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ABSTRACT

Objective: To compare optical, morphological, and physicochemical characteristics of whitening and
conventional toothpaste. Material and Methods: The following groups were established: G1: Colgate
Maixima Protegdo; G2: Closeup White Now; G3: Sorriso Xtreme White 4D; G4: Colgate Luminous White;
G5: Closeup Extra Whitening; G6: Oral-B Complete; G7: Oral-B 3D White; G8: Sensodyne Whitening.
Scanning Electron Microscopy (SEM) with an X-Ray Energy-Dispersive Spectrometer (EDS) was used to
characterize the morphology of the abrasive particles. Images were adjusted by spectral-domain Optical
Coherence tomography (OCT) from each toothpaste to characterize the different phases present in the
samples. Images of different toothpastes were also compared using an optical microscope (OM). Physical-
chemical analysis was performed using Fourier Transform Infrared Spectroscopy (FTIR) to characterize the
main components in each toothpaste analyzed. Results: The FTIR analysis showed a high content of silica
and calcium carbonate as abrasive agents in toothpastes, especially silica in whitening toothpastes. OCT
demonstrated the presence of reflective particles in G2, G4, and G7. SEM with EDS confirmed the high
content of large silica (abrasive) particles in all whitening toothpastes except G5. Conclusion: All analyses
revealed the absence of whitening agents in the composition of the whitening toothpastes and a significant
amount of abrasives, such as silica and reflective particles, which are mainly responsible for the apparent
whitening effect on the tooth structure.
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B Introduction

Having whiter teeth has become an aesthetic requirement nowadays. Patients are constantly seeking
beauty, and, consequently, there is excellent acceptance of tooth whitening procedures [17]. Commonly used by
dentists, in-office tooth bleaching with hydrogen peroxide (H2O.) achieves brighter teeth by eliminating stains
through diffusion into the enamel and dentin [27]. However, evidence indicates that high concentrations of this
substance can cause side effects and severe biological risks [87, including tooth sensitivity and damage to pulp
cells due to the diffusion of HoO, [4,57].

Among the main whitening techniques, cosmetic products available over the counter (OTC) are
considered an alternative to tooth whitening. These OTC products, such as toothpastes, mouthwashes, and
whitening dental strips, can be easily purchased at markets and pharmacies without the need for dentist guidance
[e].

In general, the active components of whitening toothpastes include surfactants, polyphosphates, and
enzymes [7]. However, previous studies indicate that the most crucial stain-removal component in these
toothpastes is the abrasive agent [8,97. The daily use of abrasive and bleaching agents in whitening dentifrices,
combined with improper brushing technique and excessive force, may cause undesirable effects, such as dentin
hypersensitivity and mineral loss, leading to areas of depression, porosity, reduced microhardness values, and
exposure of enamel prisms [107].

In a recent study combining clinical and iz vitro analyses, the authors found that tooth sensitivity and
gum irritation were the most frequently reported issues in clinical trials of OTC products [117]. These eftects
may be associated with the components of toothpastes and their pH, considering that the main active ingredients
in these OTC whitening products are: abrasive particles such as hydrated silica, calcium carbonate, and activated
charcoal; hydrogen peroxide, with concentrations ranging from 1.5 to 6%; blue covarin; and titanium dioxide
[12].

There is a lack of studies assessing the benefits and harms of the uninterrupted and indiscriminate use
of whitening toothpastes. Therefore, a more accurate understanding of these products is relevant to identifying
their properties, effects, and risks. Thus, the present study aimed to compare whitening with conventional

toothpastes in terms of their optical, morphological, and physicochemical characteristics.

B Material and Methods
This zn vitro study compared eight commercial toothpaste brands: two conventional and six whitening,

as described in Table 1.

Table 1. Distribution of groups according to the toothpastes evaluated in the study and their

composition.
Group Manufacturer Composition Lot N° pH
G1 Colgate Maxima Protegio Calcium carbonate, sodium bicarbonate, Glycerin, Cellulose gum,  4257BR123G 8.03
Colgate-Palmolive, Sdo Sodium lauryl sulfate, sodium saccharin, Benzyl alcohol, Sodium
Bernardo do Campo, SP, Brazil monofluorophosphate, Tetrasodium pyrophosphate.
G2 Closeup White Now Hydrated Silica, MICA, Sorbitol, Cellulose gum, PEG-32, M.S:2.5610.0341 7.32
Unilever Brazil Industrial, trisodium phosphate, Sodium lauryl sulfate, sodium saccharin,
Ipojuca, PE, Brazil PVM/MA copolymer, Sodium fluoride, Limonene
Gs Sorriso Xtreme White 4D Hydrated Silica, Sorbitol, PEG-12, Cellulose gum, Sodium lauryl ~ 4231BR123D 7.01
Colgate-Palmolive, Sdo sulfate, sodium saccharin, cocamidopropyl betaine, Sodium
Bernardo do Campo, SP, Brazil. fluoride, Tetrasodium pyrophosphate.
G4 Colgate Luminous White Hydrated Silica, Sorbitol, glycerin, PEG-12, propylene glycol, 4142MX118H 7.51

Cellulose gum, xanthan gum, hydroxypropyl methylcellulose,
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Colgate-Palmolive, San José
Iturbide, Mexico.

pentasodium triphosphate, Sodium lauryl sulfate, polysorbate 80,
cocamidopropyl betaine, sodium saccharin, Sodium fluoride,
tetrapotassium pyrophosphate.

Gs Closeup Extra Whitening Calcium carbonate, silica, Sorbitol, Cellulose gum, trisodium 12013092017 7.83
Unilever Brasil Industrial Ltda, phosphate, Sodium lauryl sulfate, sodium saccharin, Benzyl alcohol,
Ipojuca, PE, Brazil Sodium monofluorophosphate, Limonene.
G6 Oral-B Complete Silica, Sorbitol, glycerin, Cellulose gum, carbomer, xanthan gum, 40842709E 1 7.17
Procter & Gamble Mexico, San  Sodium lauryl sulfate, Sodium fluoride, Disodium pyrophosphate.
Andrés Atoto, Mexico
G7 Oral-B 3D White Hydrated silica, Sorbitol, polyethylene, Cellulose gum, xanthan  41562709E1 7.29
Procter & Gamble gum, carbomer, Sodium lauryl sulfate, sodium saccharin, Sodium
Manufacturing Company, San  fluoride, Disodium pyrophosphate, Limonene.
Andrés Atoto, Mexico.
Gs Sensodyne Whitening Hydrated silica, Glycerin, PEG-8, Carbomer, Sodium lauryl 294F 7.70

SmithKline Beecham Consumer
Healthcare, Berkshire, UK.

sulfate, sodium saccharin, Sodium monofluorophosphate, Calcium

sodium phosphosilicate 5%, d-limonene.

The toothpastes underwent FTIR, pH, Optical Microscopy (OM), and Optical Coherence Tomography
(OCT) analyses conducted in the Physics Department Laboratories. Scanning Electron Microscopy (SEM)
analysis was carried out at the Keizo Asami Immunopathology Laboratory (LIKA). Both facilities are part of the
Federal University of Pernambuco (UFPE)

Fourier Transform Infrared Spectroscopy (FTIR)

For the FTIR analysis, 1 g of each toothpaste was placed using a spatula (Golgran: Instrumentais
Odontolégicos e Cirdrgicos, Sdo Paulo, SP, Brazil) in a thin, uniform layer on a porcelain crucible. The samples
were dehydrated in an oven: initially for 8 minutes at 100 °C with a heating rate of 30 °C/min, followed by 3
minutes at 150 °C at the same rate, and finally a cycle at 200 °C at the same rate, until a moisture-free powder
was obtained. The drying time of this final step varied depending on the sample. The resulting powder was
placed in a desiccator containing silica gel for 24 hours to ensure complete moisture removal. Subsequently, the
samples were oven-dried again for 3 hours and stored in a silica gel desiccator to maintain dryness. Each sample
was then mixed with potassium bromide (KBr) at a ratio of 1 mg of powder to 50 mg of KBr using a mortar and
pestle. The resulting mixture was placed into a mold and pressed at 3 atm for 10 minutes to form pellets. These
pellets were analyzed using an IRTracer-100 FTIR spectrophotometer, which generated spectra from the

samples' infrared absorption. This method was adapted from a previous study [137.

Scanning Electron Microscopy (SEM) with Energy Dispersive X-ray Detector (EDS)

Before preparation, each sample was desiccated for 2 hours. A random portion of the resulting powder
was then placed on specific supports (stubs) covered with double-sided carbon tape and vacuum metallized
(Q150T, Quorum Technologies Ltd., Laughton, East Sussex, United Kingdom) for 6 minutes, resulting in an
average deposition thickness of 20 nm. After preparation, the specimens were examined under a scanning
electron microscope (EVO LS15, Hitachi High-Tech America, Tokyo, Japan), and the surface was analyzed using
the BSE (backscattered electrons) method for morphological characterization of the abrasive particles present in
the material. Additionally, six random areas from each sample were analyzed by EDS to identify the main

chemical components in each region [14].

Optical Coherence Tomography (OCT)
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A thin layer of each toothpaste was placed on a glass coverslip for image acquisition using an OCT
spectral domain system (THORLABS — center wavelength: 930 nm, axial scan rate: 1.2 kHz, maximum imaging
depth: 1.7 mm, axial resolution in air/water: 7 pum / 5.8 um) for optical characterization. Three-dimensional

images were obtained using the MIP (Maximum Intensity Projection) technique for subsequent comparison.

Optical Microscope (OM)
For this analysis, a thin layer of toothpaste was placed on a glass coverslip and examined under an
optical microscope (Reflected Light Brightfield/Darkfield Illuminator BX-RLA2, Olympus Corp., Shinjuku City,

Tokyo, Japan) to obtain images for comparison with those acquired through OCT.

B Results
Fourier Transform Infrared Spectroscopy (FTIR)

After obtaining the absorption spectra of all analyzed samples, as illustrated in Figure 1, the software
generated an interpretation table listing the 20 most prevalent substances in the scanned content. Among these,
substances commonly found in toothpaste were identified, including therapeutic agents (e.g., tetrasodium
pyrophosphate) and thickeners (e.g., diatomaceous earth, methylcellulose, and carboxymethylcellulose), as well

as a significant and predominant amount of abrasives, represented by hydrated silica and calcium carbonate.
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Figure 1. FTIR spectra of the samples analyzed.

Scanning Electron Microscopy (SEM)

The SEM images are shown in Figure 2. When desiccated, the dentifrices exhibited their inorganic
components in different morphologies. G1 presented spherical, regularly machined particles with small spicules
at their extremities and without conglomerates. G5 and G8 also contained particles with shapes and textures
similar to those of G1; however, they were conglomerated and included larger, non-sharp particles ranging from
spheroidal to rhomboidal (yellow arrows). In G2, G3, and G4, particles of varying sizes, from small to large,
were observed, predominantly spheroidal and non-conglomerated (red arrows). In G6 and G7, particles similar
to those in G1 were identified, but with amorphous shapes, forming conglomerates of variable size. Additionally,

in G7, a particle with a sharp end was observed (blue arrow).
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Energy Dispersive X-ray Detector (EDS)

The EDS analysis (Figure 3) revealed that only G1 lacked silica, unlike the other groups. This finding
is consistent with the specifications provided on the manufacturer's label. Sodium (Na) and titanium (Ti) were

detected only in G5, G6, G7, and G8, whereas oxygen (O) and carbon (C) were present in all groups evaluated.

; G2: Closeup White Now; G3: Sorriso Xtreme White 4D; :
: Closeup Extra Whitening; G6: Oral-b Complete; G7: Oral-b 8D White; G8: Sensodyne Whitening.

Figure 2. Electromyography of the experimental groups at 2.07X magnification.
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G1: Colgate Maxima Protegio; G2: Closeup White Now; G3: Sorriso Xtreme White 4D; G4: Colgate Luminous
White; G5: Closeup Extra Whitening; G6: Oral-b Complete; G7: Oral-b 3D White; G8: Sensodyne Whitening.

Figure 3. Bar graphs representing the EDS analysis results for each group evaluated.

Optical Coherence Tomography (OCT) and Optical Microscope (OM)

The images revealed a similarity in the refractive index of the materials in G2, G4, G7, and G8 under
polarized-light optical microscopy. These groups share the presence of silica in their composition. The OCT
images display the object in 8D due to light scattering, allowing the visualization of inorganic particles in G4,

similar to those observed in the OM images. The OCT images of the remaining groups evaluated showed
comparable patterns (Figure 4).
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G1: Colgate Méxima Protegio; G2: Closeup White Now; G3: Sorriso Xtreme White 4D; G4: Colgate Luminous White; G5: Closeup Extra
Whitening; G6: Oral-b Complete; G7: Oral-b 3D White; G8: Sensodyne Whitening.

Figure 4. Comparison between images obtained by OCT and optical microscopy.

B Discussion

Tooth color is influenced by a combination of its intrinsic shade and the presence of extrinsic stains [27].
In this context, new products with rapid whitening claims have emerged, aiming to lighten discolored teeth
without dental supervision. These products, known as over-the-counter (OTC), are available directly to
consumers in pharmacies, supermarkets, and online, and are marketed in various forms [7,157]. Industrial
marketing has increasingly promoted these products through the media, attracting consumers [57] and
encouraging their indiscriminate use without adequate knowledge of their composition, properties, effects, and
risks — particularly in the case of whitening toothpastes.

Brushing with fluoride toothpaste is an essential method for preventing dental caries and periodontal
disease, both by removing bacterial biofilm and by delivering chemical agents such as fluoride salts and
antimicrobials [167]. A wide variety of toothpastes with different chemical formulations is available on the
market. Therefore, dentists must have detailed knowledge of toothpaste composition and understand when and
how to recommend each type.

Toothpaste, in general, is composed of abrasives, humectants, water, thickeners, binders, detergents,
flavors, sweeteners, preservatives, and preventive and therapeutic agents (anticaries, antiplaque, anti-tartar, and
desensitizing) [17]. In this study, all toothpastes evaluated contained abrasives such as silica, calcium carbonate,
and calcium bicarbonate; however, only a few included hydrogen peroxide (whitening agent) in their
composition. These findings corroborate previous studies showing that most commercially available whitening
toothpastes do not contain hydrogen peroxide, the active agent used in conventional tooth whitening [187.

The use of abrasives is well recognized for reducing dental biofilm. However, the extent of this
abrasiveness depends on the quantity and nature of the particles used [197. Abrasives are insoluble components
that act to remove extrinsic stains from the surface of dental enamel [207]. This cleaning process is highly
dependent on the size, shape, hardness, pH, and concentration of the particles present in toothpastes [217]. SEM
image analysis revealed differences in the regularity, shape, and size of the abrasive particles in the dentifrices
evaluated. The presence of small, uniform particles without conglomerates may indicate lower abrasiveness,
whereas irregular, larger particles may indicate greater abrasiveness [ 14-].

According to previous studies, there is a direct relationship between the degree of wear produced and
the presence of abrasives in toothpastes [127]. Daily use of toothpaste containing silica and calcium carbonate,
applied with excessive force, can cause damage to hard and soft tissues, as well as to dental restorations, the most
common being gingival margin recession and cervical abrasion — both generally associated with dentin

hypersensitivity [12,207].
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The immediate whitening effect of most whitening toothpastes is due to the incorporation of pigments

into their formulation. According to a previous study [227, pigments are added to toothpastes to provide an
immediate, transient, and passive optical whitening effect. Blue covarine is one such pigment that simulates
whitening through enamel reflection. However, this effect is only noticeable while traces of toothpaste remain
on the tooth surface, as saliva progressively inhibits it over time. All toothpastes evaluated contained at least one
type of pigment, except Colgate Mdxima Protecdo. The blue pigment (CI 74160) was present in most groups,
except Sensodyne Whitening. Titanium dioxide, a white pigment (CI 77891), was absent in Closeup White Now.
The green pigment (CI 74260) was found only in Oral-B Complete. Finally, the pigments Red 30 (CI 73360),
Red Acid 33 (CI 17200), and Acid Blue 3 (CI 42051) were present in Colgate Luminous White.

Optical coherence tomography (OCT) was used to visualize this effect, offering advantages such as
higher resolution, faster image acquisition, high sensitivity, and the capability for three-dimensional
reconstruction [237]. OCT and optical microscopy analyses of the toothpastes revealed reflective particles in G2,
G4, and G7, characterized by regions of increased reflectance in the images.

To characterize the materials, present in the toothpastes, Fourier Transform Infrared (FTIR)
spectroscopy was used. In this method, the sample is mixed with a vehicle (KBr), which is selected because it
does not alter the material's crystallinity and does not interfere with the results [247. The analysis revealed a
marked predominance of abrasive agents, such as calcium carbonate and silica, along with other components,
including binders (gum arabic), thickeners (carboxymethylcellulose, methylcellulose, diatomaceous earth),
therapeutic agents (zinc sulfate), tetrasodium pyrophosphate, polymers, and pigments.

The pH is an important factor to evaluate because it is related to a product's erosive potential. Based on
the results reported by Dawes [257], who described critical pH values of 5.5 for enamel and 6.5 for dentin, we
observed that the dentifrices analyzed as a whole exhibited pH values ranging from neutral to slightly alkaline
(7.01-8.03). Whitening toothpaste is generally alkaline, and its alkalinity increases with the duration and diluent
used [267]. This type of pH causes less change to the tooth surface, while acidic pH toothpaste causes greater
alteration and even dissolution of enamel and dentin [7].

pH is an essential factor to evaluate because it directly affects a product's erosive potential. According
to a previous study [257, the critical pH values are 5.5 for enamel and 6.5 for dentin. In the present study, all
dentifrices analyzed exhibited neutral or slightly alkaline pH values (7.01-8.03). Whitening toothpastes are
generally alkaline, and their alkalinity increases over time and with the diluent used [267. A neutral or alkaline
pH causes minimal changes to the tooth surface, whereas an acidic pH can lead to greater alterations and even
dissolution of enamel and dentin [77].

All EDS results from electron microscopy revealed oxygen as the predominant element, possibly due to
oxidation occurring during sample preparation. A high level of silica was detected in both whitening and non-
whitening toothpastes, including Oral-B Complete. Notably, only Colgate Maxima Protegdo did not contain a
significant amount of this abrasive. The proportions of silica detected were 37.98% (G4), 34.07% (G7), 83.79%
(G2), 81.44% (G3), 30.92% (G6), 25.40% (G8), and 6.07% (G5), with G5 presenting the lowest silica content
among the whitening formulations.

Calcium was detected in only three toothpastes: G1 (83.07%) and G5 (8.30%), likely due to the abrasive
calcium carbonate; and G8 (10.59%), presumably attributable to the bioactive compound calcium phosphosilicate,
which has a desensitizing effect by depositing ionic salts. Titanium was another frequently detected element

among the toothpastes studied, associated with the presence of the white pigment titanium dioxide in G5, G6,
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G7, and G8. The addition of titanium dioxide alters the perceived overall tooth color but, unlike hydrogen
peroxide, does not produce actual tooth whitening [277].

Phosphorus detected in Sensodyne Whitening (1.52%) was likely associated with the presence of
tetrasodium pyrophosphate, which acts as a control agent for dental calculus formation [287. Similarly, the low
potassium concentrations in Oral-B 3D White (1.68%), Colgate Luminous White (0.53%), and Closeup Extra
Whitening (0.51%) may be due to the therapeutic agent tetrapotassium pyrophosphate, which also functions as
a biofilm inhibitor [287.

This study reaffirms that most toothpastes marketed with whitening claims act primarily as abrasive
agents, promoting the removal of extrinsic pigmentation [127]. Such stain removal occurs on the free surfaces of
the teeth. Still, it is ineffective against aesthetically undesirable stains that develop near the gingival margins, in
interproximal spaces (187, or in cases of intrinsic discoloration. The treatment of intrinsic stains requires tooth
whitening with hydrogen peroxide or carbamide peroxide, performed either in-office or under professional
supervision [297]. Moreover, when used daily, abrasive toothpastes can wear down tooth surfaces, which, over
time, may lead to tooth sensitivity [207]. The SEM images obtained in this study corroborate these findings,
revealing different morphological characteristics among the dentifrices evaluated — even within the same product
and among those with similar abrasive compositions. This result is noteworthy, as irregular and non-uniform
abrasive particles may exacerbate mechanical aggression or tooth structure abrasion [14,217.

Overall, OTC products are widely available because they do not require a prescription, facilitating
continuous, unsupervised use by patients. Classified as cosmetic products, they are generally subject to less
stringent regulatory frameworks than pharmaceutical agents and, in most jurisdictions, do not require prior
approval from health regulatory authorities. Accordingly, the establishment of standardized labeling policies
incorporating rigorous, objective criteria to delineate a 'whitening effect' is warranted. Such regulatory measures
would help minimize consumer and patient misconceptions about anticipated outcomes and curtail the
indiscriminate use of these OTC products.

This in vitro study employed a range of laboratory analyses better to understand the abrasiveness and
erosive potential of whitening toothpastes. However, further studies are needed to support these findings,

particularly through i situ and in vivo evaluation.

B Conclusion

Fourier Transform Infrared Spectroscopy (FTIR) revealed a high content of silica and calcium
carbonate as abrasive agents in toothpastes in general, with silica being particularly prevalent in formulations
with a whitening proposal. In addition, OCT and MO analyses revealed reflective particles in the toothpastes
Oral-B 8D White, Colgate Luminous White, and Closeup White Now. EDS analysis confirmed a high content
of large, abrasive silica particles in all whitening toothpastes, except Colgate Maxima Protection. Furthermore,

SEM revealed particles with diverse morphologies and sizes.
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