolved fluorescence spectra
of polished dental materials: Gradia and IPS
Classic. Excitation was at 337 nm in all
specimens; the spectra were recorded with
the time delays (ns) indicated on the respective
panels. All materials (A.2 shade) in the right
panels were subject to immersion in coffee for

Intensity / a.u.

Intensity / a.u.

7 days; the specimens before immersion are
shown in the left panels for comparison.

most appropriate one, keeping in mind all possible values of
the L*, a*, b* coordinates, and the visual inspection of color
change as the ultimate criterion. Indeed, the new CIEDE2000
color difference formula reproduces our visual perception of
color difference much better; however, being relatively new,
the CIEDE2000 formula and its AEq criterion have not been
used very often, thus its usage may preclude comparisons to
previous studies. On the other hand, the AE,, values usually
indicate larger color differences as compared to AEq, with the
differences between the two formulas becoming significant for
values exceeding 2. Therefore, we present both values.

We see that the composite materials studied are less color-
stable than the ceramic materials. This may be explained by
a conjunction of at least two fundamental reasons: first, the
polymers that make the base of the composites, being more
hydrophobic than ceramics, have larger affinities to the organic
dyestuffs present in the staining fluids and thus adsorb those
dyestuffs stronger at their surface; second, polymers as opposed
to ceramics have generally larger diffusion coefficients and
higher porosities, facilitating penetration of the dyestuffs into
their bulk. Additionally, unpolished specimens are easier to
stain than polished specimens, due to their more developed
surface, with more sites adsorbing the dyes.

Typical luminescence contour maps

Figure 4 presents the contour maps of the total luminescence
of the materials of A.2 shade, control specimens. A relatively
intense band was observed in each of the materials, except
Sinfony. The excitation band was at ca. 375 to 425 nm and the
emission band at ca. 425 to 650 nm. The strongest lumines-
cence was recorded for Gradia, with the two ceramic materi-
als presenting slightly weaker luminescence, and Sinfony the
weakest (Fig 2). Thus, the EEM measured using the front-face
geometry exhibits a relatively intense band with excitation cen-

700 400 500 600 700
Wavelength / nm

Wavelength / nm

tered at about 375 nm and emission at 400 nm in all materials
(Fig 4). Note that the features grouped along sloping straight
lines, in this figure and elsewhere, are artifacts and thus should
be disregarded.

Figure 5 shows the intensity of luminescence emitted by A.2
shade specimens of Gradia specimens, after 5 days soaked in
tea (panel A), and after 5 days soaked in red wine (panel B).
Similar to what is observed for color stability, the luminescence
of composites degrades more readily upon staining than that of
ceramics. Assuming that the changes are caused by absorption
of both incident and emitted light by the dyestuffs accumu-
lated at the specimen surface and in the bulk, luminescence
stability should be correlated to color stability, as indeed hap-
pens. An alternative hypothesis stating that the luminescence
changes are caused by specific interactions of the luminescent
components with the adsorbed dyestuffs is contradicted by the
luminescence lifetimes being independent on staining—see the
following section.

Note also that the excitation band in the two ceramic ma-
terials (Figs 4C and D) is centered at ca. 375 nm, and thus
the fluorescent components, absorbing in the near-UV, will
not affect the color of the respective materials to a notice-
able extent. On the other hand, the excitation band in Gradia
(Fig 4A), centered at ca. 400 nm, exhibits a stronger absorbance
in the visible range, and thus will contribute to the color of the
respective material, apart from providing the fluorescence. The
luminescent component in the Sinfony composite (Fig 4B) has
its excitation maximum at an intermediate location, ca. 385 nm,
and therefore may also provide a noticeable contribution to the
color of this material.

LIL and lifetime studies

Figures 6 and 7 present time-resolved fluorescence spectra of
the four dental materials studied (Gradia, Sinfony, IPS Classic,
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and IPS e.max). The excitation was at 337 nm in all speci-
mens, and the spectra were recorded in the nanosecond time
range in all LIL experiments. Most striking is the difference
observed in the luminescence lifetime between composite and
ceramic materials. The lifetimes determined for the composite
materials, Gradia and Sinfony, were 9.4 4+ 0.3 ns and 7.4 +
0.2 ns, respectively, while for the ceramic materials, IPS Clas-
sic and IPS e.max, we determined lifetimes of 33.1 £ 0.5 ns
and 31.7 £ 0.4 ns, respectively. Another interesting fact is that
there is no effect of staining fluid on the luminescence lifetime
(Fig 7). Indeed, no difference was detected within experimen-
tal errors after about 1 week of contact with coffee or tea. As
already noted, the independence of the emission lifetimes upon
the degree of staining excludes any contribution of the eventual
excited state quenching effects by the absorbed dyestuffs to the
degradation of luminescence intensity observed upon staining.

It is somewhat surprising that the longest lifetimes were ob-
tained for the materials less subject to color changes, that is, the
ceramic materials, as longer lifetimes should originate stronger
quenching by any dissolved or absorbed species. Clearly, this
is not the case, the reason probably being low diffusion coef-
ficients in all materials that exclude any noticeable effects of
quenching upon their luminescence, as once again supported
by the stability of the luminescence lifetimes, unaffected by
staining.

Conclusions

The color of the studied composite materials changes much
easier than that of the ceramic materials, when subject to stain-
ing drinks. The color changes saturate in about 20 hours of
exposure to staining drinks, being stronger in unpolished as
compared to polished specimens, illustrating the importance
of surface quality for color stability, which is also related to
scratch resistance of the materials, not addressed presently, but
predictably better in ceramics. The lower color stability of the
unpolished specimens is explainable by their more developed
surface, with more sites that may absorb dyestuffs. Note also
that soaking in distilled water also causes perceptible color
changes in most materials; therefore, it is the color of water-
saturated rather than dry specimens that should be compared to
that of the tooth tissue.

Luminescence intensity of stained specimens may be signif-
icantly lower than that of control specimens. Once more, the
changes are most notable in the composite materials as com-
pared to ceramic materials. Conjugating these results with the
fact that the luminescence lifetimes remain unchanged upon
staining, we conclude that the luminescence intensity changes
are most probably due to extinction of both the incident ex-
citation photons and the emitted luminescent photons by the
absorbed dyestuffs, rather than to any specific energy-transfer
phenomena between the luminescent components of the dental
materials and the absorbed dyestuffs.

Additionally, both the absorption and the emission spectra
offer some clues to the composition of the dental materials
studied. In particular, we may note that the luminescent com-
ponents differ between materials, having differing total emis-
sion spectra and significantly different emission lifetimes. The
diffuse reflectance spectra demonstrate that although all of the

Color and Luminescence Stability

materials were programmed to have the same color shade, in
practice, slight color differences remain, some materials being
more intensely colored than others.

One limitation of this study is that we were working in vitro,
instead of in vivo. Although the relative behavior of the den-
tal restoration material versus the tooth tissue toward various
staining agents is an important issue, it should be largely re-
ducible to the problem currently addressed. Indeed, assuming
that most patients regularly use toothpaste to clean their teeth,
and some resort to whitening procedures from time to time, the
probability of permanent staining of the live tooth tissue should
be relatively low. On the other hand, the logistical difficulties
and additional costs of the in vivo studies would preclude the
possibility of obtaining statistically pertinent data sets, allowing
the achievement of definite conclusions, as very often happens
in clinical studies.

We believe that the future of such luminescence studies
lies in a combination of total luminescence studies with time-
resolved techniques, combining the possibility to record the
steady-state excitation—emission matrix together with its time-
resolved characteristics. To do so, it is necessary to apply new
CCD devices with the possibility of timing of the luminescence
signals on at least the nanosecond time scale. Such combination
will bring new possibilities in rapid and adequate determination
of all luminescence parameters, while still retaining all advan-
tages of steady-state measurements. Attention should be given
to eliminating disadvantages and possible artifacts caused by
doing measurements for strongly absorbing or opaque speci-
mens, by using the front-face arrangement, while capitalizing
on all advantages of the time-resolved techniques.
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