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The in vitro effect of electronic
versus conventional cigarettes
on color stability and surface
roughness of dental resin
composites
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The appearance quality of dental restoration is recognized as crucial for the oral health-related quality
of life. This study aimed to evaluate and compare the effect of electronic and conventional cigarettes
on the color stability and surface roughness of dental composites. Eighty-four specimens of four
composites (multi-shade: Tetric Prime, Neo Spectra ST-HV, and single-shade: Charisma Diamond

One, Omnichroma; n=21/material) were exposed to electronic cigarettes, conventional cigarettes, or
artificial saliva (control) for 60 days using an automated smoking simulator with special robotic system
for brushing, finishing, and polishing, mimicked six months of heavy smoking. Color and roughness
were measured at baseline, after exposure, and post-thermocycling using a spectrophotometer

and optical profilometer. Statistical analysis (SPSS v25) employed a three-way ANOVA, Bonferroni
post hoc, and Pearson correlation (p <0.05). The color stability was significantly different according

to the type of treatment. In comparison, surface roughness was not affected by any treatment. The
correlation between color stability and surface roughness was significant negative (p-value=0.017).
This study showed that conventional cigarettes caused higher discoloration than electronic cigarettes.
While multi-shade resin-based composite materials had lower color stability than single-shade
counterparts. On the other hand, neither smoking nor thermocycling negatively affected the surface
roughness of materials.

Keywords Color stability, Conventional cigarettes, Dental restoration, Electronic cigarettes, Resin based
composites, Surface roughness, Smoking

Dental restoration refers to the procedure of placing a specialized material into a prepared cavity or damaged
area of a tooth to preserve or restore its natural functions. These functions include the tooth’s mechanical ability
to withstand the forces of chewing, its physiological role in maintaining oral health, and its anatomical structure,
which supports the overall function and esthetics of the mouth. Additionally, it helps to prevent further decay
of the tooth!. In today’s esthetically conscious society, the appearance quality of dental restoration is recognized
as crucial for the oral health-related quality of life. Resin-based composites (RBCs) restorations have gained
prominence due to their ability to be color-matched to the natural tooth, achieving the patient’s demand for an
esthetically pleasing dental restoration, and it is matched with modern dental care, which emphasizes prolonging
the tooth restoration cycle through minimally invasive procedures, aiming to preserve tooth tissue. However,
these restorations are still susceptible to challenges such as staining, discoloration, and fractures®>.

Advances in tooth-colored restorative materials have made it possible to closely mimic the natural appearance
of teeth. This is achieved through blending or chameleon effects, enabling the restorative material to integrate
successfully into the surrounding tooth structure. RBCs with enhanced optical properties and a variety of shades
have been developed based on these demands. Indeed, single-shade RBCs designed with blending effects simplify
the color-matching process for dentists by making treatments more efficient and patient-centered*. Patients
are often concerned about the durability and quality of esthetic restorations, which are influenced by factors
such as hygiene, diet, and smoking habits®. Conventional cigarettes (c-cigarettes) smoke, containing harmful

Department of Conservative Dentistry, Faculty of Dentistry, Mansoura University, Mansoura, Egypt. “email:
ali_nadm@std.mans.edu.eg

Scientific Reports|  (2025) 15:42927 | https://doi.org/10.1038/s41598-025-28238-5 nature portfolio


http://orcid.org/0009-0004-1146-262X
http://orcid.org/0000-0001-8120-5830
http://orcid.org/0000-0002-8914-673X
http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-025-28238-5&domain=pdf&date_stamp=2025-11-28

www.nature.com/scientificreports/

substances like carbon monoxide and tar, can cause discoloration in teeth and dental restorations, affecting
surface roughness, microhardness, water sorption, solubility, and staining susceptibility, emphasizing the need
for improved dental care’.

A growing number of smokers have shifted to electronic cigarettes (e-cigarettes), battery-operated devices
that resemble cigarettes or cigars and turn a solution of nicotine flavorings and other compounds into an aerosol
that may be inhaled. These “modified risk tobacco products” contain fewer dangerous compounds than normal
conventional cigarettes. Thus, they were offered as an alternative to traditional cigarettes and an intermediate
stage in quitting smoking®®. Surface roughness plays a significant role in the discoloration of dental restorations
by trapping plaque and bacteria, as well as staining substances coming from different sources, such as food,
beverages, and tobacco smoking. These trapped elements often result in noticeable color alteration after some
time. Its degree is highly dependent upon the type of RBCs used and the quality of the finishing and polishing
systems executed. Proper finishing and polishing are important factors in maximizing both the esthetics and
durability of dental restorations and, thus, are mandatory clinical restorative procedures!®!!.

Several studies have explored the color stability of RBCs restorations, employing artificial staining processes
with liquid staining solutions. However, limited research has delved into the impact of smoking on the color
stability and surface roughness of RBCs. Some investigations suggest that e-cigarettes have a similar discoloration
impact on RBCs as c-cigarettes'2. Conversely, other studies indicate that e-cigarettes cause less discoloration than
c-cigarettes'. On the other hand, regarding the surface roughness of RBCs, some studies suggest alterations with
smoking exposure'4, while others contend that smoking has no discernible effect on surface roughness'®. Given
the advancements in RBC technology and the increasing use of both c-cigarettes and e-cigarettes, this research
aims to evaluate their impact on the color stability and surface roughness of RBCs. By addressing this gap, the
study seeks to provide valuable insights into the durability and esthetic performance of contemporary restorative
materials in the context of smoking habits. The null hypotheses of this study were no significant difference
of electronic cigarettes in comparison to conventional cigarettes on (first) color stability and (second) surface
roughness of different composite resin materials.

Materials

There were four types of RBCs used in the experiment: two multi-shade RBCs (Tetric Prime and Neo Spectra
ST-HV), and two single-shade RBCs (Charisma Diamond One and Omnichroma). On the other hand, two
tobacco exposure products: (JUUL) as e-cigarettes and (Marlboro Red), which was c-cigarettes (Table 1 for
specifications). And other materials: Enhance Finishing system with Enhance PoGo Polishing system (Dentsply/
Caulk, Milford, DE, USA), Pronamel Daily Protection toothpaste (Sensodyne ProNamel, GlaxoSmithKline,
Turkey). Also, artificial saliva solution formulated by Mansoura University’s Department of Pharmaceutics
(composition g/L: 23 g NaH,PO,, 11.8 g NaCl, 11.8 g KCl, 29.5 g urea; pH 6.8 £0.2)'%17,

Methods
The study protocol was approved by the Ethical Institution Committee of the Faculty of Dentistry at Mansoura
University, Egypt, with approval number A0401024CD.

Sample size calculation

The sample size was calculated based on the differential effects of cigarette smoking on the color change of
dental resin-based composites, as reported in previous research!®. A priori power analysis was performed using
G*Power software (version 3.1.9.6, Diisseldorf, Germany) for a two-tailed independent t-test comparing two
means. The analysis assumed an effect size (d = 2.23), a significance level of a = 0.05, and a target power of 95%

Batch
Material Manufacturer Classification | Composition Number
Ivoclar Vivadent Matrix: Bis-GMA, UDMA, Bis-EMA.
Tetric Prime Schaan, Nanohybrid Filler (79-80 wt%): barium glass, YbF,, mixed oxide (SiO,-ZrO,), and copolymers. Fillers size ranges 2062]X
(A2 shade) Liechtenstein between 0.11 pm to 15.5 pm.
Photoinitiator system: CQ, EDMAB, TPO, and Ivocerin.
Neo Spectra Dentsply, Matrix: Urethane-modified Bis-GMA, TEGDMA, Bis-EMA.
ST-HV Konstanz, Nanohybrid Filler (78-80 wt%): pre-polymerized fillers, barium glass, and YbF,. Fillers size 0.1 to 3.0 um. 2,311,000,229
(A2 shade) Germany Photoinitiator system: CQ, BPI, EDMAB.
Charisma Matrix: TCD-DI-HEA, UDMA, TEGDMA.
Diamond Kulzer GmbH, . . . . .
Nanohybrid Filler (81 wt%): B,O,-F-Al O,-SiO,. Fillers size range between 5 nm to 20 um. M010025
One Hanau, Germany S 273 273 2
. Photoinitiator system: CQ and EDMAB.
(single shade)
Omnichroma Tokuyama Matrix: UDMA, TEGDMA.
(single shade) Dental, Tokyo, Nanofill Filler (79 wt%): Si0,-ZrO,. Fillers size 260 nm. 2886
8 Japan Photoinitiator system: CQ and tertiary amine.
Juul Juul Labs, San 4th generation | Juul device rechargeable
(electronic Francisco) USA of electronic Juul pods are prefilled disposable cartridges (cartridges: 5% nicotine, Virginia tobacco flavor) containing ME27SA06A
cigarette) ? cigarette nicotine 55.0 (mg/ml), PG 365.0 (mg/ml), VG 710.5 (mg/ml), PG/VG ratio 32/63.
Marlboro Red | Philip Morris, Conventional Tar 10 mg, nicotine 0.8 mg, carbon monoxide 10 mg, tobacco, water, sugars, PG, glycerol, licorice extract,
(conventional | Neuchétel, cioarette diammonium phosphate, ammonium hydroxide, cocoa, cocoa products, carob bean and extract, natural and | CN34233002
cigarette) Switzerland '8 artificial flavors.

Table 1. Materials used in this Study.
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(1 - B =0.95). The calculation indicated that a minimum of seven specimens per subgroup was required, which
was achieved in this study.

Study design
The study used eighty-four specimens, which were assigned into four main groups based on the type of material
(n=21/group):

o Group T: Tetric Prime (Ivoclar Vivadent).

« Group N: Neo Spectra ST-HV (Dentsply).

« Group C: Charisma Diamond One (Kulzer GmbH).
o Group O: Omnichroma (Tokuyama Dental).

Then, by using a randomization through a standardized allocation concealment protocol using sequentially
numbered, opaque, sealed envelopes'®. Each material group was further divided into three exposure subgroups
(n = 7/subgroup):

« Subgroups I (T1, NI, CI, OI): e-cigarette exposure (JUUL).
o Subgroups II (TII, NII, CII, OII): c-cigarette exposure (Marlboro Red).
o Subgroups III (TIII, NIII, CIII, OIII): control (artificial saliva immersion).

Specimen preparation

A custom Teflon mold was designed to produce standardized disc-shaped specimens measuring 10 mm in
diameter and 2 mm in thickness. A transparent celluloid strip (PD, Switzerland) with dimensions of 0.05 mm
(thickness), 10 mm (width), and 20 mm (length) was positioned on an 8 mm thick glass slab (8 x8 cm). The
mold was then placed atop the strip, and the restorative material was applied in a single 2 mm increment using
the bulk-fill technique, following the manufacturer’s instructions. To ensure proper adaptation and minimize air
entrapment, a composite modeling instrument (CompoRoller, Kerr, Switzerland) was used to press the material
into the mold cavity.

Following overfilling of the mold, the restorative material surface was covered with an additional celluloid
strip and a second glass slab to prevent contamination. A standardized pressure of 500 g was applied for 20
s to ensure consistent stress distribution across all specimens®®. Excess material was subsequently trimmed,
and a fresh strip was used to smooth the surface, thereby reducing the formation of an air-inhibited layer?.
Polymerization was performed using a light-emitting diode (LED) curing unit (Radii Xpert, SDI Limited,
Australia) with an output intensity of 1500 mW/cm?, as verified by the device’s integrated radiometer. Following
the manufacturer’s instructions, each specimen was exposed to radiation for 20 s.

After polymerization, the specimens were carefully taken out of the mold and kept in distilled water
(Integrative for Lab. Industries, Egypt, pH =~ 7) in a dark incubator (DS20, BioStep, Egypt) at 37 + 1 °C for
24 h to replicate the oral cavity environment, allowing for post-polymerization and the elution of unreacted
components®!. Finally, the specimens underwent a delayed finishing and polishing process?2.

To standardize the finishing and polishing procedures, ensure that the contact pressure force was two
newtons and the contact time was two seconds?*. They were applied on the surface of the specimen by a low-
speed handpiece (NSK, Tokyo, Japan) for both finishing and polishing procedures to each specimen without
water spray’%. This was achieved by using a custom-made brushing, finishing, and polishing robot, which was
connected to the Enhance Finishing System and Enhance PoGo Polishing System (Dentsply/Caulk, Milford, DE,
USA) to reduce granulation by the low-speed handpiece that linked by a micro-motor (Strong 90-108E, Saeshin,
Daegu, Korea) with preset speed at 20,000 rotations per minute (RPM) to decrease the surface roughness as
much as possible and to remove the resin-rich layer (Fig. 1)>>%.

Custom made Brushing, Finishing, and Polishing robot

The custom-made robot was used for brushing, finishing, and polishing procedures in this study (Fig. 1). It
had an autorotating base into which the specimens holder was fitted (the specimens holder was constructed for
twenty-eight specimens to be placed). Additionally, it included a nozzle that sprayed distilled water onto the
specimens (for the brushing process), an automated toothbrush holder, a handpiece holder that linked with the
micro-motor, and a control unit used to regulate the position, pressure, time of the toothbrush or the handpiece
holder, water from the nozzle, and the rotation of the base from one specimen to another by special sensors.
When using the machine in the brushing process, the holder arm of the handpiece is lifted to perform the
brushing procedure.

Study procedure

Following specimen preparation, baseline measurements (M1) were recorded for both color and surface
roughness. The specimens were then subjected to a 60-day staining protocol using a custom-designed smoking
simulation apparatus, developed to replicate the effects of heavy smoking over a six-month period!®.

The smoking cycle was also automated to mimic the puffing regimen of a typical smoker. A 2-second
inhalation and a concurrent 2-second air draw were incorporated in every cycle, with a 1-second transition time
to allow for solenoid valve of the device switching between them. This was followed by a 15-second spraying
interval of temperature-controlled artificial saliva (37 £ 1 °C) into the chamber that allowed specimen hydration
and oral environment simulation. The whole cycle lasted 30 s and was delivered uninterrupted during exposure.
This gave a reproducible and clinically relevant smoking behavior!®.

The exposure conditions were categorized as follows:
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Fig. 1. Custom-made brushing, finishing, and polishing robot.

« Subgroup I: Exposed to three electronic cigarette cartridges per day for 60 days.
o Subgroup II: Exposed to 60 cigarettes per day for 60 days.
o Subgroup III: Immersed in artificial saliva (control group, simulating non-smoker conditions).

Each experimental day was design to represent three days of heavy smokers life?”-?%. For c-cigarette exposure,
smoke delivery was terminated 10 mm before the filter to standardize smoke concentration. Electronic cigarette
devices were fully charged prior to each use. Specimens were systematically labeled on their base surfaces to
indicate material type, exposure subgroup, and positional identifier within the holder of the robot. Also to
prevent surface damage, specimens were handled carefully by their edges using laboratory tweezers. Artificial
saliva was refrigerated (4-8 °C) to preserve its chemical stability and replaced every 48 h to mitigate microbial
proliferation. Containers were sealed to minimize evaporation during incubation, and prior to each replacement,
the saliva was equilibrated to room temperature?’.

To mimic good oral hygiene, specimens were brushed once daily using an Oral-B PRO 1000 electric
toothbrush (Procter & Gamble Service GmbH, Germany) fitted with a CrossAction brush head that attached
to an automated robotic system. The brushing cycle lasted 3 s for each specimen, and with a steady flow of
distilled water during each cycle. Before brushing, the brush head was moistened, and 0.4 g of Pronamel Daily
Protection toothpaste (Sensodyne ProNamel, GlaxoSmithKline, Turkey) was applied. Throughout the procedure,
a controlled contact force of 2 N was used®. After brushing, the samples were rinsed with distilled water for one
minute®!, and then put in an incubator with artificial saliva at 37 + 1 °C for the whole 60-day exposure period.

After the staining procedure, the specimens were reevaluated for their color and surface roughness (M2).
Following this, the specimens were aged using a thermocycling machine. Subsequently, the specimens were
reevaluated using the same tests post-thermocycling (M3).

Color stability testing (DE2000 or AEg,)

The color parameters of all specimens were measured at three time points: baseline (M1), after exposure to the
staining agent (M2), and following thermocycling (M3). These measurements were performed using a UV-Vis-
NIR spectrophotometer (Cary 5000, Agilent Technologies, Santa Clara, CA, USA). Color differences (AE00, or
DE2000) were calculated between M2-M1 (effect of smoking), M3-M2 (effect of thermocycling), and M3-M1
(effect of smoking with thermocycling), using International Commission on Illumination CIEDE2000 (DE2000
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or AE00) formula, based on the CIE Lab* color space system, with CIE standard illuminant D65 and a black
background as references®2. The AE00 formula is given by:

AE \/ AL/ N2 L (ACHN AN L ACTY (AT

o=\ (is) + (fese) + (iausa) + 7 (ieos) (e )

Where AL was the lightness difference, AC was the chroma difference, AH was the hue difference, R was the
interaction term for chroma and hue differences, and S;, S, S,;, K|, K, and K;; constant coefficients. Spectral
measurements were conducted across wavelengths from 380 to 780 nm at 1 nm intervals. The AE0O values were
calculated using an Excel-based implementation of the CIEDE2000 formula’2. These values were then compared

to the perceptibility threshold, which represents the initial visually detectable color variation (AE, = 0.8), and
the acceptability threshold, which represents the starting point of unacceptable color change (AE, = 1.8)%.

Surface roughness evaluation (Ra)

The assessment of surface roughness (Ra) was performed for all samples at three separate time periods: baseline
(M1), subsequent to exposure (M2), and after thermocycling aging (M3). A noncontact three-dimensional
(3D) optical profilometer (Wyko, Model NT 1100, Veeco, Tucson, USA) was employed to assess the surface
roughness. The profilometer was linked to a PC with image software (Vision 32, Veeco, USA)".

The program utilized for generating the images provided mathematical roughness mean (Ra) data by
analyzing the peaks and valleys in the specified area using a profilometer with a 0.8 mm cut-off and a 2.4 mm
assessment length. Consequently, a 3D representation of the surface profile of the specimen was generated.
Subsequently, a total of three pictures (3D) were collected for each specimen, namely in both the central and side
regions, measuring 10 um x 10 um.

Thermocycling

After the second evaluation, all of the specimens were subjected to thermocycling, which was performed for
5000 cycles that simulated six months of clinical environments'*>34. This was conducted using a thermocycling
machine (Robota thermocycler, Alexandria, Egypt) consisting of two distilled water baths set at a median of 5 °C
and 55 °C with dwell times of 30 s in each distilled water bath with a lag time of 10 s, as well as a custom specimen
chamber for thermocycling (Fig. 2).

Statistical analysis
The data were analyzed using the software SPSS (version 25, SPSS Inc., Chicago, IL, USA).

Fig. 2. Custom specimen chamber for thermocycling.
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Estimated Marginal Means

T material

M3-M1
M2-M1 M3-M2 (effect of both
(effect of (effect of exposure with
exposure) thermocycling) | thermocycling) Three-way ANOVA
Subgroups | Materials | X SD X SD X SD (p value)

T material | 3.8814a | 0.1167 | 2.2186b | 0.0967 | 6.0700c | 0.1800 | <0.001*
SubgroupT | N material | 3.7543a | 0.1175 | 1.9029b | 0.1011 | 5.6143¢ | 0.1609 | <0.001*
(e-cigarette) | C material | 3.4357a | 0.1028 | 1.5057b | 0.1044 | 4.9086¢ | 0.1423 | <0.001*

O material | 3.6143a | 0.1078 | 1.6600b | 0.0971 | 5.2529¢ | 0.1294 | <0.001*
T material | 4.5271a | 0.1216 | 24771b | 0.1061 | 6.9771c | 0.1390 | <0.001*
Subgroup I | N material | 43471a | 0.1098 | 23057b | 0.0871 | 6.6271c | 0.1608 | <0.001*
(c- cigarette) | C material | 3.7014a | 0.1004 | 1.6429b | 0.0692 | 5.3343c | 0.0796 | <0.001*
O material | 4.1114a | 0.1132 | 2.0143b | 0.1008 | 6.1086¢ | 0.1849 | <0.001*
T material |.8200a | 0.0702 | 2.4000b | 0.1105 | 2.0757¢ | 0.1320 | <0.001*

Subgroup 111 | N material | .7371a | 0.0685 | 2.0942b | 0.0799 | 1.8029c | 0.0431 | <0.001*
(control) Cmaterial |.6114a | 0.0696 | 1.6986b | 0.0790 | 1.7414b | 0.1122 | <0.001*
O material | .6871a | 0.0820 | 1.9514b | 0.0919 | 1.8771b | 0.0848 | <0.001*

Table 2. Comparison of DE2000 between treatments for different groups and Subgroups. X; mean of DE2000,
SD; standard deviation; *p is significant at 5% level. Different lower-case letters in the same raw showed a
significant difference between each 2 treatments (Bonferroni test, p <0.05). Similar lower-case letters in the
same raw showed non- significant difference.

Estimated Marginal Means of DE_2000 Estimated Marginal Means of DE_2000 Estimated Marginal Means of DE_2000

N material

at subgroup = subgroup | at subgroup = subgroup Il at subgroup = subgroup Il
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Fig. 3. Comparison of DE2000 between treatments at different groups for subgroups.

Results

The Shapiro-Wilk tests were conducted for all variables, confirming that the data showed a parametric
distribution. Descriptive statistics (means and standard deviations) were used to summarize the data. For
comparisons of color change (DE2000 or AEq) and surface roughness (Ra) between different groups (materials),
subgroups (exposure), and treatments (time), a three-way repeated measures Analysis of Variance (ANOVA)
was conducted, complemented by the Bonferroni test for multiple comparisons. DE2000 was also correlated
with the color metrics DL, Da, and Db by using Pearson’s product-moment correlation coefficient, as well as
DE2000 with Ra. The level of significance for all statistical tests was set at a p-value of <0.05, and results were
represented graphically by clustered bar charts to ensure clarity in interpreting the results.

Color change (DE2000 or AE,)
ANOVA showed significant main effects of treatment, group, and subgroup (all p <0.001), as well as significant
two- and three-way interactions (Table 2; Fig. 3).

Treatment effect

Subgroup I: the highest values of DE2000 were found for treatments M3-M1 (effect of both exposure with
thermocycling), followed by M2-M1 (effect of exposure), whereas the smallest color changes took place between
treatments M3-M2 (effect of thermocycling).
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Correlations
DL Da Db DE2000
DL Pearson Correlation | 1 -0.648" | -0.950" | —0.980"
Sig. (2-tailed) p-value | - <0.001* | <0.001* | <0.001*
Da Pearson Correlation | —0.648" | 1 0.659" | 0.646"
Sig. (2-tailed) p-value | <0.001* | - <0.001* | <0.001*
Pearson Correlation | —0.950” | 0.659” |1 0.982"
Db Sig. (2-tailed) p-value | <0.001* | <0.001* |- <0.001*
DE2000 Pearson Correlation | —0.980" | 0.646" | 0.982" |1
Sig. (2-tailed) p-value | <0.001* | <0.001* | <0.001* | -

Table 3. Correlation between DE2000, DL, Da, and Db. **. Correlation is significant at the 0.01 level (2-tailed).

M2 M3
M1 (After (After
(Baseline) exposure) thermocycling)

Three-way ANOVA
Subgroups | Materials | X SD X SD X SD (p value)

T material | .2692a | 0.0052 | .2705a | 0.0043 |.2718a | 0.0091 | 0.755
Subgroup1 | N material | 2676a | 0.0086 | .2687a | 0.0089 | 2700a | 0.0117 | 0.855
(e-cigarette) | C material | .2700a | 0.0150 | .2715a | 0.0073 | 2732a | 0.0052 | 0.738

O material |.2640a | 0.0044 | .2649a | 0.0080 | .2655a |0.0034 | 0.754
T material |.2680a | 0.0129 | .2695a | 0.0082 | 2714a | 0.0083 |0.283
Subgroup 1T | N material | .2676a | 0.0174 | .268% | 0.0039 | 2704a | 0.0078 | 0.822
(c- cigarette) | C material | .2703a | 0.0118 | 2720a | 0.0116 |.2740a | 0.0067 | 0.413
O material | .2641a | 0.0028 |.2652a | 0.0037 |.2660a |0.0033 | 0.281
T material |.2690a | 0.0057 |.2701a | 0.0058 | 2708a | 0.0056 |0.332
Subgroup 111 | N material | .2681a | 0.0113 | .2691a | 0.0032 | 2696a | 0.0045 | 0.320
(control) Cmaterial |.2701a | 0.0107 |.2713a | 0.0099 |.2722a |0.0089 | 0.833
O material | .2644a | 0.0025 | .2652a | 0.0066 |.2655a |0.0065 | 0.351

Table 4. Comparison of Ra treatments for different groups and Subgroups. X; mean of Ra, SD; standard
deviation; *p is significant at 5% level. Different lower-case letters in the same raw showed a significant
difference between each 2 treatments (Bonferroni test, p <0.05). Similar lower-case letters in the same raw
showed non- significant difference.

Subgroup II: the DE2000 between M3-M1 (effect of both exposure with thermocycling) had the most
obvious change, with a significant yet relatively less clear difference between M2-M1(effect of exposure), while
the change between M3-M2 (effect of thermocycling) was the smallest.

Subgroup III: the highest DE2000 was shown between treatments M3-M1 (effect of both artificial saliva
immersion with thermocycling), followed by M3-M2 (effect of thermocycling), whereas the lowest one was
between treatments M2-M1 (effect of artificial saliva immersion).

« Subgroup effect: Subgroup II (c-cigarettes) produced the greatest discoloration, followed by Subgroup I
(e-cigarettes), while Subgroup III (control) showed minimal change (p <0.001).

 Material effect: Group T consistently showed the highest AE00 values, followed by N, O, and the lowest in C.
In Subgroup III, only Group T differed significantly from the others.

Correlation between DE2000, DL, Da, and Db

As shown in Table 3, presents the Pearson linear correlation among various color difference parameters: DE2000,
DL, Da, and Db. It may be observed from this analysis that the relationship of DL with all other parameters is
highly negative; an increase in DL provides a decrease in Da, Db, and DE2000 and vice versa. On the other hand,
significant positive relationships may be established among Da, Db, and DE2000. An increase in Da is related to
an increase in Db and DE2000, and vice versa: an increase in Db acts to increase DE2000.

Surface roughness (Ra)

ANOVA revealed no significant effect of treatment or subgroup on Ra (p>0.05). Only the group factor was
significant (p <0.001), with minor differences between materials. Across all conditions, changes in Ra remained
clinically negligible (Table 4; Fig. 4).
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Fig. 4. Comparison of Ra treatments at different groups for subgroups.

Correlations
DE2000 | Ra
Pearson Correlation | 1 —-0.150
DE2000
Sig. (2-tailed) 0.017*

Pearson Correlation | -0.150 | 1
Sig. (2-tailed) 0.017*%

Table 5. Correlation between DE2000, and Ra. **. Correlation is significant at the 0.01 level (2-tailed).

Correlation between DE2000 and Ra

As revealed in Table 5, the data show a significant negative correlation between DE2000 and Ra, as the p-value
is 0.017. This can be interpreted to mean that the higher the DE2000, the higher the color difference, which
decreases the surface roughness and vice versa.

Discussion

Improving the performance of dental materials requires studying their behavior and properties. While in vivo
tests are important for understanding the physical properties, in vitro studies provide valuable information
in a controlled environment®. Although the health hazards of smoking are well known, about 1.3 billion
people around the world continue to use tobacco products, according to the World Health Organization. This
widespread use is another reason for evaluating the impact of smoking on the esthetic and physical properties
of dental materials®. Among the most extensively studied materials in dental schools, RBCs have been specially
researched regarding their stability over long periods under oral conditions’®.

Nanofilled and nanohybrid RBCs were selected in this study due to their widespread use in dental clinics for
restorations in both anterior and posterior teeth, and they represent materials with superior physicochemical
and mechanical properties®. Single-shade RBCs come in one universal shade created to match all 16 VITA
Classic shade tabs. In contrast, multi-shade RBCs are offered in a limited range of shades, each one developed
to match a specific set of shade Tabs*. Among these, the A2 shade is widely used and considered a standardized
shade for RBCs specimens because it allows better evaluation of color changes, while its variation will have fewer
influences®.

The investigation utilized that type of e-cigarettes due to their market dominance, standardized nicotine
content, consistent vapor production, and chemical composition, making them representative of real-world
usage. As such, they are the best candidates to perform studies on health impacts, material staining, and
comparisons to c-cigarettes, ensuring relevant and reproducible findings*. Also, that type of c-cigarettes was
included in this research due to its global popularity, standardized nicotine and tar content, and strong relevance
in studying the health and material impacts of conventional smoking. It serves as a benchmark against which
alternatives like e-cigarettes can be compared for staining effects, health risks, and addiction behaviors. It ensures
findings that are reliable and applicable for smoking-related studies*!.

The research uses a one-step finishing and polishing system for smooth, esthetically pleasing, and durable
surfaces in studies involving RBCs. This system offers predictable results, resists discoloration and plaque
accumulation, and provides consistent data, making it a benchmark tool in clinical practice and dental material
research*2. Also, the experiment utilized artificial saliva as a standardized medium for oral condition stimulation,
allowing comprehensive studies on RBC properties, improving understanding, and developing durable dental
restorations®. In addition, a low-abrasive relative dentin abrasion (RDA) toothpaste was employed in the
present study due to its common use. Previous research concludes that abrasive toothpaste preserves the esthetic
appearance and integrity of teeth and dental restorations*.

The standardization of finishing and polishing in the current research by using a custom-made brushing,
finishing, and polishing robot with two N of contact pressure and two seconds of contact time provides consistent
and reproducible results with a minimum surface roughness and without compromising the integrity of resin
composites. This enhances esthetics, durability, and functionality; reduces operator variability; and is highly
suitable for research settings. This decreases the surface roughness as much as possible and removes the resin-
rich layer®%.
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The specimens were kept at 37 °C for 60 days to mimic a six-month clinical exposure period for heavy
smokers. Each experimental day was equal to three clinical days, considering a 3:1 time compression ratio.
Subgroups were given either three 5% nicotine e-cigarette cartridges (the same as one cartridge per day in actual
life) or sixty cigarettes (the same as twenty cigarettes per day in real life) per day?”?%. Control subgroups, on the
other hand, only had access to artificial saliva. All specimens were concurrently incubated in artificial saliva at
37 °C to simulate the dual exposure to both tobacco byproducts and oral fluids characteristic of the intraoral
environment.

To address a notable gap in prior research®, this study incorporated a tooth-brushing simulation, a critical
factor often omitted in vitro but significant in reducing staining. Thus, this research used the custom-made
brushing, finishing, and polishing robot to simulate good oral hygiene; each disc was brushed once daily for
three seconds, with the contact force of the brush head on the specimens set to two newtons (2 N) with a flow
of distilled water. This regimen represents the equivalent of twice-daily cleaning for a single tooth surface which
equaled the calculated average brushing time per tooth surface under the assumption of a 2-minute overall
brushing time for a complete dentition of 28 teeth and twice-daily brushing, as described by Lorenz et al.3
this conservative brushing regimen was selected to simulate daily oral hygiene with less abrasion that could
potentially reduce staining effects.

Also, this study employed a custom-made smoking simulation machine with computerized smoking cycles
that ideally replicate natural inhalation patterns. The system provided the same smoke/air distribution to all the
specimens, resulting in similar exposure conditions and enhancing experimental consistency”!®. Quantitative
color and surface measurements were taken at three critical time points: baseline (M1), after exposure (M2),
and post-thermocycling (M3). This rigorous schedule allowed proper evaluation of material performance under
uniform conditions of combined tobacco exposure and thermal cycling. Additionally, all experiments were
performed by a single operator for methodological consistency.

Spectrophotometry with the CIEDE2000 (AE00) method is recommended in dentistry for better accuracy in
assessing color differences, as it provides a closer match to visual evaluations compared to CIEDE1976 (AE*ab).
This is due to AE0O considering lightness, chroma, hue, and their interactions; therefore, ongoing investigation
used it. The resulting AE00 values were compared to two thresholds: the perceptibility threshold (AEgo= 0.8),
which marks the smallest visible color change, and the acceptability threshold (AE¢= 1.8), which marks the
point where the color change becomes unacceptable®.

A noncontact digital profilometer microscope, using a laser to create a 3D surface map, is preferred for surface
evaluation as it is fast, non-damaging, and easy to use. So, the current study used that. The surface roughness of
dental materials is usually measured in micrometers (um), and a value of 0.2 pm is considered critical. A surface
roughness higher than 0.2 um is clinically significant because it enhances the possibility of biofilm accumulation,
which could be one of the factors causing gingival inflammation and extrinsic discoloration. It may become
particularly critical in affecting the esthetic and functional longevity of dental restorations, making control of
surface roughness one of the most important aspects in the design and maintenance of dental materials'’.

In this investigation, thermocycling has simulated six months of oral thermal changes, submitting specimens
for 5000 cycles for 30 s in different temperatures ranging from 5 °C to 55 °C. A custom specimen chamber was
designed with openings to ensure that the distilled water reached all the specimens equally, maintaining their
material name, exposure group, and number. This process effectively emulates the expansion and contraction
of dental materials due to changes in temperature resulting from food and liquid intake. It allows material
durability, bond strength, color stability, and surface integrity during long thermal stress exposure to be duly
assessed by providing insights into material longevity in an accelerated manner™.

Depending on the results of color stability in this study, the first null hypothesis was rejected. The color
difference for the exposure effect (M2-M1) showed that c-cigarette smoking causes a higher grade of discoloration
in restorations than the use of e-cigarettes, which also resulted in unacceptable discoloration. These results were
in agreement with Alnasser HA et al.%%, Paolone G et al.!%, Abdulla R et al.*’, and Hmood A et al.'%, reinforcing
c-cigarettes smoking as a primary etiological factor in dental staining. The observed discrepancy with Vohra
F et al.!? conclusion of comparable discoloration between cigarette types may be attributed to methodological
variations, including differences in smoking materials, exposure apparatus, measurement protocols, or
experimental smoking regimens.

This noticeable discoloration might be mostly due to the tar component in c-cigarette smoke, which has
strong adhesive and pigment properties, making it a major cause of staining with c-cigarette smoke. In addition
to tar, burning tobacco creates other chromogenic compounds, such as caramelized sugars and additives like
cocoa, which make the discoloration even worse. Burning tobacco can also change the way restorative materials
appearance by thermal degradation. On the other hand, using an electronic cigarette (e-cigarette) can cause
minor discoloration, but its effects are much less severe than those of a cigarette. This difference highlights the
basic differences in the physicochemical properties of the two types of smoke, especially in how they stain and
how they are made up*.

On the other hand, the findings of color difference for the thermocycling effect (M3-M2) agree with Naji W
etal.* who concluded that thermocycling significantly affects the color stability of RBCs. While disagreeing with
Tuncer S et al.>® who reported that thermocycling did not influence the color stability of RBCs, this disagreement
could be due to the different materials used in their study. Besides that, the findings of current research, when
compared between (M2-M1) and (M3-M2) except control RBCs (subgroup III), showed that the exposure had
an impact on the color of RBCs greater than thermocycling, and these outcomes agree with Hajj R et al.!
reported that thermocycling slightly affects the color stability of RBCs compared to exposure with colorants.
These findings were also confirmed by El-Rashidy A et al.”

Furthermore, the current study noted that in M3-M2, subgroups II and IIT showed more discoloration than
subgroups I; this might be due to the absorption of moisture in subgroups II and III, which can exacerbate
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material degradation during thermocycling. These factors increase susceptibility to discoloration during
thermocycling, as Mathias P et al.>* reported that the c-cigarettes smoke significantly increased water sorption
for RBCs, in which the smoke may alter the physical properties of RBCs. On the other hand, subgroups III was
exposed for a longer time than other subgroups to artificial saliva, which was the major component of water
that could enhance the effect of thermocycling. As Gusmao GM et al.>* concluded, water sorption of RBCs
was dependent upon their storage time. According to Bociong K et al.>® water sorption impacts the physical
properties of RBCs materials. As well as the study of Huang W et al.>® who found there was a positive correlation
between water sorption and color change of RBCs materials. While the greatest color change for all subgroups of
the present study was the effect of both exposure and thermocycling (M3-M1), and that was confirmed by Biger,
Z et al.’’, and Koc-Vural U et al.’8,

This color change could be due to organic constituents and ester linkages; RBCs make them hydrophilic
in nature, which face moisture uptake while exposed to the oral environment. Often, water uptake leads to
hygroscopic and hydrolytic effects that could eventually cause extrinsic staining, optical instability, and
degradation of chemical bonding between filler and resin matrix. The water sorption value depended on the
resin matrix’. Thermocycling can dramatically affect the structure and properties of resin materials, mostly via
water absorption. Water absorbed from the external medium causes swelling of the polymer network of the resin,
lowering friction between chains of the network, which negatively affects its mechanical strength and flexibility.
Further, the presence of absorbed water inside the composite structure may hydrolyze the silane coupling agent,
causing a deterioration of the chemical bond at the interface of the filler and resin matrix. Besides that, there is
a thermal expansion coefficient mismatch between filler particles and the resin matrix. Internal stresses during
temperature alterations may lead to crack formation or even partial separation of the fillers from the matrix®>*°.

As shown in this study, groups T and N materials (multi-shade RBCs), respectively, are more susceptible to
staining and had higher color changes (low color stability) compared to groups O and C materials (single-shade
RBCs), respectively. That outcome is for both (M2-M1) and (M3-M2) color parameters. These results agree with
Hmood A et al.! reported that C RBCs had more color stability than N RBCs. But disagree with Alex A et al.!
who reported that multi-shade RBCs had more color stability than single-shade RBCs. Also, disagree with El-
Rashidy A et al.® and Khayat W.%? concluded that the color stability of single-shade RBCs is about the same as
that of multi-shade RBCs. On the other hand, Alalawi, H.%3 reported that T RBCs have more color stability than
O RBCs, whilst disagreeing with Maghaireh, GA et al.* who report N RBCs showed more color stability than C
and O RBCs, and disagree with Duzyol, M et al.®® which reports that O RBCs have more color stability than C
RBCs. These disagreements might be due to different staining exposure materials than the current study.

The different ways that dental composite resins can be stained are mostly due to differences in the resin matrix
formulations and the properties of the filler particles. The resin matrix composition is the most important factor
in how easily a material can change color®®. TCD-urethane polymers, which were found in C RBCs have big
molecules and no diluent monomers, which makes the colors of C RBCs more stable. These molecular features
make the chemical structure more stable in two ways: the bulky TCD-urethane structure makes it harder for
reactive sites to get to, and the lack of diluting agents removes any weak points in the polymer network that could
lead to degradation pathways®”.

The presence of UDMA-TCD (TCD-DI-HEA) copolymer formulations in C RBCS makes it more stable,
compared to standard Bis-GMA-based composites in the T and N RBCs material groups, which exhibit
significantly lower levels of residual double bonds and higher conversion rates. The TCD-DI-HEA matrix
system, which only C RBCs have and O RBCs don't, gives two major advantages: it prevents them from absorbing
excessive amounts of water and makes them less thick, these characteristics improve mechanical performance
and color stability. So, they are especially capable of withstanding the hard conditions found in the mouth®.

The intrinsic hydrophilicity of the Bis-GMA-based matrices in T and N RBCs, as opposed to UDMA and other
methacrylate-based systems, leads to increased water sorption and, consequently, decreased stain resistance®.
When TEGDMA concentrations in Bis-GMA resins are progressively raised from 0% to 1%, experimental data
indicate that water uptake increases dependently from 3% to 6%, further exacerbating this effect’”. It’s interesting
to note that this compositional feature of N RBCs formulations increases their susceptibility to hydrolytic
degradation and discoloration.

Also, the color of dental composites is highly influenced by characteristics such as the amount, size, shape,
and type of fillers’!. The RBCs examined in this study were about the same filler load, T (79-80 wt%), N (78-80
wt%), C (81 wt%), and O (79 wt%), so the higher filler load was in C RBCs groups followed by O RBCs groups,
then T and N, which is aligned with accordance to color stability results. All tested materials were nanohybrid
RBC:s except the O RBCs group, which was nanofill. However, the particle sizes for the T material filler system
range from 0.11 um to 15.5 pm, N material filler particles range between 0.1 and 3.0 pum, the C material filler
system ranges from 5 nm to 20 um, and for the O material filler system, 260 nm.

As such, both smaller and bigger particles are involved with C RBCs compared to other filler size systems in
the current study, in which larger-sized fillers usually present higher surface roughness, while the small particles
adhere more closely to the resin matrix, giving a smoother surface finish’2. Also, prior researchers reported
that any change in the surface roughness impacts the color stability due to their relationship®"’3. However, the
C RBCs showed better color stability, which might confirm that the resin matrix was the major impact factor.
Besides, the composite filler type is different: inorganic fillers are used in T, C, and O RBCs, whereas N RBCs
have organic-inorganic fillers. The organic component in N RBCs fillers may be a reason for its increased color
change compared to T RBCs, which had more filler load, due to its relative water absorption characteristic,
which is further increased by the presence of agglomerated particles’.

Another explanation, as mentioned by Maghaireh et al.” that the ivocerin photoinitiator system in T RBCs
was more absorbent within the violet spectrum than CQ, which was identified in the degree of conversion
found with RBCs. More particularly, ivocerin is totally absorbed within the top one to two millimeters of the
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composite while limiting the transmittance of lower wavelengths responsible for curing in deeper layers. This
may lead to incomplete curing at the subsurface layer of RBC, probably affecting the performance and durability
of the material. That confirmed by El-Sharawy et al.”® which might be another reason that T RBCs have less color
stability than other RBCs in the present study.

In the current investigation, the changes in hue across the red-green axis (Da) and the yellow-blue axis (Db)
showed that smoking and aging with thermocycling (M3-M1) led to a more reddish and yellowish color in all
materials. Staining in subgroup II caused the maximum reddish/yellowish color change, while the least was
immersion in saliva. That explains the positive correlation between Da with Db, also Da and Db with DE2000,
while DL lowest values in subgroup II, which describes the negative correlation between DL with DE2000 and
DL with Da and Db. The lowest DE2000 values were in artificial saliva, and it was noted that immersion in saliva
gave positive DL values, indicating that the specimens became lighter. Again, this may be due to the nature of
saliva, which is devoid of pigments, and its diluting effect®®. Also, a positive Db value indicating a slight increase
in yellow content might be due to mucin in the composition'”.

Based on the results of surface roughness in this research, the second null hypothesis was accepted. The results
of surface roughness was not significant after exposure (M2), that agreed with Zhao X et al.!> who reported that
the surface roughness of RBCs was not affected by smoking. On the other hand, it diverges with Alandia-Roman
CC et al." which concluded that smoking impacts the surface roughness of RBCs. These disagreements might be
due to the absence of polishing to the RBCs, which influences the outcomes of the RBCs”’. The results of surface
roughness disagree with Botros S et al.”® that might be the machine used in their study, as well as different RBCs
and exposure products.

Also, the effect of thermocycling (M3) on surface roughness was not significant, and that agreed with EI-
Rashidy A et al.%2, and Tuncer S et al.*® who reported that thermocycling did not affect the surface roughness
of RBCs. Further, disagree with Elmarsafy S et al.”’ who concluded that thermocycling increased the surface
roughness. This disagreement might be due to using different RBCs materials or different finishing and polishing
systems. Moreover, from the results of the brushing of RBCs in the current study, there was no significant
difference in the surface roughness between the evaluated RBCs. It was in accordance with Karawi M.%° while
contradicted by Lai G et al.”? who reported that the surface roughness of RBCs increased by brushing. This
disagreement might be due to using different toothpaste materials with higher RDA than those used in the
current research with different RBCs materials.

The relationship between surface roughness and color change in dental RBCs is complex, with many factors
affecting it. Although color change itself may not affect surface roughness,?! increased in surface roughness could
cause or result in a higher degree of color change®?. The significant influencing factor of surface roughness on the
lightness (L*) of RBCs has been pointed out, showing a relation of higher lightness to a decrease in roughness.
It is not so easy, however, to single out the surface roughness in relation to chroma (C*) or hue (h*)®. Besides,
finishing and polishing methods are capable of modifying both surface roughness and color stability, which
implies that suitable finishing and polishing procedures will be necessary to maintain the esthetic appearance
of restorations®!. In summary, color change by itself does not have a direct effect on surface roughness, but an
increased surface roughness will heighten color changes in dental RBCs. This explanation was confirmed by
Elwassefy N et al.®.

The low standard deviation values and minimal variation in color change among specimens from the
same material group suggest consistent smoke exposure and uniform staining effects across all samples, even
though they were placed in different locations within the specimen holder. This reproducibility demonstrates
the precision of the experimental design, in which controlled aerodynamics ensured a consistent distribution
of smoke particles throughout exposure. These findings confirm the reliability of the exposure apparatus and
corroborate earlier research showing the system’s accuracy in mimicking standardized smoking conditions'.
While the automated processes of brushing, finishing, and polishing by the robot were very repeatable, small
standard deviations can be seen within each material with baseline (M1). Nevertheless, minor differences may
be attributed to the test material used-filler load, form of filler, and resin matrix. The high loads of fillers may
give rougher surfaces, and the filler particles with irregular shapes give a coarser surface texture. The shape of the
filler particles alone will affect the final texture; harder resins tend to yield a more irregular finish. These material
properties create minor discrepancies in surface texture,*#¢ because the finishing and polishing process by the
robot was very highly precise.

Limitations

This study has limitations due to its in vitro design, which does not completely replicate the complexity of in vivo
conditions, including enzymatic activity, microbial colonization, pH changes, and individual saliva composition
variations. Also, the smoking machine method cannot simulate real smoking behavior, individual practices,
social environments, and puffing dynamics. Furthermore, this study examined only a limited number of smoke
sources and RBCs materials. The study also focuses on color stability and surface roughness, neglecting other
properties like mechanical strength and wear resistance. So, the study needs further investigations under clinical
conditions.

Conclusions
Within the limitations of the current study, the following conclusions could be drawn:

o C-cigarettes caused a higher grade of discoloration compared to e-cigarettes, although both types of exposure
led to unacceptable discoloration of RBCs. On the other hand, thermocycling, while also contributing to
discoloration, had a lesser impact compared to smoking exposure.
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Multi-shade RBCs were more prone to staining and showed lower color stability compared to single-shade
RBCs, indicating the resin matrix impact on esthetic performance.

DL demonstrates a strong negative relationship with Da, Db, and DE2000, on the other hand, positive corre-
lations among Da, Db, and DE2000.

Neither c-cigarettes nor e-cigarettes exposure, as well as thermocycling, showed a negative effect on surface
roughness of RBCs.

The color change does not directly impact surface roughness, but the increase in roughness can enhance color
changes, particularly affecting the light reflection from the materials, which was shown a strong negative
relationship with color change.

The response to exposure relied on the material; not all the materials reacted similarly under the same smok-
ing conditions.

While offering advanced features, the exposure machine appears to be the standard and controlled means of
assessing the effects of smoke on restorative materials. Also, the robot for brushing, finishing, and polishing
has shown a precise process.

Data availability
The data that support the findings of this study are available from the corresponding author, upon reasonable
request.
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