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Abstract

The purpose of teeth whitening is the removal of intrinsic or extrinsic discoloration via
mechanical or chemical techniques that restore the teeth to their natural shade or lighten it,
depending on the chosen method. Both the abrasive particles used in mechanical procedures
and the oxidant agents applied in chemical bleaching are effective if they are used according
to the stain aetiology, however, the risks associated with these products (e.g. potential tooth
wear, sensitivity, damage of the enamel or dentin organic matrix) are not negligible. As a
response to these issues, current research in the tooth whitening field is directed towards the
development of safer whitening products such as dentifrices with lower abrasive index, natural
bleaching agents, or laser-assisted whitening procedures that require shorter exposure time for
optimal results. This review aims to provide a description of the currently available teeth
whitening techniques and their limitations, as well as the novel alternatives that promise similar
or superior results with less potential side effects. For a better understanding of the subject, the
structure of the tooth, the causes of teeth discoloration as well as the mechanisms of action and
chemistry behind the abrasive agents and peroxide-based whitening processes were also
discussed.

Keywords: whitening materials, gels, hydrogen peroxide, natural ingredients, surface,
microscopy, side effects.

Introduction

Discolored or stained teeth are a significant cosmetic problem, particularly when the anterior
teeth are affected, therefore more and more people seek to improve the aesthetics of their smile,
as this process boosts their overall self-confidence [1]. As a result, teeth whitening became one
of the most requested procedures at dental cabinets, and, recent statistics show that the teeth
whitening market will reach an approximate value of 8.94 billion dollars by 2029, with an annual
growth rate of 3.75% between 2024 and 2029 [2].

Natural teeth pigmentation is genetically determined and is influenced by the color of the
dentine (which can range from yellow to brown), the enamel being relatively translucent and
contributing with pink, blue, and green tones. Dental stains are generated by chromogens, highly
pigmented organic or metal-containing compounds that accumulate inside the tooth (intrinsic) or
stick to the tooth enamel (extrinsic) [3]. Teeth whitening is based on either mechanical removal
of the stain via detergents and abrasive agents, physical removal via laser or infrared light, or the
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chemical degradation of the chromogens to lighten the tooth color (~ one or two shades for over-
the-counter products or more in the case of professional procedures). Amongst these methods,
chemical whitening is considered to be the most effective and safe, especially if natural whitening
ingredients are used [4]. According to the growing demand, multiple teeth whitening options were
developed. These include several over the counter (OTC) products such as whitening toothpastes,
rinses, gums, paint-on varnishes, and strips, or bleaching procedures based on ultrasound, laser
or UV light and concentrated hydrogen peroxide or carbamide peroxide gels, usually performed
under the dentist supervision [5].

An important step in choosing the appropriate whitening method is the identification of the
teeth color alteration cause (e.g. extrinsic, intrinsic, internalized - extrinsic stains entering the
dentine through dental flaws on the tooth surface). If the cause is not correctly established the
treatment will most likely fail to provide optimal results. Moreover, the incorrect use of hydrogen
peroxide or carbamide peroxide-based OTC products, due to the patient’s lack of knowledge
regarding stain etiology, can also lead to undesirable consequences such as increased tooth
sensitivity, excessive wear of dental tissues or alterations in the surface topography of the enamel
and dentin [6]. Considering these risks, an increased interest is currently directed towards natural
ingredients that are considered a safer option for teeth whitening. For example, fruits, particularly
citrics, strawberries, apples, pineapples, and papayas, contain essential oils (e.g. limonene),
organic acids (e.g. ascorbic acid, malic acid, lactic acid) and naturally occurring enzymes (e.qg.
bromelain, papain) that are not only effective whitening agents but may also provide an
antibacterial effect [7]. Another natural ingredient that showed excellent results in the teeth
whitening field is activated charcoal. Due to its porous texture, this compound has a high plaque
and small particle adsorption capacity, thus preventing teeth discoloration [8].

Human teeth present two main segments, the crown (covered by a hard mineral tissue
called enamel) and the root (comprised of dentin, pulp, and cementum) [9]. Dental enamel is
the hardest tissue in the human body, this being attributed to its high hydroxyapatite (HA)
crystal content (~95%). Ideally, the ratio between calcium and phosphate ions in HA should
be 1.67 [11], however, it was found that in some areas of the enamel, this ratio can vary
between 1.33 and 2.0 due to the presence of defects in the crystalline network such as
vacancies clusters or substituted atoms or ions. These areas represent demineralization
centers and are usually the starting point of dental stains or cavities, therefore the ratio and
concentration of ions as well as their quantitative and qualitative characteristics should be
monitored for the early detection of pathological changes in the structure of enamel [12].
Dentin is a permeable tubular structure, located in the inner layer of enamel, lateral wall of
the pulp cavity and root canal. It contains approximately 70% hydroxyapatite; therefore, its
hardness is lower compared to enamel. Since dentin is naturally yellow to light brown, it is
the main tissue that determines the overall tooth color. Pure hydroxyapatite (e.g. without
structural defects) is incolor or white, but, throughout time, chemical and mechanical erosion
lead to the thinning of enamel, thus making the dentin more visible and consequently the
overall tooth color darker [13, 14, 15]. Tooth color can also be influenced by the optical
characteristics of enamel (e.g. scattering coefficient, absorption coefficient, light reflectivity,
infinite optical thickness, etc.) that influence light transmission [14, 16].

Teeth color is influenced by a variety of factors such as light transmission and reflection
characteristics at the surface of the tooth, hydroxyapatite content and thickness of the enamel
layer, physiological dentine color and, last but not least, the presence of intrinsic or extrinsic
stains (Fig. 1). Also, teeth tend to become darker with age, as a result of gradual wear of the
enamel and the accumulation of extrinsic stains [17].
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Fig. 1. Aspect of extrinsic (A-C) and intrinsic (D-K) teeth staining [4]

Extrinsic stains are generated via two main mechanisms. The first one is direct staining
resulted from the incorporation of the staining compound in the enamel layer, while the second
one is indirect via chemical interactions between the chromogens and the tooth surface. Direct
staining is often associated with lifestyle habits, tannin-rich foods or drinks, tobacco products or
deficitary tooth brushing being some causes. More than that, pigment producing microorganisms
found in the oral microflora can cause yellow/orange or even brown/black staining. Direct stains
can usually be removed using conventional prophylaxis (e.g. effective toothbrushing, whitening
toothpastes) but in advanced cases, professional techniques such as ultrasonic cleaning, rotary
polishing with prophylactic toothpaste, or air-jet polishing with abrasive powders is required [18].
Indirect staining is associated with the use of cationic anti-septics (e.g. chlorhexidine) and metal
salts (e.g. iron salts) that are usually incolor or have a different chromatic than the resultant stain
[19]. Studies showed that the mechanism behind indirect staining is based on the cationic
antiseptics or metal salts-governed precipitation of dietary chromogens. Moreover,
chlorhexidine-based staining was also found to be related to parachloraniline and metal sulfides
generation following chlorhexidine breakdown and non-enzymatic browning, also known as the
Maillard reaction [20]. Products containing oxidizing agents (e.g. hydrogen peroxide mouthwash)
showed good results in controlling indirect staining associated with chlorhexidine, as they were
able to physically remove stains from dental surfaces without affecting the antiplaque activity of
the cationic antiseptic [21].

Intrinsic tooth discoloration is caused by structural or compositional changes of dental tissues
due to genetic reasons (e.g. amelogenesis imperfect, dentinogenesis imperfect), use of certain

http://www.ejmse.ro 325



M. M. IANCU etal.

medications, particularly tetracycline, excessive intake of fluoride, aging or dental trauma [22].
Tetracyclines are broad-spectrum antibiotics that have the ability to chelate calcium ions and
incorporate them into dental tissues, thus causing yellow, gray or brown discoloration depending
on the dosage, exposure time, and stage of tooth mineralization [23]. First-degree tetracycline
stains (yellow to gray) can be successfully managed with OTC whitening products; however,
more severe staining (brown, black) requires professional microabrasion and bleaching [24].
Overexposure to fluoride or fluorosis, is characterized by white or brown patches on the tooth
surface. This disorder usually starts in the early stages of teeth development, the clinical
manifestation being more obvious in permanent dentition. Therefore, to prevent this type of
staining, children under the age of 6 shouldn’t use toothpastes with fluoride concentrations higher
than 600 ppm or 1000 ppm if they have a high risk of developing cavities [25]. Trauma-related
intrinsic stains were found to be associated with calcification or necrosis of the dental pulp or
pulp extirpation procedures which cause dentine hemorrhages that are followed by the deposition
of chromogenic blood degradation products (e.g. hemosiderin, hemine) on the tooth surface [26].
Special abrasion techniques (e.g. hydrochloric acid microabrasion, macroabrasion), hydrogen
peroxide bleaching and ceramic or resin-composite veneering produce the best outcomes in the
removal of intrinsic stains, with the mention that the use of combinatorial treatments can extend
their overall range of effectiveness [27].

Recently, the term of internalized discoloration was introduced to describe extrinsic stains
that are incorporated into the enamel or dentine through a developmental defect or as a result of
a traumatic event [28]. For example, amelogenesis imperfect and dentinogenesis imperfect are
congenital illnesses that cause a disturbance in the formation and mineralization of the enamel or
dentin, thus decreasing the mechanical resistance of the teeth and making them more susceptible
to rapid wear, breakage, and loss and the areas affected by these conditions are particularly
predisposed to the uptake of dietary chromogens. Additionally, dental bridge restorations, or
partially skeletonized prosthetics, may affect the adjacent teeth's color [29-34]. Acquired defects
caused by caries, gingival recession, or the use of restorative materials (e.g. amalgam restorations)
are also areas with increased porosity and tendency to stain [35,36]. Implants are fixed straight
into the jawbone, in contrast to traditional bridges, which need the neighboring teeth to be
prepared in order to support the repair. This indicates that throughout the implant insertion
procedure, neighboring teeth are neither harmed or impaired [37-40]. Considering the diversity
of causes for internalized discoloration, professional evaluation and determination of the etiologic
factor causing the stain plays an essential role in planning a specific prophylactic method and has
an important impact on the related outcome.

This review aims to describe the currently available teeth whitening techniques and their
limitations, as well as the novel alternatives that promise similar or superior results with less
potential side effects. For a better understanding of the subject, the structure of the tooth, the
causes of teeth discoloration as well as the mechanisms of action and chemistry behind the
abrasive agents and peroxide-based whitening processes were also discussed.

Teeth whitening methods

As mentioned before, the determination of the stain aetiology and type of teeth
discoloration is an important aspect in choosing the optimal teeth whitening method. Superficial
or extrinsic stains respond well to less invasive OTC products while intrinsic stains may require
professional treatments for best results [41]. Even if these terms are often used interchangeably,
there is a difference between teeth whitening and teeth bleaching. The first one refers solely to
the removal of stains on the teeth' surface maintaining their natural shade, while the concept of
bleaching goes a step further and is based on the use of chemical agents that remove stains and
also lighten the teeth with one or multiple shades depending on the bleaching agent [42].
Therefore, two major approaches can be distinguished, mechanical whitening via abrasive agents
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and chemical bleaching, usually performed with hydrogen peroxide-based products (Fig. 2) or
safer alternatives based on natural ingredients (Table 1). Recently, laser and ultrasound-assisted

whitening were also introduced in this field as novel techniques with promising results [43].

Table 1. The chemical composition of OTC and professional whitening products and their method of action [5, 44]

Type of product

Active agents

Method of action

Dentifrices

Whitening rinses
Whitening strips
Chewing Gums
Paint-On gels
Professional

whitening gels

OTC products with

Abrasive particles:

silica

calcium phosphates

alumina

perlite

diamond powder

Tensioactive compounds:

sodium citrate

sodium peroxide

sodium hexametaphosphate
Anti-calculus agents:

sodium pyrophosphate

sodium tripolyphosphate

Optical dyes:

Covarine Blue

Hydrogen peroxide at low concentrations
(1-4%), sodium hexametaphosphate
Hydrogen peroxide (5-15%)

Sodium metaphosphate or
hexametaphosphate
Any combination of hydrogen or

carbamide peroxide in any concentration
25-40 % carbamide or hydrogen peroxide,
gelling agents (cellulosic rubbers, fumed
silica), gel stabilizers

Limonene, caproic acid strawberry juice,
weak organic acids (e.g. l-ascorbic acid,
citric acid, malic acid) and enzymes (e.g.

Mechanical polishing of tooth surface, most
effective on extrinsic stain.

Reduction of stain deposition on dental
tissues.

Reduction of Ca and Mg deposition on
enamel.

Modification of the visual perception of tooth
color.

Oxidation of chromogenic
reduction of stain deposition.
Oxidation of chromogenic molecules

molecules,

Reduction of stain deposition
Oxidation of chromogenic molecules.

Plain chemical or light activated oxidation of
chromogenic molecules.

Mild whitening effect by polishing the
superficial layer of enamel and reducing

natural ingredients . : :
9 lactoperoxidase,  bromelain,  papain,

actinidain)

plaque formation.

Mechanical whitening can be performed either at home or in dental offices, stain removal
being achieved by brushing the teeth with a dentifrice. The term dentifrice is derived from the
ILatin “dens” and “fricare” which mean “tooth” and “to rub”. Dentifrices are marketed as
toothpastes, gels, or powders and they contain abrasive particles (e.g. hydrated silica, perlite,
alumina, calcium carbonate, calcium pyrophosphate, sodium bicarbonate, etc.) that remove
microbial plaque and extrinsic stains without inducing significant damage to tooth and gingival
tissues. The abrasiveness of dentifrices is influenced by the particle shape, size, hardness, and
usually in office used products contain harder abrasives in higher concentrations [47]. Even if
they are generally considered safe, incorrect or excessive use of dentifrices can lead to increased
teeth sensitivity due to the damaging of enamel or exposed dentin layer [48]. To develop safer
products, current studies are directed towards the selection of abrasive agents that provide an
optimization of radioactive dentin abrasion (RDA) and pellicle cleaning ratio (PCR) proportion
in dentifrices, the most promising results being obtained with silica [49,50] and microfibrilated
cellulose [51]-based formulations.

Depending on the type of tooth that the procedure is applied on, chemical bleaching can be
divided into vital and non-vital bleaching. The ingredients in bleaching products are variable but
most of them contain hydrogen peroxide as active agent, glycerin as a carrier, carbopol as a
thickener, and flavoring agents. Vital teeth can be bleached at home using OTC products (e.g.
toothpastes, strips, paint-on gels) and custom-fitted mouth guards filled with oxidizing gels
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(nightguards) or power bleached in an office with professional products. Since in-office bleaching
implies higher concentrations of hydrogen peroxide (~25-40%) and, in some cases, activation of
the oxidizing agent by curing lights (e.g. halogen, plasma arc, Xe—halogen, metal halide — Zoom,
etc.), this method tends to act faster and provide more noticeable results [52]. Non-vital teeth are
the ones that no longer receive blood flow, usually as a result of nerve damage or death. The
primary indicators that a tooth became non-vital are discoloration (dull, gray color), pain, and
sensitivity.

Classification of
teeth whitening
methods

Mechanicall ~ Chemical
(polishing via (bleaching via
abrasive agents) oxidant agents)

Fig. 2. Classification of teeth whitening methods and the microscopical aspect of teeth enamel
before and after different whitening treatments [44, 45, 46]

Some examples of currently used non-vital bleaching techniques are walking bleaching and
modified walking bleaching, non-vital power bleaching, and inside/outside bleaching [53].
Walking bleaching is performed by repeated application of a mixture of sodium perborate and
distilled water in the pulp chamber until the desired tooth shade is reached, while modified
walking bleaching involves the replacement of distilled water with concentrated hydrogen
peroxide (~30%) and sealing of the whitening compounds in the pulp chamber for one week. In
the case of non-vital power bleaching, a concentrated H202 gel is applied in the pulp chamber,
activated via light or heat and, after the tooth’s temperature decreases, the gel is removed. Finally,
inside/outside bleaching involves the combination of the aforementioned techniques with home
bleaching procedures [54].

The active compound in most bleaching products is hydrogen peroxide (H20,) which can be found
directly under this form or as carbamide peroxide, a stable complex that undergoes slow hydrolysis in
contact with water yielding H,O. and urea according to the following reaction (Fig. 3).
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Fig. 3. The decomposition of carbamide peroxide into urea and hydrogen peroxide
and further reactions that can occur during chemical bleaching [55]

Due to the fact that hydrogen peroxide is a powerful oxidizing agent, it rapidly reacts
with electron-rich chromogens that stain the teeth, decomposing them into smaller, less colored
or incolored molecules. From the chemical structure point of view, chromogens can be divided
into 2 categories — large organic compounds with extended conjugated chains of alternating single
or double bonds (e.g. B-carotene) and metal containing compounds. In contact with hydrogen
peroxide, the double bonds from the organic chromogens structure tend to oxidize thus resulting
lighter or incolor compounds. Bleaching of metal-containing chromogens however is difficult
and H202 may not provide the desired results. Alternative options for this type of stains are
bleaching with products containing sodium hypochlorite (NaOCI) that reacts with the double
bonds of the metal-containing chromogens, or esthetic options such as veneers and crowns [56].
The degree of whitening cannot be fully controlled during chemical bleaching, but it is strongly
dependent of the oxidizing agent concentration and chromogen nature. Chemical bleachers can
be used as such or activated by light, heat or chemical mixing. So far, chemical activators (e.g.
manganese gluconate, ferrous sulphate, manganese chloride) showed a significant improvement
of whitening agent’s performance by accelerating the chromogen oxidation reactions, thus
reducing the application time and consequently post-bleaching sensitivity [57]. Fenton activators
and UV light activation systems also showed good results but there are some controversies
regarding the potential adverse effects such as pulpal damage and enamel dehydration caused by
heat resulted following energy absorption by the tooth [55]. In response to these issues,
Papadopolou et al. proposed a blue diode laser (445 nm wavelength), as bleaching agent activator.
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According to literature, this particular wavelength allows for a precisely controlled energy
delivery thus mitigating heat-related side effects. Considering that orange or orange-red is the
complementary color to blue, a red-colored bleaching gel consisting 40% hydrogen peroxide was
used in this study. It was concluded that the bleaching process was facilitated by the absorption
of blue laser light by the red dye in the bleaching gel, the phenomenon being governed by
phototermal and photochemical mechanisms. The penetration of laser light through the tooth was
thus avoided and no notable intrapulpal temperature increase was recorded [58].

Risk associated with conventional teeth whitening methods and potential safer alternatives

Teeth can be regarded as complex organic/inorganic composites, as their main constituents
are an organic protein matrix and calcium phosphates in the form of hydroxyapatite crystals.
When mechanical procedures are used for teeth whitening, the risks are mainly associated with
the use of abrasives with a higher hardness compared to natural hydroxyapatite (e.g. alumina,
perlite). It was found that incorrect use or excessive use of such agents may damage the enamel
and exposed dentin layers, particularly if a high pressure is applied during brushing [55].

The research in this field is directed towards the replacement of conventional abrasives with
safer options while maintaining the whitening effect. Labib et al. developed a novel fluoride
dentifrice containing microfibrilated cellulose (MFC) and entrapped silica and assessed it using
the pellicle cleaning ratio method, and radioactive dentin abrasivity in order to calculate the
cleaning efficiency index. It was found that the inclusion of MFC in the dentifrice induced a 3 to
4 fold improvement in plaque reduction while the entrapped silica provided the necessary force
to remove biofilm from the tooth surface, all these with a lower abrasion level compared to other
similar products [51]. Other studies targeted the development of silica gels and hydrated silica-
based dentifrices, and it was revealed that hydrated silica has approximately 25% better cleaning
effect compared to normal silica [59]. The whitening ability of sodium bicarbonate was also
assessed and it was found that bicarbonate removes stains with less abrasion through a
combination of mechanical and chemical processes [60]. Negative results were also recorded, a
notable example being activated charcoal. Despite it is marketed as a natural agent that whitens
teeth quick and easy, experimental studies revealed that activated charcoal containing toothpastes
in fact haw a lower whitening effect compared to other products and the high abrasive potential
of this agent makes it unsafe for intraoral use [61].

Moving forward to chemical bleaching, it is well known that the level of teeth whitening is
proportional to the concentration of the bleaching agent that is, in most cases, hydrogen peroxide.
However, hydrogen peroxide is a strong oxidizing agents that produces skin, eyes and mucous
membranes irritations at concentrations higher than 10%. Moreover, the hydroxyl radicals
generated upon hydrogen peroxide decomposition can give rise to lipid peroxidation, DNA
damage and apoptosis. The maximum concentration at which hydrogen peroxide does not
produce adverse effects was established as 5%, but the majority of dental bleaching products
contain higher amounts of H,O.. In-office bleaching particularly, uses hydrogen peroxide gels
with up to 40% concentration, and while whitening the teeth surface, H.O. also diffuses into the
pulp chamber causing inflammatory reactions that could initiate cervical and damage in soft
tissues or DNA [62]. A comparative perspective between the untreated teeth and teeth treated
with hydrogen peroxide gels with 35% concentration are shown in Fig. 4, using scanning electron
microscopy technique (SEM) for surface analysis.

Studies showed that highly concentrated oxidizing compounds have the potential of damaging
the teeth protein matrix, the dentin being the most affected. Enamel can also be influenced by
these procedures, a loss of the aprismatic layer being observed after a carbamide peroxide gel
(35% concentration) was used for chemical bleaching, 35 minutes a day for a 14 days time period
[63]. This further leads to changes in the mechanical properties of the teeth due to the generation
of microscopic defects and subsurface pores, their clinical manifestations being reversible pulpitis
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and thermal sensitivity. Even if guidelines and policies regarding the use of hydrogen peroxide
were instituted to ensure public safety there is still the need of developing safer alternatives to
this whitening agent.

C) d)

Fig. 4. Experimental SEM images of the: a) human teeth surface before bleaching/sample 1, b) surface detail at higher
magnification of the sample 1, ¢) human teeth surface after bleaching with hydrogen peroxide gels with 35%
concentration/sample 2, d) surface detail at higher magnification of the sample 2

Considering the results obtained so far, natural ingredients seem to be the most promising
solution for this issue (Fig. 5). For example, limonene found in the essential oil of citrus peel,
caproic acid extracted from vanilla fruits and strawberry juice, possess favorable teeth whitening
properties, caproic acid being already incorporated in OTC whitening toothpastes.

a) b) c)

Fig. 5. Images of the human enamel obtained by SEM (up) and AFM (down): a) before bleaching; b) and c) after
bleaching with gel extracted by different fruits
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Other compounds such as weak organic acids (e.g. l-ascorbic acid, citric acid, malic acid) and
enzymes (e.g. lactoperoxidase, bromelain, papain, actinidain) extracted from fruits, vegetables or
dairy products are also under research, early studies revealing they have a mild whitening effect
by polishing the superficial layer of enamel and reducing plaque formation [44].

Moreover, natural ingredients can also be used for soothing and remineralizing previously
bleached teeth. Banana peel, aloe vera, antioxidant essential oils (e.g. eucalyptus, rosemary,
bergamot) or sweet potato extracts, used in combination with hydrogen peroxide or after the
bleaching procedure, not only restore natural tooth color, but also prevent peroxide-induced
enamel morphology alterations, compared to the use of H20O alone [44,63].

Conclusions

As a general conclusion, two main approaches can be distinguished for teeth whitening,
mechanical cleaning via abrasive particles and chemical bleaching with peroxides, each of them
being associated with specific risks and benefits. In both cases, optimal results are achieved only
if the tooth discoloration nature is correctly determined, preferably at a dental office, and the
whitening method is chosen consequently. When mechanical procedures are used for teeth
whitening, adverse effects are mainly associated with incorrect or excessive use of abrasive
products or the use of abrasives with a higher hardness compared to natural tooth hydroxyapatite.
In order to develop safer options, current studies are directed towards the selection of abrasive
agents that provide an optimization of radioactive dentin abrasion (RDA) and pellicle cleaning
ratio (PCR) proportion in dentifrices, the most promising results being obtained with sodium
bicarbonate, hydrated silica and microfibrilated cellulose-based formulations. Chemical
bleaching provides superior results, especially when it is performed with high peroxide
concentrations in a controlled environment, but studies showed that highly concentrated oxidizing
compounds have the potential of damaging the teeth protein matrix. Laser-assisted techniques,
particularly the one implying blue diode lasers (445 nm wavelength), show great potential for
bleaching agents activation, thus speeding up the chromogens oxidation reactions at the tooth
surface, and reducing overall exposure time. Also, the replacement of peroxide-based bleaching
agents with weak organic acids or enzymes extracted from natural ingredients could also be a
solution for safer teeth whitening. However, the modes of action from a chemical and biological
point of view as well as the long-term effects of these novel techniques are insufficiently
documented, and mechanistic studies are still required for the development and marketing of
more efficient teeth whitening formulations.
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