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Background: The use of discolored teeth is required to test whitening products, and it is difficult to obtain them, given their scarcity.
Objective: To present a technique for in vitro darkening of extracted teeth simulating pulpal necrosis discoloration.

Materials and Methods: Hemolysates I and Il from human blood were subjected or not to laser irradiation (442 nm) for 1 h. The
concentration of oxyhemoglobin (O,Hb) was analyzed by ultraviolet/visible spectroscopy, and the conversion of O,Hb to methemo-
globin (MetHb) by transmission spectroscopy was assessed immediately and after 3 and 40 days. For darkening evaluation, bovine
incisors were divided into two groups (n = 25), and their pulp chambers were filled with hemolysate solution II (HSII) and hemolysate
II solution + laser (HSII+L). After storage in artificial saliva for 40 days at 37°C, color changes were measured by a colorimeter and
AE was compared with the NBS parameters. Data were analyzed using a mixed linear model (0=5%).

Results: HSII+L presented the lowest O,Hb and higher MetHb. The conversion of O,Hb to MetHb in HSII+L was 42% higher than in
HSII. Both groups were effective in darkening the teeth, according to the NBS. Darkening stabilized from day 35. HSII promoted
a marked color difference.

Conclusion: The proposed technique was effective in darkening the extracted teeth simulating necrosis discoloration for in vitro
models.
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Introduction

Extracted human teeth have been widely used in research around the world. In many in vitro experimental models, the
use of discolored teeth is required to test whitening products, and it is difficult to obtain them, either from dental
clinics or from tooth banks, given their scarcity.'” The alternative is to pigment extracted teeth and use alternative
specimens.”

In the classic model for in vitro induction of tooth darkening proposed by Freccia and Peters (1982),” the extracted teeth
were immersed in blood containing a minimum of plasma, hemolyzed with distilled water, and centrifuged daily for 3 days,
repeating this process for another 3 days.’ This methodology went through several modifications, such as total removal of
plasma, saline solution, other hemolytic processes, variations in the centrifugation protocol, or different periods of tooth
incubation in blood, which resulted in greater or less effective pigmentation time.*” To bring the in vitro protocol closer to
clinical practice, once tooth discoloration in traumatized anterior teeth is commonly associated with necrotic pulp tissue and
hemorrhage into the pulp cavity, Van Der Burgt, Mullaney and Plasschaert (1986)° proposed the dental crown should be
darkened from the inside out, ie, introducing the solution of blood components, consisting of a concentrated hemolysate with

10% hemoglobin, into the pulp chamber.® They concluded that measurable color changes in the dental crowns were produced
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Graphical Abstract

using this method, but they did not evaluate, more specifically, the conversion of oxyhemoglobin (O,Hb) to methemoglobin
(MetHb) and its alteration during the oxidation process responsible for tooth discoloration.

There is a lack of studies demonstrating which hemolyzed solution is the most effective in producing MetHb and
whether laser irradiation, which is capable of causing the direct conversion of O,Hb to MetHb, can accelerate tooth
discoloration.

The objective of this study was to present a technique for in vitro darkening of extracted teeth simulating pulpal
necrosis discoloration, evaluating the best hemolysate to be used in the technique. The first null hypothesis is that the
proposed technique for darkening of teeth via application of hemolyzed blood inside the pulp chamber cannot darken the
teeth. The second null hypothesis is that exposure of hemolyzed blood to laser irradiation does not promote more intense
darkening of the tooth structure in a shorter period.

Materials and Methods

Blood Used for in vitro Tooth Darkening

Prior to starting the study, participant provided informed written consent to be part of the study, and then ethical approval
has been obtained for all protocols from the Research Ethics Committee for research on humans from the State
University of Maringa, Parana, Brazil (CAAE 14382313.9.0000.0104).

Whole blood samples were collected in ethylenediaminetetraacetic acid (EDTA) tubes upon venipuncture performed
on a healthy adult female volunteer without hemoglobinopathies (HbAA) and without anemia (Hb total 12.9 g/dL). This
solution was obtained from whole blood with EDTA, centrifugation, and removal of plasma, followed by the addition of
double distilled water to promote hemolysis (hemolysate solution I, HSI) and additional centrifugation for 20 min to
ensure that all red blood cells be ruptured (hemolysate solution II, HSII).

The electrophoretic profile of hemoglobin and hematological parameters were obtained using electrophoresis on
cellulose acetate (Merck, Darmstadt, Germany) with Buffer tris (Merck, Darmstadt, Germany) at pH 8.5° and BC-300
PLUS-Mindray hematology analyzer (Mindray, Nanshan, Shenzhen), respectively. Whole blood was processed at 37°C
to obtain HSI and HSII, and aliquots thereof (4 mL) were subjected to 70-watt He-Cd laser excitation (IK5651 R-G,
Kimmon Koha CO. LTD, Japan) with a wavelength of 442 nm for 1 h, with homogenization every 15 minutes (Figure 1).
Additional centrifugation in HSI allowed obtaining HSII without plasma, generating a more concentrated solution and
making lysis of red blood cells easier. All samples, that is, whole blood, packed red blood cells, HSI and HSII, with and
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Figure | Flowchart of laboratory processing of human blood, showing the samples to be used in the experiments.

without laser, were analyzed immediately after collection, at 3 days, and at 40 days after collection and storage in
a glacier at 4°C.

Oxyhemoglobin Concentration Analysis

Concentration of O,Hb relative to that of MetHb was determined in whole blood samples, packed red blood cells, HSI,
and HSII, with and without laser application, stored at 4°C, at the three time points, using three replications. The
proposed technique is based on the stabilization of hemoglobin with 60 mol L-1 phosphate buffer (Merck, Darmstadt,
Germany), assessed by spectrophotometry at two wavelengths, one for MetHb (630 nm) and one for O,Hb (540 nm)."°
Two tubes (labeled A and B) were employed for the analysis. An aliquot of 100 puL of the sample to be tested was placed
in tube A, followed by 6 mL of 60 mol L-1 phosphate buffer. Tube B received 300 pL of the tube A solution, followed by
3 mL of 60 mol L-1 phosphate buffer. Spectrophotometric readings were performed at 630 nm in tube A, and at 540 nm
in tube B, using SP-2000UV (Biosystems, Sdo Paulo) spectrophotometer. The concentration of O,Hb (%) was obtained
with the following formula:'’

([A] 540 nm x 10 nm) x 100
[A] 630 nm + ([A] 540 nm x 10)

O,Hb% = (1

Note. [A]: Absorbance values; coefficient 10; dilution performed in tube B (300 uL from tube A and 3 mL of phosphate
buffer) to obtain technical sensitivity in the spectrophotometric reading of oxyhemoglobin at 540 nm.'®

The regression model was estimated using generalized least squares, allowing the residual variance of the observa-
tions in each treatment to differ. A graphical analysis showed randomness in the residuals and no discrepancy, indicating

good fit/adaptation of the model.

Component Absorbent Analysis
Component absorbents (chromophores) were analyzed in samples from all stages of laboratory blood processing
immediately after collection and 40 days after collection, using a Lambda 1050 UV/Vis/Nir Perkin Elmer spectro-
photometer (Perkin Elmer, Walthan, MA, USA). An aliquot of blood samples (50 pL) was inserted between two quartz
slides, reducing the optical path across the sample. This procedure was adopted because of the high sample concentra-
tion. All the samples were prepared likewise, at room temperature. The transmitted spectra were recorded from 200 to
800 nm, using two blank quartz slides as background."!
To analyze the laser action as a function of time, an aliquot of the newly collected HSII was also prepared by this
same technique and subjected to blue laser radiation (442 nm) for 6 hours, with spectrophotometric analyses every hour.
The obtained spectra were analyzed using SciDavis software. The absorption bands of O,Hb (541 nm and 577 nm)
and MetHb (635 nm) were identified and analyzed as a function of time.
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Selection, Preparation, and in vitro Darkening of Teeth

Fifty upper central bovine incisors, donated by a regulated and certified slaughterhouse, were used. The animals used
were from the same herd to ensure that they were of similar ages and had a similar stage of dental calcification. The teeth
were cleaned with curettes and carefully examined using a magnifying glass (4x, Bio-Art, Sdo Carlos, Sdo Paulo, Brazil)
to check for cracks and fractures which, if present, would lead to the exclusion of the specimens from the sample.

A cross-section was carried out at the cervical third of the root with a diamond disk at low speed adapted in a cutting
machine (Isomet 1000, Buehler, Lake Bluff, Illinois) under water cooling, disregarding the middle and apical thirds, for
insertion of the solution samples (HSII and HSII + laser, n = 25 for each group) until the pulp chamber was completely
filled and the teeth were artificially darkened. Maxxion R® glass ionomer cement (FGM, Joinville, Santa Catarina,
Brazil) was used for sealing at the cement enamel junction, and the teeth were immersed in artificial saliva'? in individual
flasks and stored at 37°C for 40 days, with medium change every 24 hours.

Color Evaluation

The VITA Easyshade® Advance spectrophotometer (VITA Zahnfabrik H. Rauter GmbH & Co. KG, Bad Sackingen,
Baden-Wuerttemberg, Germany) was used for the color readings of teeth darkened in vitro, measured by the CIELab
system — L * (luminosity), a * (red-green axis), and b * (yellow-blue axis), as recommended by the central bureau
of the International Commission on Illumination (1986)."* The teeth were removed from artificial saliva, gently
dried with absorbent paper, and positioned on an individual silicone guide (Figure 2). The guide had a hole built at

Figure 2 Individual silicon guide used to standardize the position of the spectrophotometer point during the color measurement. (A) silicon guide for standard the local of
color measurement. (B) assembly standardizing the position between sample to be read (positioned inside silicon matrix) and spectrophotometer.
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the middle third of the crown to fit perfectly on the device, allowing the standardization of the reading area and
preventing possible light reflection and interference with color reading. Color readings were done in triplicate, every
5 days up to 40 days, and the mean value was used. AE color variation was determined by Hunter’s formulation,'*
and the resulting color change was analyzed according to the National Bureau of Standards (NBS) AE * ab
distribution and categories, as follows:

1 0.0 to 0.5 — extremely slight change;

2 0.5 to 1.5 — slight change;

3 1.5 to 3.0 — noticeable change;

4 3.0 to 6.0 — marked change;

5 6.0 to 12.0 — extremely striking change; and

6 12.0 or higher — change to another color."”

Statistical Analysis of Color Evaluation

The sample size was estimated using a samples_mixed function in the sjstats library of the R software, which had
a sample size of approximately n = 50, considering the test power of 85%, significance level of 5% and size of the effect
given by the generalized eta square ges = 0.409.

Considering that the main goal of this study was to verify if there was any difference in the response variable between
groups and time, mixed linear models were employed, incorporating the dependence between the observations, ie, the
effect of the variability inherent to each observational unit (tooth),'® resulting in more robust and efficient models.

This methodology seeks to consider the fixed effect on the response variable we are used to finding in linear models
and it also models the covariance structure by means of a random effect, in this case, the dependence of the inherent
variability of each tooth on measurements over time. Therefore, this methodology considers the variability within/
between experimental units.

All the models were adjusted in the R application using the Ime4 command.

Results

Table 1 shows the concentration of O,Hb by UV/VIS spectroscopy at each stage of the laboratory processing of blood
samples, with and without the use of laser, at different time points. The results indicated T3 (p = 0.001) and T40 (p =
0.002) differed from TO, as packed red blood cell and whole blood treatments differed from the control — HSII + laser
(p =0.001). The interactions between whole blood (p < 0.001) and packed red blood cell (p < 0.001) treatments over time
were also significant, ie, changes in O,Hb concentration due to these treatments over time were different from other
treatments. For example, at T40, O,Hb concentration showed a large increase in whole blood, whereas the concentration
of packed red blood cells decreased, unlike other treatments (linear regression, generalized least squares).

Figure 3A shows the absorption spectra obtained by transmission spectroscopy of the HSII solution during different
periods of exposure to laser irradiation. In the representative spectrum of the sample without laser exposure, the centers
of the bands were found at 577 nm, 541 nm, 415 nm, 348 nm, and 278 nm, representing, respectively, f-O,Hb, a-O,Hb,
Soret band, globin-heme interaction, and amino acids/chromophores of blood.'” Soret band is a term commonly used in
spectroscopy to refer to the absorption of the heme group of hemoglobin (Hb). As the time of exposure to the laser
increased, there was displacement of the Soret band from ~415 nm to ~407 nm, a decrease in the intensity of O,Hb
bands, and the presence of MetHb bands centered at ~498 nm and ~630 nm. Figure 3B shows the conversion of O,Hb to
MetHb in the periods of exposure to the laser, and the highest conversion rate was observed after 2 hours. For longer
periods of time, conversion tended to stabilize. Figure 3C shows the presence of MetHb in the HSII solution after 40 days
with and without laser exposure. The area under the curve for the MetHb band in the laser-irradiated sample was 42%
higher than that of the non-irradiated sample.

The means and standard deviations of the CIELab system for the teeth darkened with HSII with and without the use
of laser exposure, in comparison with their initial color, are shown in Table 2. The resulting color differences (AEab) are
also shown, compared to the natural color of the teeth, according to the NBS categorization.
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Table | UV/VIS Spectroscopy Evaluation of O,Hb Concentrations in Blood Samples from Different Laboratory Processing Stages with
and without Laser Irradiation for | Hour, in Different Periods

Laboratory Processing Stage Oxyhemoglobin (%)
Recently Collected After 3 Days of Collection After 40 Days of Collection
-L(XtSD) | +L (X £ SD) -L (X % SD) +L (X £SD) |-L(X£SD) | +L (X £ SD)
Whole Blod 778 £ 0.6 ND 729 £ 0.6 ND 842 + 0.1 ND
Hematic concentrate 842 + 0.8 ND 85.7 £ 0.2 ND 82.1 £ 0.1 ND
Hemolysate solution | 72.47 + 0.04 729 £ 0.6 786 75.1 £0.3 752 £ 0.2 762 £ 0.6
Hemolysate solution Il 739 £ 03 74+ | 77.1 £0.3 758 + 0.8 76.5 + 0.7 75.7 £ 05

Notes: -L: without using the laser; +L: using laser; ND: reading not done. *“The sample was considered a statistical reference for the study and was different from the whole
blood and red blood cell samples (linear regression, random least squares).

The analysis of the variables “days” and “group” with the mixed linear model revealed no statistically significant
difference in the darkening of the teeth between days 35 and 40, that is, the darkening seems to stabilize from day 35,
independently of the group (Figure 4). However, when we analyzed the darkening using NBS as a reference, we observed
that, from day 10 onwards, both groups reached an extremely marked color change (NBS 5) or color change (NBS 6) -
Table 2.

In the mixed linear model, the group*days interaction was not significant (p > 0.05), ie, the results demonstrated no
significant difference in the darkening of teeth by the two tested techniques (HSII and HSII+L). However, there was
a significant difference in darkening over the days (p < 0.001), ie, there was a temporal effect, but it did not differ
between the HSII and HSII+L groups.
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Figure 3 (A) Absorption spectra of the hemolysate Il solution sample for different periods of laser exposure. The dotted arrow indicates displacement of the Soret band
and the other arrows indicate the centers of the bands associated with oxyhemoglobin (O,Hb) and methemoglobin (MetHb). (B) Intensity of absorption bands of O,Hb
(541 nm and 577 nm) and MetHb (635 nm) as a function of laser exposure time. The solid lines are visual guides and t=0 indicates the results for the sample before laser
exposure. (C) Absorption spectra of MetHb in hemolysate Il solution with and without laser application for | hour immediately after collection and after 40 days.
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Table 2 Assessment of Natural and Darkened Tooth Color (n = 25) with Hemolysate Il Solution with and without Laser Irradiation

for | Hour, Using the CIELab System, as Well as Color Differences Obtained According to NBS Parameters

Stage of Days L (X £ SD) a (X *SD) b (X + SD) AEg, NBS5 NBSé6
Laboratory (X £ SD) Extremely Color
Processing Striking (%) Change (%)
HsII I° 0.35 = 1.00 0.1 £0.9 02+04 I+ 1 0 0
5° 72 +89 02+25 24 %39 9.6 + 8.1 28 28
10° 3+£139 0.6 +5.0 12.0 £ 6.1 21.7£95 12 84
15° 244 £ 139 6844 09 +64 268 £ 13.1 16 80
20° 228 £ 133 43 +44 58+46 255+ 117 16 76
25° 234+ 137 42 +42 88+ 47 27.1 £ 114 12 88
30° 248 + 143 47 £37 1.9+55 265 % 135 12 80
35° 265+ 13.9 42+42 5.1 +£47 285+ 128 12 84
40° 269 £ 14.1 3414 48+ 68 289+ 134 20 76
HS I+ Laser I° I.5+1.7 0.0+05 0.1 £0.9 2+ 15 0 0
5° 78%75 05+ 14 02+33 98+ 59 24 36
10° 12.0 + 13.9 0.1 +38 133 £47 21.8£85 8 92
15° 229 + 133 59 +48 1.7 £ 4.1 244+ 135 24 72
20° 234+ 163 45+52 6.8 3.9 265+ 147 20 72
25° 256 £ 158 3.6 5.1 9.0 +5.6 289 £ 147 16 80
30° 28.1 + 15.1 49 +5.1 03+62 29.8 + 14.6 8 88
35° 312 £ 146 3.6 £5.1 6.1 £57 33+ 145 4 96
40° 335+ 150 23+ 46 75+52 35.1 £ 149 4 92

Notes: AE,, Hunter formulation, used for calculations of color variation. NBS National Bureau of Standards. L * 0 = black and 100 = white, a * -a = green and + a = red, b *
-b = blue and + b = yellow.

Discussion
The first null hypothesis was rejected, given that the technique proposed for the darkening of teeth by application of
hemolyzed blood inside the pulp chamber promoted tooth darkening.

HSII was chosen for tooth darkening and proved to be superior to HSI, once the laboratory blood processing stage
demonstrated that this hemolysate solution has a higher O,Hb concentration, which indicates that a larger amount of
MetHb is being formed and converted to heme and Fe+++, increasing proportionally the concentration of O,Hb.
Experimental data supported the choice of HSII and allowed suggesting a mechanism of action. A quantitative analysis
using a spectrophotometer and color variation calculations proved the effectiveness of the color change obtained.

The O,Hb measured by UV/VIS spectrophotometry in the HSII+L group exhibited a statistically significant decrease
in the percentage between this solution and non-lysed samples (Table 1). As there is an inversely proportional relation-
ship between O,Hb and MetHb,' there would be a higher concentration of MetHb in the HSII+L group. It is known that
an increase in MetHb concentration makes the color of blood change from red to brown and eventually degrades MetHb
inside red blood cells.'®!” The accumulation of MetHb can lead to the formation of hemichromes and these, when

3

denatured, can release the heme portion and Fe™ atoms. This metal can act as a catalyst for oxidation reactions of

biomolecules in the Fenton and Haber-Weiss reactions, producing the highly reactive hydroxyl (OH ) radical, responsible
for protein denaturation and lipid peroxidation.'®*°

The experiment with time variation in laser exposure of up to 6 hours (Figure 3A) was performed to verify its direct
effect on the sample of HSII without the tooth, considering an extreme condition, ie, minimum sample volume with
maximum area of incidence, thus exposing most of the sample to incident radiation. The absorption spectrum obtained
without laser exposure was similar to that which had been previously described.'”" It was possible to observe the bands
corresponding to the globin—heme interaction, blood amino acids/chromophores, and heme groups of O,Hb, a-O,Hb, and
B-O,Hb. Laser irradiation caused direct conversion of O,Hb to MetHb, as described by Tomoda, Tsuji, Yoneyama,21 who
cited intermediate processes of this conversion using oxidizing reagents and indicated some spectral changes different

from those obtained in this study. Laser accelerates biological processes by breaking the molecules apart, facilitating
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Figure 4 AEab representation of teeth darkened with hemolysate Il solution with and without laser application.

oxidation and boosting the production of free radicals,”* and due to their influence on rheological factors,?® free radicals
can interact with O,Hb and generate MetHb.?*!

In the presence of MetHb, the maximum conversion rate of O,Hb to MetHb occurred after 2 hours of laser incidence,
tending to stabilize thereafter (Figure 3B). Therefore, laser irradiation was applied for one hour, considering that the
process would have already started. This was confirmed by the analysis of the HSII spectra after 40 days with and
without laser exposure (Figure 3C), which demonstrated a 42% larger area under the curve in the MetHb band after laser
exposure than that of the non-irradiated sample. In this process, the formation of hemichromes was not observed, which
would be characterized by the displacement of the bands centered at 540 nm and 575 nm, from a-O,Hb and B-O,Hb,
respectively, to 535 nm and 565 nm.**

The use of HSII inside the pulp chamber, providing darkening from the inside out, is justified, as it is known that the
demand for tooth darkening in the clinic occurs mainly due to trauma, in which the rupture of blood vessels causes
hemorrhage in the pulp chamber with consequent diffusion of red blood cells, followed by hemolysis. The released Hb
combines with the pulp tissue that becomes putrefied and with the hydrogen sulfates produced by the bacteria, giving rise
to ferrous sulfide (FeS), a black compound responsible for pigmentation, which penetrates into the dentinal canaliculi.**

Contrary to what Van Der Burgt, Mullaney and Plasschaert did in their study, in the present study, the pulp was not
extirpated through an access opening to follow a protocol as close as possible to the clinical reality. The presence of the
pulp tissue possibly contributed to the further discoloration of teeth.

The second null hypothesis was accepted, as the exposure of hemolyzed blood to laser irradiation did not promote
more intense darkening of the tooth structure in a shorter period.

The mixed linear model demonstrated no significant difference between the groups (HSII and HSII+L) regarding the
darkening of the teeth or when comparing the variation over time (p < 0.001). However, a significant difference was
observed in tooth darkening over the days (p < 0.001), ie, there was a temporal effect, but it did not differ between the
HSII and HSII+L groups. Therefore, the mixed linear model evaluating only the variable “days” allowed us to observe no
statistically significant difference in the darkening of the teeth between days 35 and 40, that is, darkening stabilized
from day 35, regardless of the group. However, when darkening was analyzed using NBS as a reference, both groups
reached an extremely marked color change (NBS 5) or color change (NBS 6) from day 10 onwards.
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The classic model for in vitro tooth darkening suggests immersion of extracted teeth in blood containing a minimum
of plasma, made by hemolysis with distilled water and daily centrifugations.> This procedure only breaks down the red
blood cells. In the present study, the hemolysate was injected into the pulp chamber, as proposed by Van Der Burgt
Mullaney and Plasschaert.® Other studies suggest modifications, including total removal of plasma, addition of iron
sulfide to the tooth before immersing it in blood, other hemolytic processes with the addition of other solutions,
variations in the centrifugation protocol in relation to the number of days, or different immersion periods of teeth in
the blood,*’ but none of these methodologies are close to the clinical reality (necrosis). There are no studies in the
literature describing a tooth darkening method that comes close to the discoloration caused by necrosis, which is the
innovative element of the methodology proposed in the present study.

The proposed technique for darkening extracted teeth consists in placing HSII in the pulp chamber. This solution is
obtained from whole blood with EDTA, centrifugation, and removal of plasma, followed by the addition of double
distilled water to promote hemolysis, and additional centrifugation for 20 minutes to ensure that all red blood cells have
ruptured. The access to the pulp chamber is sealed with glass ionomer cement, and the tooth should be immersed in
artificial saliva for 35 days, at 37°C, with medium change every 24 hours.

However, in this study, HSII exposed to laser irradiation for one hour had the lowest O,Hb concentration and,
consequently, the highest MetHb concentration, it did not promote a significant change in the absorption spectrum,
indicating that HSII properties were maintained. The conversion of O,Hb to MetHb started within one hour after laser
application, reaching the maximum rate at 2 hours, and tending to stabilize thereafter. Laser application, however, did not
promote faster darkening of the tooth structure, considering that both hemolysates were effective, as evidenced by the
change to another color, according to the NBS parameters.

A limitation of this study was the use of bovine teeth to test the darkening technique. Obtaining sound extracted
human incisors is very difficult, whether in dental clinics or in tooth banks, given their low occurrence.’

Although a recent study of Wang et al 20217 has observed that bovine teeth can be used as an excellent alternative to
human teeth in dental research given the proximity of the enamel microstructure, these teeth have dimensions much
larger than that of human incisors, and consequently, they needed a greater amount of hemolyzed blood to fill the pulp
chamber, which could influence the tooth darkening time.

Because the tooth pigmentation with the proposed method has the potential of naturally resembling tooth necrosis, the
method can be used in future studies for comparisons with in vitro bleaching treatments.

Conclusion

Laser application of the hemolysate blood did not promote faster darkening of the tooth structure. Intracoronal tooth
darkening with or without laser application proved to be effective for in vitro darkening of teeth, simulating discoloration
by pulp necrosis from day 35.
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