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Abstract

Background and Objectives: In-office bleaching is one of the most requested aesthetic pro-
cedures, but its biomechanical aftermath on enamel—particularly the recovery trajectory of
microhardness, surface roughness, and erosive vulnerability—remains incompletely char-
acterised. The present study quantified the 28-day mechanical recovery profile of enamel
after three commonly used chairside bleaching protocols and examined inter-relationships
between mechanical, topographic and erosive endpoints. Methods: Forty-two human mo-
lars and premolars (27 molars, 15 premolars) extracted for clinical reasons and previously
catalogued in the institutional biobank were sectioned along the cervical-occlusal axis to
obtain matched control and experimental halves. The experimental halves were assigned
(n = 14 per group) to Opalescence Quick (45% carbamide peroxide, no light), Opalescence
Boost (40% hydrogen peroxide, chemically activated), or BlancOne Ultra+ (35% hydrogen
peroxide with light activation). Vickers microhardness (VHN), profilometric roughness
(Ra), and erosive wear after a standardised citric-acid challenge were measured at baseline,
immediately post-bleaching, and at 24 h, 7 d, 14 d, and 28 d in artificial saliva. Wilcoxon
signed-rank, Kruskal-Wallis with Dunn-Bonferroni post hoc, linear mixed-effects models,
multiple linear regression, ROC analysis, and Spearman correlations were used (« = 0.05).
Results: Immediate VHN drops were —13.2 & 3.9%, —22.6 £ 3.6%, and —29.6 + 4.7% for
Opalescence Quick, Opalescence Boost, and BlancOne Ultra+, respectively. By 28 days,
recovery reached 97.4 £ 2.2%, 96.0 £ 2.9%, and 91.6 & 2.3% of baseline (p < 0.001). Expo-
nential rate constants were 0.137, 0.075, and 0.092 d~!. Erosive wear after acid challenge
was 2.1x,2.8%, and 3.8x control values. ROC analysis identified A-immediate Ra as the
strongest predictor of incomplete recovery (AUC = 0.859). Conclusions: Higher-aggression
protocols delayed mechanical recovery and amplified erosive susceptibility, with light-
activated systems carrying the greatest residual risk. These in vitro findings provide an
evidence base for the design of future clinical studies on post-bleaching enamel recovery
and remineralisation.
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1. Introduction

Tooth bleaching is now among the most frequently requested aesthetic procedures
worldwide, propelled by social-media-driven beauty standards and by an expanding
portfolio of in-office and at-home whitening systems [1,2]. Within the chairside category,
high-concentration hydrogen peroxide (HP) and carbamide peroxide (CP) gels remain the
workhorses, producing visible whitening within a single session through the oxidative
breakdown of chromogenic organic molecules embedded in the enamel matrix. Although
aesthetic outcomes are well documented, the structural cost paid by enamel for that colour
change is far less consistently characterised, and the interval over which any structural
alteration persists has practical implications for restorative timing, dietary advice, and
adjunctive remineralisation strategies [3,4].

Mechanistically, bleaching relies on the diffusion of peroxide species into enamel
where reactive oxygen species (ROS) attack chromophores and, secondarily, the organic
and inorganic constituents of hydroxyapatite [3]. Carbamide peroxide releases its active HP
fraction more slowly than free HP and is generally considered to produce gentler kinetics,
while light- or chemically activated HP gels deliver radical bursts that accelerate whitening
but also raise the transient acidity and oxidative load at the gel-enamel interface [5]. These
differences in radical flux, pH, and exposure time are the primary determinants of any
structural footprint, far more than peroxide concentration considered in isolation [4].

Past studies have demonstrated that all three protocols produced clinically perceptible
colour shifts but with markedly different magnitudes and durability of effect [6]. The
second [7-11], leveraging scanning electron microscopy with energy-dispersive X-ray
spectroscopy (SEM-EDS), revealed a severity gradient of surface and elemental alterations
(BlancOne Ultra+ > Opalescence Boost > Opalescence Quick), with calcium and phosphorus
depletion most pronounced in the light-activated 35% HP group. What is conspicuously
missing from the literature on this cohort and on bleaching research more broadly is a
longitudinal description of how the mechanical properties of bleached enamel evolve once
the bleaching agent is washed away [7,12-16].

It is precisely this temporal dimension—how, and how completely, enamel recovers
once the bleaching agent has been removed—that remains the least-resolved aspect of the
field, and that motivates the present work. Comparisons of bleaching systems are by now
abundant, but they overwhelmingly characterise the acute insult at a single immediate post-
treatment timepoint and stop there [10,17-22]. What is known about the recovery phase is
fragmentary: saliva, whether natural or artificial, can partially restore lost microhardness
over a period of days to weeks, and topical fluoride or calcium—phosphate agents accelerate
this rebound [23-25]. Several questions of direct clinical relevance, however, remain
unanswered. The functional form of the recovery curve has not been formally modelled,
so it is unclear whether enamel re-mineralises in a linear fashion or—as is typical of
diffusion-limited biological repair—follows an exponential approach to baseline that can
be summarised by a single rate constant and half-time. It is similarly unknown whether the
speed and completeness of recovery differ systematically between low- and high-aggression
chairside protocols, and whether any property measurable immediately after the session
can forecast which specimens will ultimately recover and which will not. These gaps matter
because the duration of the post-bleach vulnerability window, rather than the depth of
the immediate insult alone, is what should govern the timing of adhesive restorations, the
scheduling of remineralising interventions, and dietary counselling. The novelty of the
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present study therefore lies not in re-comparing three bleaching systems, but in resolving
their 28-day recovery kinetics, fitting these kinetics to an explicit exponential model, and
testing—through regression and receiver-operating-characteristic analysis—whether an
early marker can predict the completeness of that recovery.

Vickers microhardness has long served as a sensitive surrogate for surface miner-
alisation and as an indirect marker of enamel resistance to acid challenge and abrasive
wear [8,9]. A loss of microhardness immediately after bleaching has been reported in
many studies, with values ranging from 8% to 30% depending on agent and protocol [10].
Critically, however, most of those reports captured a single immediate post-treatment
timepoint or, at best, a single follow-up several days later. Whether the recovery follows a
roughly linear remineralisation trajectory or, as kinetics-driven biological processes often
do, an exponential approach to baseline characterised by a rate constant k and a half-time
t}%, has not been systematically described. The shape of that recovery curve has clinical
consequences, because adhesive procedures, dietary chromogen exposure, and the timing
of fluoride or CPP-ACP application are all decisions that hinge on how long enamel remains
in a vulnerable state.

Surface roughness, captured profilometrically as Ra, and erosive wear susceptibility,
quantified after a standardised acid challenge, complete the biomechanical picture [9,10].
Both can plausibly couple to bleaching-induced changes: increased roughness offers more
reactive surface area for further demineralisation and biofilm retention, while reduced
microhardness signals a less mineralised, more dissolution-prone surface layer [5]. The
degree to which these three properties—microhardness recovery, roughness recovery, and
acid-induced erosion—covary at the level of the individual specimen, and whether any
single early marker can predict the longer-term recovery trajectory, would offer a clinically
translatable tool but has not, to our knowledge, been examined in a multimodal manner
within a single cohort.

This in vitro study therefore had three aims. First, to describe the trajectory of Vickers
microhardness, profilometric Ra, and erosive wear susceptibility in enamel exposed to
Opalescence Quick (45% CP), Opalescence Boost (40% HP, chemically activated), and Blan-
cOne Ultra+ (35% HP, light-activated), over 28 days of storage in artificial saliva. Second,
to fit recovery kinetics to nonlinear exponential models and derive rate constants and
half-times for each protocol. Third, to examine, with multimodal correlations, multiple
linear regression, and ROC analyses, whether early post-bleach markers—A-immediate
VHN, A-immediate Ra, or erosive wear—can predict the eventual completeness of me-
chanical recovery. We hypothesised that the severity gradient already documented in the
CLSM and SEM-EDS analyses (BlancOne Ultra+ > Boost > Quick) would extend into the
mechanical domain and would be accompanied by slower recovery kinetics and greater
residual erosive susceptibility.

2. Materials and Methods
2.1. Study Design, Ethics, and Sample Size

This was a prospective, in vitro, controlled experimental study performed at the
Translational and Experimental Clinical Research Centre in Oral Health, Faculty of Dental
Medicine, “Victor Babes” University of Medicine and Pharmacy, Timisoara, Romania.
All procedures were conducted in accordance with the Declaration of Helsinki and the
principles of Good Practice in Biomedical Research. Ethical approval was granted by the
Bioethics Committee of the “Victor Babes” University of Medicine and Pharmacy, Timisoara
(Approval No. 09/11 March 2024), and informed consent for biobanking and downstream
research use had been obtained from all donors at the time of extraction.
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The required sample size was determined a priori using G*Power 3.1 [14]. For the
primary outcome—between-group difference in A-immediate Vickers microhardness—an
anticipated effect size of f = 0.45, an « of 0.05, and a power (1 — 3) of 0.80 indicated that
12 specimens per group would be sufficient. To accommodate up to 20% attrition during the
polishing and indentation cycles, 14 specimens per group were planned, yielding a total of
42 specimens. No specimens were lost or excluded during the present analyses; all 42 were
retained through the full 28-day protocol. Tooth-type distribution per group (Opalescence
Quick: 9 molars, 5 premolars; Opalescence Boost: 8 molars, 6 premolars; BlancOne Ultra+:
10 molars, 4 premolars) did not differ significantly between groups (x? = 0.622, p = 0.733),
supporting between-group comparability for tooth-type-sensitive endpoints. The overall
experimental workflow, spanning specimen sourcing through allocation, bleaching, storage,
and the sequence of measurement timepoints, is summarised schematically in Figure 1.

42 human posterior teeth (27 molars, 15 premolars)

!

Sectioned above CEJ; each crown halved
along cervical-occlusal axis

!

Matched halves per tooth:
one control, one experimental (n = 14 per group)

!

Opalescence Opalescence BlancOne
Quick Boost Ultra+
45% CP 40% HP 35% HP + light

2 x 15 min 3 x 20 min 3 x 10 min

Storage in artificial saliva at 37 °C

!

Measurements at 6 timepoints:
baseline, immediate, 24 h, 7d, 14 d, 28 d

v

Vickers microhardness (VHN)
and surface roughness (Ra)

!

Day 28: erosive-wear challenge
(1% citric acid, 5 min)

!

Statistical analysis:
kinetic modelling, regression, ROC, correlations

Figure 1. Flow diagram of the experimental design, showing specimen sourcing, within-tooth split-
half allocation into matched control and experimental halves, randomisation of experimental halves
to the three bleaching protocols, artificial-saliva storage, the six measurement timepoints for Vickers
microhardness and surface roughness, the day-28 erosive-wear challenge, and the statistical-analysis
pipeline. CE]J, cementoenamel junction; CP, carbamide peroxide; HP, hydrogen peroxide.

2.2. Specimen Preparation and Bleaching Protocols

Teeth extracted for clinical reasons were cleaned of soft-tissue debris using periodontal
curettes, stored in 0.1% thymol for five days, and screened at x 10 magnification (OMS2356,
Zumax Medical, Suzhou, China) to exclude any presenting with caries, restorations, frac-
tures, or visible enamel defects. Sectioning was performed 2 mm above the cementoenamel

https://doi.org/10.3390/dj14070434


https://doi.org/10.3390/dj14070434

Dent. |. 2026, 14, 434

50f20

junction with a diamond saw under continuous water cooling, and each crown was then
halved longitudinally along the cervical-occlusal axis. The two halves of every tooth shared
an identification number; one was randomly designated control, the other experimental.
Each half was embedded in self-cure acrylic resin (UNIFAST Trad, GC America Inc., Alsip,
IL, USA), polished sequentially with Soft-Lex discs (3M ESPE) of 42, 30, and 15 um grit for
two minutes each, and rinsed with distilled water. Throughout the experiment, specimens
were stored in renewed artificial saliva (formulation per Vilhena et al. [13]) at 37 °Cin a
biological incubator, with the medium replaced every 48 h.

The experimental halves were allocated using a stratified block randomisation proce-
dure (Research Randomizer v4.0) to maintain comparable molar/premolar proportions
across groups. Opalescence Quick (45% CP, Ultradent Products Inc., South Jordan, UT,
USA) was applied as a 1-2 mm layer for two consecutive 15 min applications without light
activation. Opalescence Boost (40% HP, Ultradent) was used in three consecutive 20 min
chemically activated applications. BlancOne Ultra+ (35% HP, IDS S.p.A., Savona, Italy)
was reconstituted from powder and liquid activator and applied in three 10 min cycles
each terminated by light activation per manufacturer’s dedicated lamp. Between cycles
within a session, residual gel was rinsed with distilled water and refreshed gel was applied.
After the final bleaching cycle, specimens were rinsed for 60 s with distilled water, gently
dried, and immediately returned to artificial saliva storage at 37 °C. For all three systems,
the application time, number of cycles, and activation procedures followed the respective
manufacturers’ current instructions for use without modification, and were identical to the
protocols validated in our companion colour and SEM-EDS studies on the same biobank
cohort [6,7]; the consolidated composition and application parameters of each product are
summarised in Table 1.

Table 1. Materials, reagents, and application parameters used in the study.

Product (Ma‘n ufacturer, Type/AFtlve Concentration  Application Protocol Intended Use
Location) Ingredient

Opalescence Quick ((:g;];an;fiigzi);ll?e 1 5Trvrv1?nC:nSTiCcl;ili‘c])is In-office/patient-
(Ultradent Products Inc., bu ff%re’ 1 1o lich ty 45% CP 10 mrr?fa o o ’ assisted vital tooth
South Jordan, UT, USA) ¢/ N0 g T layer; whitening

activation activation
. Three consecutive

Opalescence Boost Hydrogen peroxide . . S
(Ultradent Products Inc., (HP) gel, chemically 40% HP 20 m;rcltic‘}:tr;écally In_ofé;it‘e]giﬂ tooth
South Jordan, UT, USA) (redox) activated .. 8

applications
Hydrogen peroxide Three 10 min cycles,
BlancOne Ultra+ (IDS (HP) powder + 35% HP each terminated by In-office vital tooth
o

S.p.A., Savona, Italy)

liquid activator,
light-activated

manufacturer LED
light activation

whitening

Artificial saliva
(formulation per Vilhena

Remineralising
storage medium

Storage at 37 °C,
renewed every 48 h

Specimen stor-
age/remineralisation

etal. [13])
Erosive challenge 5 min immersion, Standardised
Citric acid solution & 1% (pH 3.0) magnetic stirring at erosive-wear
agent
100 rpm challenge
Self-cure acrylic resin Poly(methyl Specimen
(UNIFAST Trad, GC methacrylate) — P . Specimen mounting
: . . embedding
America) embedding resin

For all commercial products, the lot numbers used in this study were recorded in the laboratory logbook and are
available from the corresponding author on request. Abbreviations: CP, carbamide peroxide; HP, hydrogen peroxide.
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2.3. Vickers Microhardness, Profilometric Roughness, and Erosive Wear Assessment

Surface Vickers microhardness (VHN) was measured with a microhardness tester
(FM-810, Future-Tech Corp., Kawasaki, Japan) using a load of 100 gf (0.98 N) and a dwell
time of 15 s, in accordance with ISO 6507-1 [11]. Five indentations were placed in the
central polished region of each specimen, separated by at least three times the indentation
diagonal to prevent stress-field overlap, and the average value was used as the specimen’s
VHN reading at that timepoint. Indentation diagonals were measured immediately after
unloading with a 40x objective and the integrated optical system, by a single trained
operator (B.L.R.B.) who was blinded to group assignment by means of coded specimen
labels. Intra-operator reliability over 20 duplicate readings on calibration blocks yielded an
intraclass correlation coefficient of 0.97 (95% CI 0.94-0.99).

Surface roughness was quantified with a contact profilometer (Surftest SJ-310, Mitu-
toyo, Kawasaki, Japan) using a 2 um diamond stylus, a measurement length of 4.0 mm, a
sampling speed of 0.5 mm/s, and a Gaussian filter with a 0.8 mm cut-off in accordance with
ISO 4287 [12]. Three parallel traces 0.5 mm apart were averaged to obtain the specimen
Ra (arithmetic mean roughness, um). Erosive wear susceptibility was tested only at the
end of the 28-day observation period: each specimen was subjected to a standardised
challenge in 1% citric acid (pH 3.0) for 5 min under constant magnetic stirring at 100 rpm,
after which step-height enamel loss versus an adjacent acid-protected reference strip was
measured profilometrically. The reference strip was created by masking a 1 mm wide
band of the polished enamel surface with an acid-resistant adhesive polyvinyl chloride
(PVC) tape before the acid challenge; after the challenge, the tape was removed, and the
resulting step between the protected (baseline) and exposed (eroded) zones was used as the
zero-wear datum for the profilometric step-height measurement. All measurements (VHN,
Ra, erosive wear) were repeated at six timepoints: baseline (pre-bleach, on the control half
mirror image), immediately after bleaching, and at 24 h, 7 days, 14 days, and 28 days of
artificial-saliva storage. Between measurement sessions, specimens remained continuously
in the 37 °C incubator. At each measurement session the specimens were removed from the
artificial saliva, rinsed with distilled water, and gently blot-dried with absorbent paper for
a standardised interval (approximately 30 s) immediately before VHN and Ra acquisition,
then returned to the storage medium; the profilometer stylus contacted only the central
polished window and the same operator performed all handling, so that any influence of
this brief, uniform drying-and-contact cycle was applied identically to every specimen and
timepoint and is therefore expected to act as a constant rather than as a source of differential
bias across the roughness trajectory.

2.4. Statistical Analysis

Continuous variables are reported as mean =+ standard deviation. Distributions were
checked for normality with the Shapiro-Wilk test and visual inspection of Q-Q plots;
because several outcomes failed to meet normality assumptions, non-parametric tests
were used throughout for between-group and within-group comparisons. Within-group
changes from baseline were tested using the Wilcoxon signed-rank test. Between-group
comparisons at each timepoint were performed with the Kruskal-Wallis H test, followed
by Dunn’s post hoc test with Bonferroni correction when overall significance was reached.

To capture the longitudinal trajectory of microhardness recovery, a linear mixed-effects
model was fitted with VHN as the dependent variable, log-transformed time-post-bleach
as a continuous predictor, group as a categorical fixed effect (with Opalescence Quick as the
reference), the group x log-time interaction, and a random intercept per tooth to account
for repeated measurements. Mean recovery curves were additionally fitted with a three-
parameter exponential model VHN(t) = baseline — drop x exp(—k-t), and the recovery
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rate constant k and half-time t% = In(2)/k were derived for each group. Multiple linear
regression was used to identify independent predictors of 28-day recovery percentage,
with the absolute A-immediate VHN, A-immediate Ra, tooth type (molar vs. premolar),
and group indicators as covariates. Spearman’s rank correlation coefficient (p) was used
to examine inter-relationships between mechanical, topographic and erosive outcomes.
Receiver operating characteristic (ROC) curves were constructed to assess the ability of
early post-bleach markers to discriminate specimens that did versus did not achieve >95%
recovery of baseline VHN at 28 days, with the optimal cutoff identified by Youden’s ]
statistic. Subgroup analyses for tooth type used Mann-Whitney U tests with effect-size
estimates by Cohen’s d and Cliff’s § (95% bootstrap confidence intervals, 2000 resamples).
All analyses were performed in Python 3.12 (NumPy, SciPy 1.13, statsmodels 0.14) and SPSS
v23 (IBM Corp., Armonk, NY, USA). A two-tailed « of 0.05 defined statistical significance.

3. Results

The results are presented in the following order: first, the baseline comparability of
the three protocol groups; second, the immediate impact of bleaching on Vickers micro-
hardness and its 28-day recovery trajectory, including the exponential kinetic modelling;
third, the parallel changes in surface roughness; fourth, the erosive-wear susceptibility
measured at the end of the observation period; and finally, the multimodal correlation,
mixed-effects, regression, and ROC analyses that link these endpoints and identify early
predictors of recovery completeness. The baseline characteristics of the study sample and
the comparability of the three groups are summarised in Table 2.

Table 2. Sample demographics and baseline characteristics.

Group n Molars Premolars Baseline VHN Baseline Ra
(Mean + SD) (um, Mean + SD)
Opalescence Quick (45% CP) 14 9 5 339.7 £9.1 0.163 + 0.049
Opalescence Boost (40% HP) 14 8 6 340.8 £ 10.3 0.207 £+ 0.033
BlancOne Ultra+ (35% HP + light) 14 10 4 3402 +£9.2 0.195 + 0.034
Total 42 27 (64.3%) 15 (35.7%) — —
Between-group p — x?=0622,p=0.733 — KWH=0.058,p=0971 KWH=6.021, p = 0.049

Forty-two human posterior teeth (27 molars, 64.3%; 15 premolars, 35.7%) were dis-
tributed across the three protocol groups (14 per group). Mean baseline Vickers micro-
hardness ranged from 339.7 & 9.1 to 340.8 &+ 10.3 VHN, with no statistically significant
between-group difference (Kruskal-Wallis H = 0.058, p = 0.971). Mean baseline surface
roughness Ra ranged from 0.163 £ 0.049 to 0.207 £ 0.033 um, with a marginal between-
group difference (H = 6.021, p = 0.049). Tooth-type distribution did not differ significantly
between groups (x? = 0.622, p = 0.733). All 42 specimens were retained through the full
28-day protocol with no exclusions (Table 3).

All three protocols produced immediate reductions in Vickers microhardness com-
pared with baseline (Wilcoxon p < 0.001 in every group). Immediate post-bleach mean val-
ues were 294.8 £ 16.4 VHN (A% = —13.2 £ 3.9) for Opalescence Quick, 263.9 £+ 15.9 VHN
(A% = —22.6 + 3.6) for Opalescence Boost, and 239.5 + 15.6 VHN (A% = —29.6 + 4.7) for
BlancOne Ultra+. At 28 days, mean values had risen to 330.7 + 12.6, 327.3 + 13.6, and
311.7 + 8.7 VHN, respectively, with Wilcoxon p < 0.002 against baseline in every group.
Between-group Kruskal-Wallis tests were significant at every post-bleach timepoint (H
ranging from 15.5 to 28.3, all p < 0.001), as seen in Figure 2.
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Table 3. Vickers microhardness (VHN) at each timepoint, by group; within-group Wilcoxon vs.

baseline.

Group/Timepoint VHN (Mean + SD) A% from Baseline Wilcoxon p
Opalescence Quick—Baseline 339.7 £9.1 — —
Opalescence Quick—Immediate 294.8 - 16.4 —-13.2+39 <0.001

Opalescence Quick—24 h 308.0 £13.0 —93+35 <0.001
Opalescence Quick—7 d 316.2 £20.4 —6.9 +£5.0 <0.001
Opalescence Quick—14 d 328.3 +15.1 —-33=£41 0.007
Opalescence Quick—28 d 330.7 £ 12.6 —26+£22 0.002
Opalescence Boost—Baseline 340.8 +10.3 — —
Opalescence Boost—Immediate 263.9 £ 15.9 —226+£3.6 <0.001
Opalescence Boost—24 h 281.5 +14.6 —174+27 <0.001
Opalescence Boost—7 d 2932+ 18.6 —14.0 £3.7 <0.001
Opalescence Boost—14 d 313.7 £ 8.8 —79+£25 <0.001
Opalescence Boost—28 d 3273 +£13.6 —40+£29 <0.001
BlancOne Ultra+—Baseline 340.2 £9.2 — —
BlancOne Ultra+—Immediate 239.5 +15.6 —29.6 4.7 <0.001
BlancOne Ultra+—24 h 256.0 £ 18.8 —247 +57 <0.001
BlancOne Ultra+—7 d 276.1 £17.2 —-189+43 <0.001
BlancOne Ultra+—14 d 2982 +£15.2 —123 +£3.8 <0.001
BlancOne Ultra+—28 d 311.7 £ 8.7 —-84+23 <0.001

360

320 A

300 A

280

Vickers microhardness (VHN)

T e R e S —

Pooled baseline
340 VHN

240 4 ) Group (recovery kinetics)
B ® Opalescence Quick (k =0.137 d"?, t%2 = 5.1d)
Opalescence Boost (k = 0.075 d-?, t% = 9.3 d)
® BlancOne Ultra+ (k = 0.092 d-%, t¥% = 7.6 d)
220 T T T T T
Imm. 24 h 7d 14d 28d

Days post-bleaching (symlog scale)

Figure 2. Vickers microhardness recovery trajectory of the three groups across 28 days, with exponen-
tial fits.

Mean Vickers microhardness values (£ 95% CI) are plotted across five post-bleach
timepoints (immediate, 24 h, 7 d, 14 d, 28 d) on a symlog time axis, overlaid with three-
parameter exponential fits VHN(t) = baseline — drop x exp(—k-t). Fit quality was R? = 0.94
for Opalescence Quick, R? = 0.96 for Opalescence Boost, and R? = 0.98 for BlancOne Ultra+.
Recovery rate constants k were 0.137 = 0.079 d—1,0.075 +0.043d1, and 0.092 + 0.031d 1,
with corresponding half-times t% of 5.1, 9.3, and 7.6 days. The pooled baseline of 340 VHN
is shown as a horizontal dashed reference line (Table 4 and Figure 3).
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Table 4. Surface roughness Ra (um) at each timepoint, by group.

Group/Timepoint Ra (um, Mean + SD) ARa from Baseline (1um) Wilcoxon p
Opalescence Quick—Baseline 0.163 = 0.049 — —
Opalescence Quick—Immediate 0.244 £ 0.074 +0.081 £ 0.045 <0.001

Opalescence Quick—24 h 0.238 £ 0.068 +0.075 £ 0.050 <0.001
Opalescence Quick—7 d 0.225 + 0.064 +0.062 £ 0.035 <0.001
Opalescence Quick—14 d 0.205 £ 0.060 +0.042 £ 0.032 <0.001
Opalescence Quick—28 d 0.201 £ 0.061 +0.038 £ 0.052 0.020
Opalescence Boost—Baseline 0.207 £+ 0.033 — —
Opalescence Boost—Immediate 0.427 + 0.083 +0.221 £ 0.086 <0.001
Opalescence Boost—24 h 0.392 £ 0.080 +0.185 £ 0.082 <0.001
Opalescence Boost—7 d 0.380 £ 0.064 +0.173 £ 0.066 <0.001
Opalescence Boost—14 d 0.331 £ 0.060 +0.125 £ 0.057 <0.001
Opalescence Boost—28 d 0.323 £ 0.112 +0.116 £ 0.099 0.002
BlancOne Ultra+—Baseline 0.195 £ 0.034 — —
BlancOne Ultra+—Immediate 0.596 £+ 0.101 +0.400 £ 0.093 <0.001
BlancOne Ultra+—24 h 0.560 £ 0.103 +0.365 £ 0.093 <0.001
BlancOne Ultra+—7 d 0.501 £ 0.089 +0.305 £ 0.083 <0.001
BlancOne Ultra+—14 d 0.409 £ 0.063 +0.214 £ 0.050 <0.001
BlancOne Ultra+—28 d 0.390 £ 0.108 +0.195 £ 0.087 <0.001

28-day recovery (% of baseline VHN)

105 A

100 4

95 1

90 1

85 1

*k (P<0.001)

- =95% (complete recovery)
=90% (clinically acceptable)

** (P=0.011)

Opalescence
Quick
(45% CP)

Opalescence BlancOne
Boost Ultra+
(40% HP) (35% HP + light)

Figure 3. Per-specimen 28-day microhardness recovery (% of baseline VHN) by group.

Surface roughness Ra increased significantly immediately after bleaching in every

group (Wilcoxon p < 0.001), from 0.163 to 0.244 pm in the Opalescence Quick group, from

0.207 to 0.427 um in the Opalescence Boost group, and from 0.195 to 0.596 um in the

BlancOne Ultra+ group. At 28 days, residual ARa values remained statistically elevated

above baseline in every group (p < 0.020). Between-group comparison at 28 days yielded

Kruskal-Wallis H = 17.53 (p < 0.001); on Dunn—-Bonferroni post hoc testing, Opalescence

Quick differed from both other groups (p_adj < 0.011), while Opalescence Boost and
BlancOne Ultra+ did not differ from each other (p_adj = 0.255).
Per-specimen 28-day recovery percentages are presented as jittered points overlaid

on group-coloured box plots. Median recovery values were 97.4%, 95.7%, and 91.4%
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for Opalescence Quick, Opalescence Boost, and BlancOne Ultra+, respectively. The 95%
complete-recovery and 90% clinically acceptable thresholds are shown as horizontal dotted
reference lines. These two cut-offs were adopted in line with the convention in the bleaching
and remineralisation literature, in which restitution of surface microhardness to within
roughly 5% of pre-treatment values is treated as functionally complete recovery, while
a residual deficit of up to about 10% is regarded as clinically tolerable given the natural
day-to-day variability of enamel microhardness and the protective remineralising capacity
of saliva [10,24,25]. The two thresholds are therefore used here as pragmatic reference
benchmarks rather than as validated diagnostic limits. All 14 specimens in the Opalescence
Quick group and 14 in the Opalescence Boost group exceeded the 90% threshold, whereas
7 of 14 (50%) BlancOne Ultra+ specimens did. The Kruskal-Wallis test was significant
(H =22.67, p < 0.001); pairwise post hoc contrasts against BlancOne Ultra+ are annotated
(Table 5).

Table 5. Erosive wear susceptibility (um enamel loss) after a 5 min 1% citric acid challenge at day 28.

Group Bleached (um) Control (um) A (um) Ratio b/c Wilcoxon p
Opalescence Quick 1.13 +0.21 0.60 £ 0.18 +0.53 £0.24 2.13 £ 1.05 <0.001
Opalescence Boost 1.67 +0.42 0.65 + 0.13 +1.02 +0.47 2,75+ 1.20 <0.001

BlancOne Ultra+ 2.50 &+ 0.50 0.67 £0.13 +1.83 +0.47 3.82 +£0.81 <0.001
KW between bleached L . H = 28.96, p < 0.001 . .
groups

Post hoc Dunn—Bonferroni (bleached groups): Opalescence Quick vs. Opalescence Boost p_adj = 0.003; Opales-
cence Quick vs. BlancOne Ultra+ p_adj < 0.001; Opalescence Boost vs. BlancOne Ultra+ p_adj < 0.001.

Mean enamel loss after the 5 min citric acid challenge was 1.13 &+ 0.21, 1.67 £ 0.42,
and 2.50 &+ 0.50 pm for Opalescence Quick, Opalescence Boost, and BlancOne Ultra+,
respectively, versus 0.60 £ 0.18, 0.65 &+ 0.13, and 0.67 & 0.13 um in their matched control
halves. Within-tooth A wear values were +0.53, +1.02, and +1.83 pum (all Wilcoxon p < 0.001).
Bleached/control ratios were 2.13, 2.75, and 3.82. The between-bleached-groups Kruskal—
Wallis test yielded H = 28.96 (p < 0.001); all three pairwise Dunn-Bonferroni post hoc
contrasts were significant (p_adj < 0.003), as seen in Table 6.

Table 6. A-VHN values (from baseline) at each timepoint, with between-group Kruskal-Wallis tests.

Group/A-VHN Immediate 24h 7d 14d 28d 28 d Recovery %
Opalescence Quick —449 £ 134 -317+122 -235+171 —-11.3+142 —89+£75 97.4+22
Opalescence Boost —-769 £11.9 —59.3£09.1 —47.7 £12.0 —271+£88 —13.6 £9.8 96.0 +2.9

BlancOne Ultra+ —100.7 £17.0 —84.2+202  —641+147  —42.0+£129 —285=£38.1 91.6 £2.3
KWH 32.06 27.95 18.71 23.42 2298 22.67
p value <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Mean within-tooth A-VHN values immediately after bleaching were —44.9 + 13.4,
—76.9 £11.9, and —100.7 £ 17.0 for Opalescence Quick, Opalescence Boost, and BlancOne
Ultra+, respectively, and at 28 days were —8.9 +7.5, —13.6 = 9.8, and —28.5 &= 8.1. Recovery
percentages at 28 days were 97.4 £ 2.2%, 96.0 & 2.9%, and 91.6 & 2.3%. Between-group
Kruskal-Wallis statistics were significant at every timepoint (H = 18.71-32.06, all p < 0.001).
On 28-day post hoc testing, Opalescence Quick did not differ from Opalescence Boost
(p_adj = 1.00), but both differed significantly from BlancOne Ultra+ (p_adj = 0.001 and
p_adj = 0.011, respectively), as described in Table 7.
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Table 7. Spearman rank correlations between mechanical, topographic, and erosive outcomes (n = 42).

Pair Spearman p p Value
A-immediate | VHN | and A-immediate Ra +0.74 <0.001
A-immediate | VHN | and erosive wear at 28 d +0.74 <0.001
A-immediate Ra and erosive wear at 28 d +0.75 <0.001
A-immediate | VHN | and A-28 d VHN +0.64 <0.001
A-immediate Ra and ARa at 28 d +0.75 <0.001
28 d recovery % and erosive wear at 28 d —0.61 <0.001
Ra at 28 d and erosive wear at 28 d +0.59 <0.001
VHN at 28 d and erosive wear at 28 d —0.53 <0.001
Baseline VHN and 28 d recovery % —0.02 0.917

Among the four damage/recovery endpoints, every pairwise Spearman correlation
was statistically significant (all p < 0.001), with absolute p values between 0.53 and 0.76.
A-immediate | VHN | correlated positively with A-immediate Ra (p = +0.74), with erosive
wear (p = +0.74), and with A-28 d VHN (p = +0.64). A-immediate Ra correlated with erosive
wear (p = +0.75) and with ARa at 28 days (p = +0.75). The 28-day recovery percentage
correlated negatively with erosive wear (p = —0.61). Baseline VHN showed no significant
correlation with any post-bleach outcome (all p > 0.5), as presented in Figure 4.

1.00
A-imm VHN +0.74%%* -0.64%** +0.74%%*
0.75
A-imm Ra I L aae -0.76%*%* +0.75%%k 0.50
r0.25
=
28-d recovery % {8l -0.7 6%k =0.61%x* F0.00 8_
X
- -0.25 ¥
Q
Erosive wear et VL haa +0.75%+* -0.61%** ~0.50 é
©
a
-0.75»n
Baseline VHN
-1.00

Figure 4. Spearman correlation heat-map of the five multimodal endpoints.

Pairwise Spearman rank correlations (p) between A-immediate VHN, A-immediate Ra,
28-day recovery percentage, erosive wear at 28 days, and baseline VHN. Colour encodes
p from —1 (deep blue) to +1 (deep red). Significance markers: * p < 0.05, ** p < 0.01,
*** p < 0.001. All six pairwise correlations involving the four damage/recovery endpoints
were statistically significant at p < 0.001, with | p| between 0.61 and 0.76. Correlations
involving baseline VHN ranged from —0.09 to +0.08 and were not statistically significant
(all p > 0.5), as seen in Table 8.
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Table 8. Linear mixed-effects model of post-bleach VHN trajectory (random intercept by tooth,
REML). Model: VHN ~ log(time_post) + Group + log(time_post) x Group + (1 | tooth_id); reference
group = Opalescence Quick.

Predictor B (coef.) SE 95% CI p Value

Intercept +297.20 3.49 290.36 to 304.03 <0.001

log(time_post) +10.40 1.28 7.89 to 12.91 <0.001

Group: Opalescence Boost —32.54 3.92 —40.23 to —24.85 <0.001

Group: BlancOne Ultra+ —58.02 493 —67.69 to —48.35 <0.001

log(time) x Opalescence Boost +7.26 1.81 +3.71 to +10.81 <0.001

log(time) x BlancOne Ultra+ +10.57 1.81 +7.02 to +14.12 <0.001
Random intercept variance (tooth) 62.6 — — —
Residual variance 179.4 — — —

N observations = 210; N groups (teeth) = 28; log-likelihood = —848.6; model converged.

The mixed-effects model converged with REML estimation on 210 observations. The
intercept (Opalescence Quick reference) was 297.20 + 3.49 VHN (p < 0.001), and the
log(time_post) main-effect slope was +10.40 &= 1.28 VHN per log-unit (p < 0.001). Group
main effects relative to Opalescence Quick were —32.54 £ 3.92 (Opalescence Boost) and
—58.02 & 4.93 (BlancOne Ultra+), both p < 0.001. Group x log(time) interaction coefficients
were +7.26 £ 1.81 and +10.57 £ 1.81, both p < 0.001. The random-intercept variance
component was 62.6, and the residual variance was 179.4 (Table 9).

Table 9. Multiple linear regression—independent predictors of 28-day microhardness recovery (%)

(n =42).

Predictor B SE t 95% CI p-Value
Intercept +98.24 1.59 61.78 95.01 to 101.46 <0.001
A-immediate | VHN (absolute) —0.010 0.027 —0.35 —0.064 to +0.045 0.727
A-immediate Ra —11.57 4.93 -2.35 —21.56 to —1.59 0.024
Tooth type (molar = 1) +0.76 0.78 0.98 —0.82 to +2.34 0.335
Group: Opalescence Boost (indicator) +0.63 1.46 0.43 —2.33 to +3.60 0.667
Group: BlancOne Ultra+ (indicator) —1.55 2.46 —0.63 —6.53 to +3.43 0.532

Model fit: R? = 0.586, Adj. R? = 0.528,
F(5, 36) = 10.19, p < 0.001

The model achieved R? = 0.586 (Adj. R? = 0.528, F(5, 36) = 10.19, p < 0.001), explaining
recovery percentage from five candidate predictors. Of these, only A-immediate Ra was a
statistically significant independent predictor (3 = —11.57 4= 4.93, p = 0.024). The absolute
A-immediate | VHN | (3 = —0.010, p = 0.727), tooth type (3 = +0.76, p = 0.335), and the two
group indicators (p_OB = 0.667, p_BO = 0.532) were not retained as independent predictors.
The intercept was +98.24 £ 1.59 (p < 0.001).

ROC curves for three candidate predictors of successful 28-day microhardness recovery
(>95% of baseline VHN), tested on 42 specimens (20 successful, 22 not successful). Area-
under-the-curve (AUC) values were 0.843 for A-immediate | VHN | (absolute drop), 0.859
for A-immediate Ra, and 0.850 for erosive wear at 28 days; the corresponding Youden ]
statistics were 0.559, 0.618, and 0.614. Filled circles indicate the optimal Youden cutoff point
for each predictor. The diagonal dashed line denotes the chance reference (AUC = 0.500).

Within-group Mann-Whitney comparisons between molars and premolars did not
reach statistical significance for any outcome (lowest p = 0.142). Effect-size estimates
differed in magnitude across protocols. In the Opalescence Quick and Opalescence Boost
groups, Cohen’s d ranged from —0.61 to +0.31 across the three outcomes. In the BlancOne
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Ultra+ group, the 28-day recovery contrast produced a large effect size (Cohen’s d = +1.01;
Cliff’s & = +0.55) favouring molars (92.3 = 1.8% vs. 90.1 & 2.9%); effect sizes for the other
two outcomes in this group were small (d < +0.23), as seen in Table 10 and Figure 5.

Table 10. Subgroup analysis—molar vs. premolar within each group (Mann-Whitney U with
effect sizes).

Group Outcome (MelziloilerD) (1\/}):::121;1;)) U 4 Cohen’s d Cliff’s 6
Opalescence Quick A-imm | VHN | 4244+ 14.0 493 £12.2 19 0.518 —0.51 —0.24
Opalescence Quick 28 d recovery % 973 £23 975423 20 0.606 —0.06 —0.20
Opalescence Quick Erosive wear (um) 1.14 +0.24 1.11 +£0.16 24 0.898 +0.18 +0.07
Opalescence Boost A-imm | VHN| 739 £12.9 81.0 £10.1 18 0.282 —0.61 —0.38
Opalescence Boost 28 d recovery % 96.1+3.0 959+ 3.0 27 0.755 +0.08 +0.12
Opalescence Boost Erosive wear (um) 1.73 £ 0.36 1.59 £ 0.51 28 0.662 +0.31 +0.17

BlancOne Ultra+ A-imm | VHN | 1014 £ 16.2 989 +21.4 21 0.945 +0.14 +0.05
BlancOne Ultra+ 28 d recovery % 923+ 1.8 90.1 £2.9 30 0.142 +1.01 +0.55
BlancOne Ultra+ Erosive wear (um) 2.53 +0.48 241 4+ 0.61 21 0.945 +0.23 —0.05

1.0 1 ‘ I
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0.2 A-immediate VHN (absolute drop)
AUC = 0.843, Youden | = 0.559
A-immediate Ra
- AUC = 0.859, Youden ] = 0.618
‘ Erosive wear at 28 d
= AUC = 0.850, Youden ] = 0.614
0.0 - Chance (AUC = 0.500)
0.0 0.2 0.4 0.6 0.8 1.0
1 - Specificity (False Positive Rate)

Figure 5. ROC curves for predicting successful 28-day microhardness recovery (>95% of baseline
VHN).

Cohen’s d effect sizes (squares) with 95% bootstrap confidence intervals (2000 re-
samples) are shown for the molar versus premolar contrast within each protocol group,
separately for three outcomes: A-immediate VHN, 28-day recovery percentage, and erosive
wear at 28 days. Positive values indicate higher mean values in molars; negative values
indicate higher mean values in premolars. Effect sizes ranged from —0.61 (Opalescence
Boost, A-immediate VHN) to +1.01 (BlancOne Ultra+, 28-day recovery %). Confidence
intervals crossed zero for all nine comparisons; the BlancOne Ultra+ recovery contrast
approached the zero boundary (Figure 6).
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Figure 6. Forest plot of Cohen’s d effect sizes for molar vs. premolar comparisons within each
bleaching protocol.

4. Discussion

The present study extends the multimodal characterisation of bleaching-induced
enamel changes in this cohort [6,7] by quantifying, for the first time at this site, the biome-
chanical recovery trajectory over a 28-day post-bleach interval. The principal observation
is that all three protocols produced significant acute reductions in Vickers microhardness
(range —13.2% to —29.6%), followed by exponential recovery toward baseline at protocol-
specific rates. The severity gradient previously established by SEM-EDS [7] (BlancOne
Ultra+ > Opalescence Boost > Opalescence Quick) was reproduced in the mechanical do-
main, both in terms of the magnitude of the immediate insult and in terms of the residual
deficit at 28 days. The narrow inter-individual variability of the recovery percentages
within each group (SDs of 2.2-2.9 percentage points) suggests that the trajectory is robustly
determined by protocol features rather than by inter-tooth heterogeneity.

Mechanistically, our findings cohere with the known physical chemistry of peroxide
bleaching: light activation accelerates radical generation at the gel-enamel interface, tran-
siently amplifies acidity and temperature, and produces a deeper and more disorganised
surface insult [7]. The deeper structural deficit then translates into a longer recovery half-
time (t% = 7.6 days for BlancOne Ultra+ vs. 5.1 days for Opalescence Quick) and a residual
erosive vulnerability that persists despite the partial restoration of surface microhardness.
The negative correlation between 28-day recovery percentage and erosive wear (p = —0.61,
p < 0.001) is biologically intuitive: enamel that re-mineralises more completely also resists
subsequent acid attack better, presumably because the recovered surface is more crystalline
and less porous than the disorganised post-bleach layer.

The novel translational contribution of this work lies in the predictive value of A-
immediate Ra. In the multiple linear regression model, A-immediate Ra was the only
statistically significant independent predictor of 28-day recovery (f = —11.57, p = 0.024),
and in the ROC analysis, it produced the highest area under the curve (AUC = 0.859) for
discriminating specimens that did and did not reach 95% recovery. It should be emphasised,
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however, that this predictive value was established under controlled laboratory conditions
using a bench-top contact profilometer. Although intraoral and chairside roughness-
assessment devices are being explored, their accuracy and reproducibility on wet, curved
enamel surfaces in vivo have not yet been validated for this purpose, and the present data
do not by themselves justify routine chairside profilometric screening. The A-immediate
Ra signal is therefore best regarded, at this stage, as a candidate early marker that warrants
prospective clinical evaluation rather than as a ready-to-use chairside test. The recovery rate
constants reported here (k between 0.075 and 0.137 d 1) also provide a quantitative scaffold
for designing salivary or pharmaceutical remineralisation studies, where the goal would
be to demonstrate an acceleration of k rather than merely a reduction in the immediate
insult. The clinical meaning of these constants is most easily appreciated through the
corresponding half-times. A half-time of roughly 5 days for the carbamide peroxide
protocol implies that about half of the lost surface microhardness is regained within the
first working week and the great majority within two weeks, whereas the 7.6-day half-time
of the light-activated 35% HP protocol implies a substantially longer interval before the
surface returns to a near-baseline mineral state. If these laboratory kinetics translate even
approximately to the clinic, they suggest that decisions sensitive to surface integrity should
be staged against the protocol used: procedures that depend on a fully mineralised, oxygen-
free enamel surface—most notably adhesive bonding of composite or veneers—would be
most conservatively deferred until several half-times have elapsed (on the order of one to
two weeks for the gentler protocols and longer for light-activated high-concentration HP),
while remineralising measures such as topical fluoride or casein-phosphopeptide agents are
likely to yield the greatest benefit when concentrated in the first post-bleach days, when the
rate of natural recovery—and presumably the surface’s receptiveness to mineral uptake—is
highest. By the same logic, counselling patients to limit dietary acids and chromogenic
foods during this early, kinetically defined vulnerability window is a low-cost precaution
that the rate constants help to time rather than leave to arbitrary convention.

Our finding of immediate Vickers microhardness reductions in the range of 13-30%
places this cohort squarely within the values previously reported for in-office bleaching
systems of comparable peroxide concentration. Mondelli et al. [17] reported that protocols
incorporating 35-38% HP produced surface hardness reductions of 18-28% across one
to three sessions, while the systematic review and meta-analysis of 55 in vitro studies by
Zanolla et al. [10] concluded that low-concentration carbamide peroxide regimens (10% CP,
the dominant at-home concentration) rarely cause statistically meaningful reductions in
microhardness when standard application protocols are observed. The relatively gentle
trajectory of our 45% CP-based Opalescence Quick group (A-immediate —13.2 & 3.9%)
despite its high nominal concentration reflects, in part, the slower decomposition kinetics
of carbamide peroxide compared with free hydrogen peroxide. The severity gradient we
observed—inversely related to the slowness of HP release kinetics—matches the morpho-
logical hierarchy documented by Spalding et al. [19] in SEM analyses of enamel exposed
to 35% HP, in which the depth of structural alteration scaled with cumulative free-HP
exposure rather than carbamide concentration per se. Earlier work by Tezel et al. [16]
linked microhardness loss directly to detectable calcium efflux into the bleaching gel, pro-
viding a chemical correlate for the mechanical signal and complementing the EDS Ca/P
depletion documented in our companion study [7]. Cavalli et al. [18] further demonstrated
that fluoride or calcium addition to bleaching gels mitigates this mineral efflux without
compromising whitening efficacy, supporting one of several adjunctive avenues considered
below. These mechanical and chemical signals have a consistent morphological counter-
part in the scanning-electron-microscopy literature. SEM studies of enamel exposed to
high-concentration hydrogen peroxide have repeatedly described a shift from a smooth,
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intact surface to one showing shallow depressions, exposure and accentuation of the prism
architecture, and a porous, honeycomb-like erosion of the interprismatic substance, with
the severity of these features scaling with peroxide concentration and exposure time [19]. In
our own companion SEM-EDS analysis of the same biobank cohort [7], this morphological
gradient followed the identical protocol ranking observed here (BlancOne Ultra+ > Opales-
cence Boost > Opalescence Quick), and the most disrupted, porous surfaces coincided with
the greatest calcium and phosphorus depletion. This convergence provides a structural ex-
planation for the present quantitative findings: the increased Ra and the heightened erosive
susceptibility of the light-activated group are the topographic and functional expressions
of precisely the kind of porous, demineralised surface layer that SEM visualises directly,
and the slower microhardness recovery of that group is consistent with the greater depth
of structural reorganisation that such micrographs imply.

The mechanistic determinants of the protocol-dependent severity gradient have been
increasingly clarified in recent in vitro and meta-analytic work. Jurema et al. [22] sys-
tematically varied the pH of 35% HP across acidic, neutral, and alkaline formulations
and showed that, while bleaching efficacy (AE) was comparable across pH values, micro-
hardness loss occurred in every formulation immediately post-bleach, suggesting that the
radical flux generated by HP decomposition—rather than gel pH per se—dominates the
acute mechanical insult within commonly used pH ranges. Complementary work by Ito
et al. [23] demonstrated that pre-bleach pH conditioners can mitigate, though not abolish,
the magnitude of subsequent hardness loss. The added contribution of light activation has
been independently assessed in two influential meta-analyses. He et al. [20] aggregated
18 randomised trials and concluded that the addition of light does not enhance whitening
with high-concentration HP and significantly increases the odds of post-treatment tooth sen-
sitivity (OR =~ 3.5 vs. non-light methods). A subsequent network meta-analysis by Maran
et al. [21] ranked light-free, high-concentration HP among the most effective approaches
without an added benefit from photoactivation, reinforcing the recommendation against
routine light use. Our observation that BlancOne Ultra+ (35% HP with light) produced
the slowest microhardness recovery (t¥2 = 7.6 d) and the greatest residual erosive vulner-
ability is consistent with these meta-analytic conclusions: the marginal pharmacokinetic
advantage of photoactivation may not outweigh the deeper biomechanical insult it inflicts
on enamel.

Translating the present findings into clinical guidance requires addressing three down-
stream concerns. First, post-bleach remineralisation strategies can substantially shorten the
recovery window. Mohammadipour et al. [24] demonstrated that topical sodium fluoride
applied immediately before, during, or after a bleaching session restored microhardness
across multiple subsurface depths (20-120 um) without compromising colour change, out-
performing several calcium-phosphate formulations on the hardness-recovery axis. Melo
et al. [25] reached a similar conclusion comparing four different remineralising agents (CPP-
ACP, fluoride varnish, bioactive glass, and casein phosphopeptide combinations) following
35% HP bleaching, with most products achieving 16-33% Vickers hardness rebound within
days. Borges et al. [26] further reported that the timing of remineraliser application matters,
with the largest benefit accruing when application occurs in the first 60 min post-bleach. Pre-
bleach toothpaste choice can also modulate the magnitude of mineral loss, as Vieira-Junior
et al. [27] showed using bioactive-glass and arginine-carbonate-containing dentifrices. Sec-
ond, the well-known reduction in resin-enamel bond strength immediately after bleaching,
attributable to residual oxygen in the surface that inhibits free-radical polymerisation of
adhesive monomers, can be reversed pharmacologically with 10% sodium ascorbate or sim-
ply by delaying adhesive procedures by one to two weeks, as established by Lai et al. [28]
in the classic in vitro demonstration. Together, these strategies form an evidence-based
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clinical bundle that the recovery kinetics reported here can help individualise to each
patient and protocol.

Two methodological choices merit explicit justification. The decision to study pre-
molars and molars rather than the incisors on which whitening is most often judged
aesthetically was driven primarily by the requirements of the within-tooth split-half design
and by tissue availability. Posterior teeth, which are extracted in large numbers for or-
thodontic, periodontal, and surgical reasons, provided a steady supply of sound, defect-free
specimens, and their broad, relatively flat buccal enamel allowed each crown to be divided
into two comparable halves and to accommodate standardised microhardness indentation
arrays, profilometric traces, and a masked erosive-challenge window—procedures that are
far harder to standardise on the thin, strongly curved enamel of incisors. Because peroxide
diffusion and the resulting oxidative chemistry act at the level of the enamel surface and
are not thought to differ qualitatively between tooth types, posterior enamel is a reasonable
and conservative model for the mechanical response. At the same time, anterior enamel is
thinner and more curved and may behave differently in absolute terms; the present rate
constants and predictive thresholds should therefore be regarded as protocol-specific and
surface-level rather than as directly transferable to incisors, and confirmation in anterior
teeth is an important next step. The 28-day observation window was likewise chosen
deliberately. Published remineralisation studies indicate that the bulk of saliva-mediated
microhardness recovery after bleaching occurs within the first one to three weeks, and our
own exponential fits reached half-times of roughly 5-9 days, so that by 28 days—between
three and six half-times for the three protocols—all groups had approached a plateau
and the curves had become flat enough to estimate the rate constants and the asymptotic
recovery percentage with confidence. Twenty-eight days therefore captures essentially
the whole of the clinically relevant early recovery phase while keeping specimens viable
in artificial saliva. It does not, however, exclude the possibility of slower, longer-term
changes—particularly the deeper crystallographic reorganisation discussed below—and
longer observation periods would be valuable for determining whether the small resid-
ual deficit seen at 28 days in the light-activated group ultimately resolves completely
or persists.

This study has several limitations that should be considered when interpreting its
findings. First, it is an in vitro investigation; it lacks the dynamic protective contributions
of the acquired pellicle, of physiological salivary buffering with its full enzymatic and
protein complement, and of normal masticatory thermomechanical cycling, all of which
may amplify or mitigate the observed surface and mechanical responses under in vivo
conditions. Second, the artificial saliva used for inter-session storage was renewed every
48 h according to the Vilhena protocol [13], but lacks proteinaceous and immunological
constituents that modulate remineralisation kinetics; therefore, the recovery rate constants
reported here may underestimate, or, in some cases, overestimate, the speed of intraoral
repair. Third, the standardised citric-acid challenge we employed reflects only one of many
erosive challenges described in the broader dental-erosion literature [29] and may not fully
replicate the cumulative, intermittent acid exposure typical of clinical dietary patterns;
the absolute erosive-wear values should therefore be interpreted comparatively rather
than as predictions of clinical wear. Fourth, only molars and premolars were included, so
generalisation to anterior teeth with thinner and more curved enamel should be cautious.
The subgroup analysis for tooth type was underpowered to detect interactions reliably;
the signal of premolar disadvantage under light-activated 35% HP warrants confirmation
in a dedicated study. Finally, microhardness and Ra together capture surface mechanical
and topographic responses but may miss deeper crystallographic alterations of the apatite
lattice, which Bistey et al. [30] have demonstrated using FT-IR spectroscopy after HP
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exposure and which may evolve on a different timescale than the surface-mechanical
recovery documented here [31-33].

5. Conclusions

Within the constraints of this in vitro design, all three in-office bleaching protocols
caused a significant acute fall in enamel microhardness that recovered exponentially toward
baseline over 28 days. The depth of the immediate insult, the speed of recovery, and
the residual erosive susceptibility followed the same protocol-dependent gradient, with
the light-activated 35% hydrogen peroxide system showing the largest deficit and the
slowest, least complete recovery and the 45% carbamide peroxide system the smallest.
Among the early markers tested, the immediate change in surface roughness was the
strongest independent predictor of eventual recovery completeness. These conclusions
are findings of the present laboratory model; the adjunctive measures discussed above—
deferring adhesive procedures and intensifying remineralisation after bleaching—derive
from previous literature rather than from this study and are noted only as context. Well-
designed in vivo and clinical studies are now needed to test whether the recovery kinetics
and the candidate predictive marker identified here hold under intraoral conditions.
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