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Abstract

This in vitro study assessed tooth color and whiteness changes following application of a 
commercial LED-assisted over-the-counter (OTC) whitening system, and characterized 
subsequent color changes under different immersion conditions. Sixty extracted human 
maxillary incisors were whitened once daily for 15 consecutive days in ten six-tooth acrylic 
arch models. After whitening, the models were randomly allocated to five immersion 
conditions (two models; n = 12 teeth per condition): distilled water, black tea, coffee, 
cola, and red wine. Specimens were immersed in the assigned medium for 4 h daily for 
15 days using a single shared container per group. Tooth color was measured with a 
spectrophotometer at baseline (T0), after whitening (T1), and after staining (T2). Color 
change was assessed using CIEDE2000 (ΔE00), the Whiteness Index for Dentistry (WI_D), 
and supportive ΔEab values. Mean WI_D increased from 15.66 ± 5.14 at T0 to 26.23 ± 5.67 
at T1 (p < 0.001), with a mean ΔWI_D of 10.58 ± 1.97 and ΔE00 of 5.00 ± 0.87. All specimens 
exceeded the 50:50 acceptability thresholds for both outcomes. Descriptive post-whitening 
color changes varied across immersion conditions, including distilled water; however, the 
absence of independent container-level replication precluded valid inferential comparisons 
between staining media. Red wine showed the highest mean ΔE00 (16.13 ± 3.42), whereas 
cola showed the largest numerical loss of whiteness. The complete commercial whitening 
system was associated with a measurable increase in dental whiteness, whereas subsequent 
color changes represented descriptive laboratory observations rather than independently 
confirmed beverage effects.

Keywords: tooth whitening; over-the-counter whitening; LED-assisted bleaching; CIEDE2000; 
Whiteness Index for Dentistry; color stability

1. Introduction
Tooth color is an important component of dental esthetics, and the growing demand 

for whiter teeth has contributed to the widespread use of tooth-whitening procedures [1]. 
In parallel, over-the-counter (OTC) whitening products have become increasingly available 
because of their accessibility, relatively low cost, and ease of self-administration without 
professional supervision. These products are marketed in various delivery forms, including 
whitening strips, prefabricated trays, paint-on gels, toothpastes, and mouth rinses, and may 
contain peroxide-based or alternative whitening agents [2]. However, OTC products vary 
considerably in their formulations, delivery protocols, and active-agent concentrations, and 
the evidence supporting the whitening effectiveness of some tray- and gel-based systems 
is still derived predominantly from in vitro studies [2]. Recent clinical evidence indicates 
that OTC bleaching products can provide satisfactory short-term whitening compared with 
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placebo; however, the certainty of the available evidence remains low, and treatment effects 
vary among bleaching protocols [3].

Some OTC whitening systems incorporate light-emitting diode (LED) devices with 
the aim of enhancing the bleaching effect of peroxide-based gels [4,5]. However, the 
additional benefit of light activation appears to depend on the light source, bleaching 
formulation, and treatment protocol, and variable results have been reported across different 
systems [5–7]. In a recent in vitro study, Shekari et al. found that combining OTC bleaching 
products with their corresponding LED trays produced greater color change than product-
only or light-only protocols [5]. Similar findings have been reported for an LED home-
whitening system evaluated among different OTC and at-home bleaching approaches [4]. 
Nevertheless, the independent contribution of LED activation cannot be assumed for every 
commercial system.

The maintenance of tooth color after bleaching is also clinically relevant because 
bleached teeth are subsequently exposed to dietary chromogens that may compromise color 
stability. Tea, coffee, cola, and red wine are among the commonly investigated beverages 
associated with post-bleaching discoloration, although the magnitude of color change 
varies according to the staining medium and exposure conditions [8,9]. For objective 
assessment of these changes, the CIEDE2000 color-difference formula (ΔE00) provides a 
perceptually weighted measure of overall color difference, whereas the Whiteness Index for 
Dentistry (WI_D) specifically quantifies changes in dental whiteness [10–12]. Accordingly, 
the combined use of ΔE00 and ΔWI_D may provide complementary information when 
evaluating whitening efficacy and subsequent color stability.

Despite the increasing availability of LED-assisted OTC whitening systems, evidence 
regarding their whitening performance and post-whitening color stability after exposure to 
commonly consumed staining beverages remains limited and heterogeneous [2,5]. There-
fore, the aim of this in vitro study was to quantify changes in tooth color and whiteness 
following application of a commercially available LED-assisted OTC hydrogen peroxide 
whitening system and to characterize post-whitening color changes observed under differ-
ent immersion conditions, using ΔE00 and ΔWI_D as the principal color outcomes. The 
originally specified null hypotheses were that (H01) the whitening protocol would not sig-
nificantly increase tooth whiteness and (H02) post-whitening color change would not differ 
among the tested staining media. However, because each staining medium was applied in a 
single immersion container, H02 could not be formally tested using independent treatment-
level replication; staining-phase findings were therefore summarized descriptively.

2. Materials and Methods
2.1. Study Design and Ethical Approval

This in vitro experimental study was designed to evaluate tooth color and whiteness 
changes following application of a commercially available LED-assisted over-the-counter 
whitening system and the subsequent color stability of whitened teeth following exposure 
to different staining media. The experimental workflow consisted of three sequential stages: 
baseline color assessment, a 15-day whitening phase, and a 15-day staining phase. The 
study protocol was approved by the Non-Interventional Research Ethics Committee of Fırat 
University (approval no. 2025/07-38; 24 April 2025).

The planned tooth-level sample size was initially estimated a priori using G*Power 
software (version 3.1.9.7; Heinrich Heine University, Düsseldorf, Germany), based on 
previously reported post-bleaching ΔE00 data from a five-group beverage-staining study [8]. 
An effect size of f = 0.735 was calculated from the final ΔE00 group means and standard 
deviations reported in that study. Under the initial assumption of independent tooth-level 
observations, a one-way ANOVA with five groups, an alpha level of 0.05, and a statistical 
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power of 95% indicated a nominal minimum sample size of 40 teeth (8 per group). A 
total of 60 teeth were included, with 12 subsequently allocated to each staining condition. 
However, because each immersion medium was represented by a single container, the 
original tooth-level power calculation did not provide independent treatment replication 
or support confirmatory comparisons between media. Accordingly, the staining-related 
outcomes were analyzed descriptively.

2.2. Tooth Selection and Specimen Preparation
Sixty human maxillary incisors extracted for periodontal or other therapeutic reasons 

within one month before the experiment were included in the study. After extraction, 
adherent calculus and residual soft-tissue deposits were removed manually using hand in-
struments, and the tooth surfaces were cleaned with a fluoride-free and oil-free prophylaxis 
paste. All teeth were examined under ×20 magnification using a Zumax operating micro-
scope (Zumax Medical Co., Ltd., Suzhou, China). Teeth presenting caries, restorations, 
cracks or fractures, marked discoloration, or developmental enamel defects were excluded.

Baseline tooth shade was determined using the VITA Classical shade guide (VITA 
Zahnfabrik, Bad Säckingen, Germany), and only teeth presenting A2 or A3 shades were 
included. No grinding, sectioning, or flattening of the buccal enamel surface was performed, 
thereby preserving the natural enamel surface. The specimens were stored in thymol 
solution at room temperature until preparation.

The roots were retained intact, and the teeth were embedded in acrylic resin with the 
crowns and buccal surfaces exposed. The specimens were arranged in arch-shaped models 
to simulate the clinical positioning of teeth within the horseshoe-shaped LED mouthpiece 
used as part of the OTC whitening system. During the intervals between experimental 
procedures, the specimens were stored in Fusayama–Meyer artificial saliva at 37 °C, which 
was renewed daily, as previously described [13].

2.3. Color Measurement
Tooth color was measured using a VITA Easyshade V spectrophotometer (VITA Zah-

nfabrik, Bad Säckingen, Germany). The spectrophotometer was calibrated according to 
the manufacturer’s instructions before each measurement session. All color measurements 
were performed by the same operator on a standardized white background.

Measurements were obtained from the central region of the middle third of the buccal 
surface. To standardize the measurement location throughout the experiment, an individ-
ual silicone positioning guide was fabricated for each specimen at baseline. An opening 
corresponding to the diameter of the VITA Easyshade V measuring tip was created over 
the predetermined measurement area. During each assessment, the spectrophotometer 
probe was positioned perpendicular to the enamel surface through the guide, ensuring 
reproducible positioning at the same site.

Before each color assessment, the specimens were rinsed and gently blot-dried with 
absorbent paper to remove excess surface moisture. For the post-whitening assessment 
(T1), the specimens were maintained in artificial saliva at 37 °C for 24 h following the final 
whitening session before color measurements were performed.

Color measurements were performed at three experimental time points: before whiten-
ing (T0), after completion of the 15-day whitening protocol (T1), and after completion of 
the 15-day staining protocol (T2). At each time point, three consecutive measurements 
were obtained from each tooth, and the mean of the three readings was used for subsequent 
color calculations and statistical analyses.
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2.4. OTC Whitening Protocol
All specimens were whitened using a commercially available LED-assisted over-the-

counter whitening system (SmileShop Teeth Whitening Gel, Gold İlaç Sanayi ve Ticaret 
A.Ş., Silivri, İstanbul, Türkiye; series no. 2028/05). According to the product label, the 
whitening gel contained aqua, glycerine, propylene glycol, acrylates/C10-30 alkyl acrylate 
crosspolymer, triethanolamine, sodium benzoate, hydrated silica, hydrogen peroxide, men-
thol, sodium ascorbyl phosphate, Aloe barbadensis leaf extract, and Anthemis nobilis flower 
water. Although hydrogen peroxide was listed among the ingredients, its concentration 
was not specified on the product packaging or in the available documentation. Technical 
specifications of the LED unit, including wavelength, irradiance, and optical output power, 
were also unavailable. We contacted the company identified on the product packaging by 
email and telephone to request the hydrogen peroxide concentration and LED technical 
specifications, but the requested information was not provided.

For each whitening session, the gel was applied in consistent amounts to the buccal 
enamel surfaces using the graduated syringe supplied with the commercial kit and evenly 
distributed with an applicator. The 60 specimens were arranged in ten six-tooth acrylic arch 
models. Two models were positioned simultaneously in the upper and lower compartments 
of the same horseshoe-shaped LED mouthpiece (Figure 1), requiring five sequential 15 min 
exposure sessions per day. The starting order of the five model pairs was rotated daily 
to minimize systematic order effects. The same LED device was used throughout the 
15-day whitening protocol to avoid inter-device variability, and its batteries were replaced 
daily to minimize potential reductions in light output. The LED unit remained activated 
throughout each 15 min application period. All specimens underwent the combined gel-
and-LED protocol; no gel-only, LED-only, or untreated control group was included during 
the whitening phase.

Figure 1. Experimental setup for the LED-assisted OTC whitening procedure. (A) Positioning of the 
two six-tooth acrylic arch models within the LED mouthpiece before activation. (B) View of the setup 
during LED activation.

The whitening procedure was performed once daily for 15 consecutive days, with 
approximately 24 h between applications. At the end of each session, residual gel was 
removed by gently brushing the tooth surfaces under running water in accordance with 
the manufacturer’s instructions. The specimens were then stored in artificial saliva at 37 °C 
until the next whitening session. Following the final whitening session, the specimens were 
stored in artificial saliva at 37 °C for 24 h before the post-whitening color assessment (T1), 
using a post-bleaching measurement interval consistent with that reported by Karadas 
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and Seven [9]. Immediately before measurement, the specimens were rinsed and gently 
blot-dried with absorbent paper to remove excess surface moisture.

2.5. Staining Protocol
Following the post-whitening color measurement (T1), the ten six-tooth acrylic arch 

models were randomly allocated using a computer-generated randomization sequence to 
five immersion conditions (two models per condition; n = 12 teeth): distilled water (DW; 
control), black tea (TEA), coffee (COF), cola (COLA), and red wine (RW). The two models 
assigned to each condition were immersed simultaneously in a single container containing 
the corresponding medium. The experimental groups and preparation of the immersion 
media are summarized in Table 1.

Table 1. Experimental groups and preparation of the staining media.

Group Staining Medium Preparation

DW Distilled water (control) 200 mL, used at room temperature

TEA Black tea (Lipton Yellow Label, 
Unilever, İstanbul, Türkiye)

One tea bag in 200 mL water cooled to 
approximately 90 °C; steeped for 5 min

COF Coffee (Nescafé Classic, 
Nestlé, Bursa, Türkiye)

2 g instant coffee dissolved in 200 mL 
water cooled to approximately 80 °C

COLA Cola (Coca-Cola, İstanbul, 
Türkiye) 200 mL, used directly without dilution

RW Red wine (Eskibağlar 
Öküzgözü, Elazığ, Türkiye) 200 mL, used directly without dilution

After preparation, the tea and coffee solutions were allowed to reach room temperature 
before specimen immersion. The specimens were immersed in their assigned medium 
for 4 h daily for 15 consecutive days. Fresh immersion media were prepared or renewed 
daily. During each 4 h exposure period, the solutions were gently stirred at 1 h intervals to 
maintain homogeneity. The cola solution was additionally renewed every 2 h to minimize 
changes associated with loss of carbonation. All containers were kept closed throughout 
the immersion periods.

At the end of each daily immersion period, the specimens were removed from the 
solutions and rinsed thoroughly under running water to remove loosely adherent residues. 
No toothpaste, detergent, polishing agent, or other cleaning material was used during the 
staining phase. Between daily immersion sessions, the specimens were stored in artificial 
saliva at 37 °C, with the solution renewed daily.

After completion of the 15-day staining protocol, the specimens were rinsed and 
stored in artificial saliva at 37 °C for 24 h. Before the final color assessment, the specimens 
were gently blot-dried with absorbent paper to remove excess surface moisture. Final 
color measurements (T2) were then performed using the same standardized procedure 
described previously.

2.6. Color Difference and Whiteness Calculations
The mean L*, a*, and b* values obtained from the three consecutive measurements 

of each specimen were used for all color calculations. Color change was primarily evalu-
ated using the CIEDE2000 color-difference formula (ΔE00). ΔE00 values were calculated 
according to the CIEDE2000 equation using the parametric factors kL = kC = kH = 1 [12]. 
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The conventional CIELAB color difference (ΔEab) was retained as a supportive outcome to 
facilitate comparison with previous studies and was calculated as follows:

ΔEab = [(ΔL*)2  + (Δa*)2  + (Δb*)2 ]1 /2 

To quantify changes specifically related to dental whiteness, the Whiteness Index 
for Dentistry (WI_D) was calculated from the CIELAB coordinates according to Pérez 
et al. [10]:

WI_D = 0.511L* − 2.324a* − 1.100b*

Changes in whiteness (ΔWI_D) were calculated by subtracting the earlier WI_D value 
from the later WI_D value:

ΔWI_D = WI_D(later) − WI_D(earlier)

Accordingly, positive ΔWI_D values indicated an increase in whiteness, whereas nega-
tive values indicated a loss of whiteness. In contrast, ΔE00 and ΔEab represent the magnitude 
of color difference and do not indicate the direction of the color change.

Color and whiteness changes were calculated for two predefined intervals: T0–T1 to 
quantify changes following the whitening protocol and T1–T2 to characterize subsequent 
color and whiteness changes under the assigned immersion conditions.

For interpretation of color differences, the 50:50 perceptibility and acceptability thresh-
olds for ΔE00 were set at 0.8 and 1.8, respectively [12]. The corresponding 50:50 perceptibility 
and acceptability thresholds for ΔWI_D were 0.72 and 2.6 WI_D units, respectively [14].

2.7. Statistical Analysis
Statistical analyses were performed using IBM SPSS Statistics version 26.0 (IBM Corp., 

Armonk, NY, USA). The three consecutive color measurements obtained from each tooth 
at each time point were averaged, and the resulting tooth-level L*, a*, and b* coordinates 
were used to calculate the color and whiteness outcomes. Technical repeated measurements 
were not treated as independent observations. Descriptive data are presented as means and 
standard deviations (SD) or medians and interquartile ranges (IQR), as appropriate.

Whitening-related changes between T0 and T1 were evaluated using a paired-samples 
t-test, following assessment of the distribution of paired differences using the Shapiro–Wilk 
test and Q–Q plots. This analysis was interpreted as a specimen-level comparison of color 
measurements before and after application of the complete commercial whitening system. 
Statistical significance for the within-specimen T0–T1 comparison was set at α = 0.05.

Because specimens were treated in shared LED exposure sessions, potential within-
session correlations among tooth-level whitening responses could not be excluded. The 
paired-samples analysis did not account for this potential clustering; therefore, its statistical 
precision should be interpreted cautiously. As an exploratory sensitivity analysis, tooth-level 
T0–T1 ΔWI_D values were averaged within each of the five fixed pairs of acrylic arch models 
sharing the same LED exposure session. The mean of the five pair-level estimates and its 
95% confidence interval were then calculated using Student’s t distribution (df = 4). This 
exploratory analysis did not constitute independent experimental replication or eliminate 
potential dependencies arising from the use of a single LED device, and its confidence 
interval should therefore be interpreted cautiously.

During the staining phase (T1–T2), all 12 specimens assigned to each medium shared 
a single immersion container. Thus, independent container-level replication was not avail-
able, and tooth-level measurements could not be considered independent experimental 
replications of the immersion treatment. Accordingly, ΔE00, ΔWI_D, and ΔEab outcomes 
were summarized descriptively without inferential comparisons between staining media. 
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To contextualize color changes observed in the distilled-water control, differences between 
each group’s mean ΔWI_D and the corresponding control-group mean were also calculated 
as descriptive contrasts. These contrasts were not interpreted as independently estimated 
treatment effects.

3. Results
3.1. Color Change Following the Whitening Protocol

All specimens completed the same whitening protocol before the ten acrylic arch 
models were randomly allocated to the five staining media. Accordingly, T0 and T1 outcomes 
were evaluated for the complete specimen set without inferential comparisons among 
groups defined for the subsequent staining phase.

Across all 60 specimens, the mean WI_D increased significantly from 15.66 ± 5.14 
at T0 to 26.23 ± 5.67 at T1 (paired t-test, t(59) = 41.59, p < 0.001). The distribution of 
paired WI_D differences did not show a significant departure from normality (Shapiro–
Wilk W = 0.971, p = 0.162). The mean T0–T1 ΔWI_D was 10.58 ± 1.97. The corresponding 
unadjusted tooth-level 95% confidence interval for the mean paired WI_D change was 
10.07–11.08 units. An exploratory sensitivity analysis using the mean changes in the five 
fixed LED-exposure model pairs yielded a mean ΔWI_D of 10.58 units (95% CI: 9.97–11.18), 
with positive mean changes observed in all five pairs. The mean ΔE00 was 5.00 ± 0.87. All 
specimens exceeded both the 50:50 perceptibility and acceptability thresholds for ΔWI_D 
and ΔE00. The whitening outcomes are summarized in Table 2.

Table 2. Changes in tooth whiteness following application of the commercial LED-assisted OTC 
whitening system.

Outcome T0 T1 T0–T1 Change p-Value

WI_D 15.66 ± 5.14 26.23 ± 5.67 10.58 ± 1.97 <0.001
ΔE00 — — 5.00 ± 0.87

Values are presented as mean ± SD. The p-value refers to the paired-samples t-test comparing WI_D 
values at T0 and T1. All 60 specimens exceeded the 50:50 acceptability thresholds for ΔWI_D (>2.6) 
and ΔE00 (>1.8).

3.2. Post-Whitening Color Stability
Post-whitening color changes were summarized descriptively because each staining 

medium was applied in a single immersion container, without independent container-level 
replication. Post-whitening color changes according to the immersion medium are summa-
rized in Table 3. Red wine showed the highest mean ΔE00 (16.13 ± 3.42), followed by cola 
(13.49 ± 3.02) and tea (11.04 ± 2.62). Coffee (2.78 ± 1.00) and distilled water (1.45 ± 0.50) 
showed lower mean ΔE00 values under the tested conditions. The mean L*, a*, and b* coor-
dinates at T0, T1, and T2, together with their standard deviations and the corresponding 
directional changes during immersion, are provided in Supplementary Table S1. Individual 
tooth-level L*, a*, and b* values at T0, T1, and T2, calculated by averaging three technical 
readings per tooth at each time point, are provided in Supplementary Table S2.

All groups showed negative ΔWI_D values. Cola showed the largest numerical loss of 
whiteness, followed by tea, red wine, coffee, and distilled water. The median ΔWI_D values 
were −31.17 for cola, −24.41 for tea, −12.63 for red wine, −5.64 for coffee, and −2.79 for 
distilled water. As a supportive conventional CIELAB measure, cola showed the highest 
mean ΔEab (22.50), illustrating that the numerical ranking of the immersion media varied 
according to the color metric used.
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Table 3. Post-whitening color changes according to immersion medium (T1–T2).

Group 𝚫E00, Mean ± SD 𝚫WI_D, Median (IQR) 𝚫WI_D, Mean ± SD 𝚫Eab, Mean ± SD

DW 1.45 ± 0.50 −2.79 (−3.23 to −2.37) −2.84 ± 1.00 2.40 ± 0.90
TEA 11.04 ± 2.62 −24.41 (−29.88 to −20.87) −25.58 ± 6.94 17.80 ± 3.79
COF 2.78 ± 1.00 −5.64 (−8.27 to −4.55) −6.58 ± 2.96 4.40 ± 1.50

COLA 13.49 ± 3.02 −31.17 (−35.97 to −27.62) −31.96 ± 5.98 22.50 ± 4.80
RW 16.13 ± 3.42 −12.63 (−15.43 to −11.14) −15.11 ± 6.99 17.80 ± 4.00

Values represent tooth-level descriptive statistics (n = 12 teeth per group). The reported SD and IQR 
values describe variation among teeth within each shared immersion container and do not represent 
variability between independently replicated containers. Because all specimens within each group 
shared a single immersion container, independent container-level replication was not available, and 
inferential comparisons between staining media were not performed. SD, standard deviation; IQR, 
interquartile range; DW, distilled water; TEA, black tea; COF, coffee; COLA, cola; RW, red wine.

The distilled-water control also exhibited post-whitening color changes (mean 
ΔWI_D = −2.84; mean ΔE00 = 1.45). Relative to the mean ΔWI_D observed in the distilled-
water control, the descriptive differences in mean ΔWI_D were −22.74 for tea, −3.74 for 
coffee, −29.12 for cola, and −12.27 for red wine. These descriptive contrasts place the 
observed whiteness changes in the context of the distilled-water control but do not isolate 
beverage-specific effects or constitute independently replicated treatment comparisons.

4. Discussion
The present in vitro study showed that application of the complete commercial LED-

assisted OTC whitening system was followed by a measurable increase in dental white-
ness. Following the whitening protocol, all specimens exceeded the established 50:50 
acceptability thresholds for both ΔWI_D and ΔE00. During the staining phase, descrip-
tive tooth-level color changes varied across the immersion conditions; however, the lack 
of independent container-level replication precluded confirmatory comparisons between 
staining media. Red wine showed the highest mean ΔE00, while cola showed the largest 
numerical loss of whiteness according to ΔWI_D. Thus, the specimen-level findings did not 
support H01, whereas H02 could not be formally tested using independently replicated 
staining exposures.

The whitening protocol produced a mean increase of 10.58 ± 1.97 WI_D units and a 
mean ΔE00 of 5.00 ± 0.87, indicating a marked color change after 15 days of use. Statistical 
significance in the paired T0–T1 comparison should be distinguished from the perceptibility 
and acceptability thresholds, which provide a reference for interpreting the magnitude of 
color changes. Because these thresholds were applied to instrumental measurements in an 
in vitro setting, exceeding them does not independently establish clinical effectiveness or 
patient-perceived outcomes. These findings are consistent with previous in vitro studies 
demonstrating measurable whitening with peroxide-based OTC and home-whitening sys-
tems [4,15]. Clinical evidence also indicates that the whitening performance and durability 
of OTC systems may be lower than those of conventional dentist-supervised approaches. In 
a randomized controlled trial, Krayem et al. reported greater color change and better color 
stability with 20% carbamide peroxide at-home bleaching than with two tested OTC whiten-
ing systems [16]. Shekari et al. reported greater color change when OTC bleaching products 
were used with their corresponding LED trays than when the products or light sources were 
used alone, although the magnitude of the effect varied between commercial systems [5]. 
Similarly, Basheer et al. observed significant whitening with an LED home-whitening sys-
tem containing peroxide-based agents [4]. More recent bleaching studies using ΔE00 and 
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WI_D have likewise demonstrated that objective color-difference and whiteness measures 
provide complementary evidence of whitening performance [17]. However, the hydrogen 
peroxide concentration of the product evaluated in the present study and the technical 
specifications of its LED device were not disclosed by the manufacturer. These missing 
parameters prevent direct comparison of peroxide dosage and light exposure with fully 
characterized systems. Moreover, because gel-only, LED-only, and untreated control groups 
were not included, the observed increase in whiteness can only be described as a change 
following application of the complete commercial system. The independent contributions of 
the whitening gel and LED irradiation cannot be established. This cautious interpretation is 
also consistent with systematic evidence showing that light activation does not consistently 
provide an additional whitening benefit [18].

The timing of post-whitening color assessment is an important consideration. In the 
present study, T1 measurements were performed after 24 h of storage in artificial saliva 
at 37 °C following the final whitening session, rather than immediately after bleaching. 
This approach was consistent with the post-bleaching measurement interval reported by 
Karadas and Seven [9]. Hatırlı et al. demonstrated that tooth dehydration can significantly 
affect spectrophotometric color measurements and that a 24 h rehydration period allows 
substantial recovery of hydration-related color changes [19]. Although the 24 h storage 
period provided time for rehydration, it did not necessarily guarantee complete stabiliza-
tion of the optical properties of enamel and dentin; residual transient changes could not 
be assessed because serial post-bleaching measurements were not performed. The same 
24 h storage period in artificial saliva was also applied before the final color assessment 
(T2), providing a consistent post-treatment measurement interval at both time points. This 
consideration is also relevant to the subsequent staining phase. The distilled-water control 
showed a mean ΔWI_D of −2.84 and a mean ΔE00 of 1.45 between T1 and T2, indicating 
that color changes occurred even without exposure to a strongly staining beverage. These 
changes may reflect ongoing post-bleaching color stabilization or rebound, although a 
contribution from hydration-related changes cannot be excluded. Therefore, the observed 
T1–T2 color changes cannot distinguish beverage-related extrinsic staining from sponta-
neous post-bleaching color rebound or optical stabilization and should be interpreted as the 
combined consequences of the experimental storage and immersion conditions. Descriptive 
differences in mean ΔWI_D relative to distilled water provide additional context but cannot 
establish independent beverage effects.

Under the standardized immersion conditions, red wine exhibited the highest mean 
ΔE00, while cola and tea also showed relatively large color differences; in contrast, cof-
fee showed a lower mean ΔE00 and was numerically closer to the distilled-water control. 
This pattern is partly consistent with previous studies showing greater post-bleaching 
discoloration with red wine, tea, and cola, whereas coffee generally produced lower color 
change [9,20]. Likewise, Pirolo et al. found greater post-bleaching color change after expo-
sure to a cola-based soft drink than to coffee, with coffee producing comparatively low ΔE 
values at all evaluated intervals [21]. Similarly, Basheer et al. found that tea produced sig-
nificantly greater discoloration than coffee after bleaching [4]. In contrast, Çam and Kütük 
Ömeroğlu reported that coffee and tea produced the highest ΔE00 values after one month, 
while cola showed a lower mean color change [8]. However, these studies differed substan-
tially in their experimental protocols. Karadas and Seven used 10% carbamide peroxide for 
6 h daily over 14 days and evaluated conventional ΔEab at several immersion intervals [9], 
whereas Çam and Kütük Ömeroğlu used 40% hydrogen peroxide for in-office bleaching 
followed by 5 min of daily beverage immersion for one month [8]. Pirolo et al. evaluated 
bleached bovine teeth following brief 5 min beverage exposures at different post-bleaching 
intervals [21], while Basheer et al. assessed color changes after 24 h of coffee or tea immer-
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sion using different bleaching regimens [4]. In comparison, the present study employed a 
15 min daily commercial whitening protocol followed by 4 h of daily immersion for 15 days, 
with ΔE00 and ΔWI_D as complementary primary outcomes. Differences in bleaching 
chemistry, specimen characteristics, beverage preparation, immersion duration, storage 
conditions, measurement timing, and color metrics may therefore contribute to variations 
across studies, although the contributions of individual factors cannot be determined.

The different rankings obtained with ΔE00, ΔWI_D, and ΔEab should not be interpreted 
as conflicting findings, because these metrics characterize different aspects of color change. 
CIEDE2000 (ΔE00) provides a perceptually weighted estimate of overall color difference 
by incorporating changes in lightness, chroma, and hue, whereas WI_D is specifically 
designed to quantify dental whiteness from weighted L*, a*, and b* coordinates [10,12]. 
Accordingly, a staining medium may induce a large overall perceptual color difference 
without necessarily producing the greatest reduction in whiteness. In the present study, 
red wine showed the highest mean ΔE00, whereas cola showed the largest numerical 
decrease in ΔWI_D and also showed the highest descriptive ΔEab value. Examination of 
the individual CIELAB coordinates (Supplementary Table S1) showed that cola exhibited a 
marked decrease in L* (mean ΔL* = −14.11) and an increase in b* (mean Δb* = +17.16), 
whereas red wine showed a pronounced increase in a* (mean Δa* = +8.35) accompanied 
by a decrease in b* (mean Δb* = −9.56). These distinct directional color changes help 
explain the different descriptive rankings obtained with ΔE00 and ΔWI_D. Karadas and 
Seven similarly demonstrated that different beverages produced distinct changes across 
the individual CIELAB coordinates, with b* decreasing after red-wine exposure while 
increasing with the other tested solutions [9]. These findings support the complementary 
use of ΔE00 and ΔWI_D when characterizing post-whitening color stability. Nevertheless, 
the observed rankings should be interpreted as descriptive patterns rather than definitive 
comparisons of staining potential.

Several limitations should be considered when interpreting the present findings. The 
most important methodological limitation was the absence of independent container-level 
replication during the staining phase. Although the specimens provided separate tooth-
level measurements, all 12 teeth within each staining group shared a single immersion 
environment. As a result, medium-related effects could not be separated from potential 
container-specific influences, including solution preparation, renewal, agitation, and han-
dling. The original tooth-level sample-size calculation did not account for this structure, 
and between-medium treatment effects could not be reliably tested. Increasing the number 
of teeth within a single container would not overcome this limitation. Future studies should 
include multiple independently prepared and managed containers per staining condition, 
with randomization and statistical analyses accounting for the container-level experimental 
unit. In addition, specimens treated simultaneously within the same LED mouthpiece 
shared exposure conditions, potentially introducing within-session dependence during 
the whitening phase. Because this potential dependence was not accounted for in the 
paired analysis, the precision of the estimated tooth-level whitening response may have 
been overstated. Furthermore, the in vitro design cannot fully reproduce the complex oral 
environment, including salivary clearance, acquired pellicle formation, swallowing, tem-
perature fluctuations, oral hygiene, and individual beverage-consumption behaviors [4,8]. 
The 4 h daily immersion protocol over 15 consecutive days (60 h of cumulative exposure) 
represented an accelerated laboratory staining challenge rather than typical intermittent 
beverage consumption, and the prolonged exposure may have amplified the observed 
color changes. Extended immersion protocols have also been used in previous in vitro 
investigations, although their limited correspondence with actual intraoral conditions has 
been acknowledged [22]. Consequently, the observed color changes characterize specimen 
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behavior under the selected laboratory conditions and should not be used to predict the 
magnitude of clinical discoloration in patients. Clinical evidence also suggests that expo-
sure to staining beverages does not necessarily impair whitening outcomes to the same 
extent observed under intensive laboratory immersion conditions, emphasizing the need for 
caution when extrapolating in vitro staining results to clinical behavior [23]. The inclusion 
of only A2- and A3-shade teeth also limits generalizability to other baseline tooth shades. 
Additionally, the hydrogen peroxide concentration of the whitening gel and the technical 
characteristics of the LED device, including wavelength, irradiance, and optical output 
power, were unavailable, limiting protocol reproducibility and direct comparison with 
fully characterized bleaching systems. In addition, the absence of gel-only and LED-only 
control groups prevents separation of the individual contributions of the bleaching gel and 
light activation. Nevertheless, standardized spectrophotometric measurements, repeated 
tooth-level assessments, and the complementary use of ΔE00 and ΔWI_D allowed both 
overall color change and changes in dental whiteness to be characterized. Future studies 
should evaluate fully characterized LED-assisted OTC systems using component-control 
groups and clinically relevant exposure conditions, with independent immersion-container 
replication and standardized post-whitening measurement intervals, and should confirm 
these findings in vivo.

5. Conclusions
Within the limitations of this in vitro study, the evaluated LED-assisted OTC whitening 

system was followed by an increase in instrumentally measured dental whiteness, assessed 
after 24 h of storage in artificial saliva at 37 °C, although the independent contribution 
of LED activation could not be determined. Following the intensive laboratory staining 
protocol, exploratory tooth-level observations revealed color and whiteness changes across 
the immersion conditions, including distilled water. Red wine showed the highest mean 
ΔE00 and cola showed the largest numerical loss of whiteness according to ΔWI_D; however, 
each medium was tested in a single immersion container, precluding valid inferential 
comparisons between media. The differing rankings obtained with these metrics highlight 
the value of evaluating overall color change and dental whiteness separately. Further studies 
using fully characterized whitening systems, component-control groups, independently 
replicated immersion containers, serial follow-up color assessments, and clinically relevant 
exposure conditions are needed to confirm these findings.
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//www.mdpi.com/article/10.3390/app162110921/s1. Table S1: Mean ± standard deviation of CIELAB 
coordinates (L*, a*, and b*) at T0, T1, and T2, including directional changes during the staining phase. 
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