
Academic Editor: Enzo Berardesca

Received: 21 February 2025

Revised: 8 April 2025

Accepted: 9 April 2025

Published: 11 April 2025

Citation: Araki, S.M.; Baby, A.R. New

Perspectives on Titanium Dioxide and

Zinc Oxide as Inorganic UV Filters:

Advances, Safety, Challenges, and

Environmental Considerations.

Cosmetics 2025, 12, 77. https://

doi.org/10.3390/cosmetics12020077

Copyright: © 2025 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Review

New Perspectives on Titanium Dioxide and Zinc Oxide as
Inorganic UV Filters: Advances, Safety, Challenges,
and Environmental Considerations
Stephany Mayumi Araki and André Rolim Baby *

Department of Pharmacy, Faculty of Pharmaceutical Sciences, University of São Paulo, São Paulo 05508-000, Brazil
* Correspondence: andrerb@usp.br

Abstract: Exposure to ultraviolet (UV) radiation is a primary risk factor for various skin
disorders, including erythema, sunburn, and skin cancer. Sunscreens containing UV filters,
categorized as organic or inorganic, are widely utilized to mitigate these effects. Among in-
organic UV filters, titanium dioxide (TiO2) and zinc oxide (ZnO) are prominently used due
to their favorable safety and achievable broad-spectrum protection profiles. This review
focuses on the properties, safety, and efficacy of TiO2 and ZnO in sunscreens, emphasizing
their mechanisms of action, photostability, and impacts on human health and the environ-
ment. Key factors influencing their performance include particle size, surface coatings,
and formulation pH. Despite recognized advantages, concerns about toxicity—particularly
related to nanoparticle penetration and reactive oxygen species generation—highlight
the need for robust safety assessments. Additionally, the environmental impacts of inor-
ganic UV filters, including bioaccumulation and effects on aquatic ecosystems, warrant
consideration. Advances in nanoparticle synthesis, bioactive compound integration, and
environmentally friendly formulations offer pathways to enhance sunscreen efficacy and
safety, providing opportunities for innovation in photoprotection.
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1. Introduction
It is well recognized that unprotected exposition to ultraviolet (UV) radiation is the

main risk factor associated with erythema, sunburn, and the development of many skin
disorders, such as hyperpigmentation, and skin cancer; however, it can be prevented using
sunscreens [1]. Unprotected skin is prone to many complex chemical and morphological
reactions when exposed to UV radiation, such as the formation of reactive oxygen species
(ROS), histochemical conditions, thickening of the stratum corneum, and alterations of the
dermo-epidermal junction, which may compromise the barrier function of the skin [2,3],
facilitating the development of skin disorders, including atopic dermatitis, chronic xerosis,
and infections [3]. It is also known that UV radiation can damage genetic materials such as
DNA, cause the oxidation of lipids, and formation of free radicals, leading to inflammation
and, eventually, the weakening of the skin’s immune system, triggering undesirable skin
disorders [4] and the formation of cis-urocanic acid as well [5].

Sunscreens are dermocosmetics used to protect the skin from solar UV radiation and
its harmful effects [6]. Essentially, they are UV filters associated with an adequate vehicle
for topical use, like emulsions, gels, aerosols, and sticks, among others [7]. UV filters are
active compounds that can be classified as organic (chemical) and inorganic (physical),
capable of transforming, dispersing, scattering, and/or absorbing UV radiation turning
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it harmless [8]. An ideal sunscreen formulation not only reduces the radiation reaching
the skin surface but also is stable under all application conditions, including heating and
electromagnetic irradiation, and has a pleasant sensorial profile [4,9,10]. Along with these
properties, it should be water resistant, flavorless, odorless, and colorless, among some
other desirable characteristics. Additionally, UV filters must be innocuous, non-phototoxic,
compatible with dermocosmetic vehicles, stay only on the skin surface without suffering
absorption, and must not generate ROS and/or other harmful radicals [4,11]. Apart from
sunscreen formulations, these compounds are also found in many other cosmetics and
personal care products, such as make-up, moisturizers, antiaging products, BB/CC/DD
creams, lip balms, and perfumes. They are also found in products other than cosmetics,
as in many daily-use ones, including paints and plastics, improving their longevity and
protecting them from the effects of UV radiation exposure [12].

Organic UV filters are molecules that absorb the incident radiation, due to the presence
of suitable chromophore groups, and transform it into innocuous, less harmful radiation,
e.g., fluorescence or infrared radiation (heat). Essentially, these molecules are aromatic
compounds with a carboxyl group and usually an electron-donating amine or methoxy
group in the aromatic ring’s ortho or para position [2]. Some examples of these compounds
are octocrylene, avobenzone, and ethylhexyl methoxycinnamate. The absorption of a
photon promotes an electron situated at π HOMO (High Occupied Molecular Orbitals) to
an unoccupied π* LUMO (Low Unoccupied Molecular Orbitals). The molecule in such
an excited state can return to its ground state, releasing the excess energy as a photon
(fluorescence) or heat (infrared radiation). The electronic transitions occur only when the
energy of a photon matches the energy difference between the ground and an excited
electronic state [7,13–15]. These molecules are classified as UVA, UVB, or broad-spectrum
filters, depending on the range of protection against UV radiation. Considering that the
wavelength is inversely proportional to the energy, an energy reduction will lead to a longer
wavelength. So, organic UV filter molecules presenting a narrower HOMO-LUMO gap
will absorb longer wavelength photons, thus absorbing UVA radiation and vice-versa [7].
Electronically excited UV filters that do not decay by destructive routes (e.g., fragmentation,
biomolecular, and isomerization reactions) and have a fast conversion rate are classified as
photostable molecules [15,16]. Broad-spectrum sunscreens can be developed by combining
organic filter molecules with distinct, complementary absorption spectra spanning the
desired wavelength range [2,17]. However, the association of different UV filters can also
enhance the allergenic potential of the resulting formulation or even induce photoinstabil-
ity [7], such as the combination of avobenzone and ethylhexyl methoxycinnamate (EHMC),
which is known for its photounstable profile after UV irradiation [18].

In contrast, inorganic UV filters are insoluble metal oxide particles, typically zinc oxide
(ZnO) and titanium dioxide (TiO2), which form an opaque film on the skin that disperse,
scatter, and absorb part of the incident UV radiation [2]. These metal oxide particles
should stay suspended in the cosmetic formulation, and their particle size determines the
product’s appearance and sensorial on the skin surface, as well as the UV filter efficacy [7].
The most preeminent issue regarding inorganic UV filters is the formation of a characteristic
white chalky texture film over the skin surface due to their properties to reflect and scatter
visible light in addition to UV radiation [8,19,20]. Since the maximum scattering occurs at
wavelengths close to the particle size, a way to decrease that effect is by diminishing the size
below the shortest visible light wavelength, i.e., below about 400 nm [7]. The use of both
ZnO and TiO2 nanoparticles (NPs) in the formulation brings advantages and consumer
satisfaction, enabling the development of safer, transparent, non-greasy formulations that
have reasonable costs and provide broad-spectrum protection against UV radiation [1].
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The most known efficacy parameter of the protective effect of sunscreens is the Sun
Protection Factor (SPF), defined as the numerical ratio of the minimum UV radiation dose
required to produce erythema (minimal erythemal dose, MED) in sunscreen-protected
and non-protected skin. The minimal erythemal dose (MED) is defined as the minimal
UV radiation energy dose, or the time interval of exposure to a calibrated UV radiation
source, necessary to induce perceptible erythema on the skin [21]. For SPF testing, the
Mercosur, European, Canadian, Australian, and Japanese Regulations Act is in accordance
with ISO 24.444:2019 by in vivo evaluation [9]. As a standard, 2.0 mg/cm2 of the product
must be evenly applied on the skin to determine the SPF. When determining the SPF of
sunscreens, it is essential to apply the formulation correctly. Otherwise, the result will not
be reproducible or accurate [9,22].

The importance of the use of sunscreens is undeniable, but many controversies re-
garding its safety can be found in the literature. For example, organic UV filters, and
their potentially cytotoxic byproducts and intermediate compounds, can lead to side ef-
fects including skin rashes, photoallergy, endocrine disruptions, and possible systemic
absorption in long-term use [9,23]. The possibility of such adverse effects is prompting
researchers to develop more stable/photostable organic UV filters with a wider range of
absorption in the UV region, ideally, with much lower or no adverse effects [16]. Some
strategies can be applied to increase the photostability of organic UV filters, such as the
use of synergic blends of UV filters, which have the properties of stabilizing each other,
antioxidants, and/or use micro or nanoencapsulation to increase the molecule’s stability [9].
Also, inorganic UV filters can be an alternative to develop safer sunscreens, as they are
broad-spectrum and cause less cutaneous irritation than organic UV filters. Thus, they
are the first option to lower the allergenic potential of formulations and develop prod-
ucts that are more suitable for children and individuals with sensitive skin [2,20,24,25].
Jesus et al. [26] analyzed 444 sunscreens (379 sunscreens for adults and 65 for children) in
the Portuguese market in 2021. It was demonstrated that 54% of the sunscreen formulations
for children contained at least one type of inorganic UV filter, in contrast to 38% of adult
sunscreens [26].

Traditionally, the group of inorganic UV filters includes many compounds, such as
iron oxide, red veterinary petrolatum, talc, calamine, kaolin, ZnO, and TiO2, with the last
two, currently, being the only ones that the regulatory agencies of the USA, Europe, Brazil,
and Japan approve to be used in sunscreens [2,8,20,27–29]. There are also some innovative
suggestions in the literature, such as hydroxyapatite (Hap), cerium dioxide (CeO2), meso-
porous silica, TiO2, ZnO or silicon oxide (SiO) rich clays, and hydrotalcite [20,24,30–34]. In
this review, we focused on zinc oxide and titanium dioxide, as they are the only inor-
ganic UV filters approved for sunscreen use, classified as category I—“GRASE” (Generally
Recognized as Safe and Effective) by the US FDA [27,35].

2. UV Radiation—Characteristics and Biological Effects
The solar radiation that reaches the surface of our planet comprises 3–5% UV radiation,

52–55% infrared radiation, and 42–43% visible light [36]. The UV radiation is classified into
three types based on their wavelength interval: UVA (320–400 nm), UVB (290–320 nm), and
UVC (100–290 nm). Fortunately, the most harmful UVC radiation is completely absorbed
by the ozone layer and atmosphere, but UVA and UVB can cross those barriers, reaching
the surface of the Earth [37]. UVA may also be classified as UVA1 (320–340 nm) and UVA2
(340–400 nm). The UV fraction of the sunlight present in the ambiance is predominantly
composed of UVA (90–95%) and 5–10% of UVB radiations [14]. Some examples of benefits
and potential harmful effects on skin of exposure to UV radiation are described in Table 1.



Cosmetics 2025, 12, 77 4 of 24

Table 1. Examples of benefits and negative effects of exposure to UV radiation on humans.

Benefits

Production of vitamin D3 [38,39]
Improvement of well-being by the induction of β-endorphin expression [38]

Antimicrobial activity [40]
Improvement of cardiovascular health [38]

Potential harm

Thickening of the stratum corneum [41]
Hyperpigmentation [40]

Increase in pigment heterogeneity [41]
Degradation of collagen in dermis [41]

Dermal elastosis [41]
Immunosuppression [39]

Photoaging [39,42]
Increased risk of development of cataracts [38,39]

Sunburn and inflammation [39]
Mutagenesis of keratinocytes and melanocytes [38,41,42]

Furthermore, it was reported that 80% of skin aging is caused by UV radiation ex-
posure, which can be prevented with the use of strategies of photoprotection. These
strategies/methods include limiting the time of solar exposure, especially in midday sun,
seeking shade when outdoors, wearing a brimmed hat, use of adequate photoprotective
clothing and sunglasses, and applying broad-spectrum sunscreens with FPS equal or
greater to 30 with a critical wavelength of, at least, 370 nm on the exposed sites of the body.
Additionally, it is advisable not to use artificial tanning devices, as they can increase the
risk of developing skin cancer and suffering from other deleterious consequences of UV
radiation exposure [37,41,43].

UVA radiation has the longest wavelengths and hence is less energetic, but it can
penetrate deeper into the skin, reaching more internal layers, such as the dermis [16]. This
radiation is more abundant and cannot be blocked by glass [14]. Exposition to this type of
radiation leads to immediate skin tanning, due to the darkening of already formed melanin
via photooxidation of leucomelanin present in the epidermis outer layer cells. Also, UVA
causes dermic and epidermic alterations, leading to a reduction in skin elasticity and
damage to the peripheral vascular system. It can cause the formation of free radicals and
ROS, responsible for photoaging and the development of skin cancer, due to the indirect
oxidative stress on DNA nucleotide bases [14,16]. This oxidative stress can lead to DNA
oxidative base modifications and strand breaks, which may result in cell mutations and
carcinogenesis [38]. It is also related to the rise in matrix metalloproteinases (MMPs) levels,
which accelerates collagen degradation and may induce apoptosis of dermal fibroblasts [41].

UVB radiation has intermediary photon energy and the capacity to penetrate the skin
until the epidermis. It is responsible for the development of acute skin disorders, such as
sunburn and erythema, as well as skin cancer [4]. This radiation causes erythema about
4 h after exposition and can stimulate the production of more melanin [16]. Furthermore,
UVB radiation comprises approximately 6% of all the UV radiation that reaches the surface
of our planet. It is considered more cytotoxic than UVA radiation, causing DNA damage
when absorbed, inducing mutations and carcinogenesis, thus being highly related to the
development of squamous cell carcinomas. It also induces the formation of matrix metallo-
proteinases (MMPs), reactive oxygen species (ROS), and elastases, which are involved in
the skin aging process [41].

3. General Characteristics of TiO2 and ZnO
Titanium dioxide (TiO2) and zinc oxide (ZnO) are the only inorganic UV filters cur-

rently approved for use in sunscreen formulations [44]. The inorganic UV filters have a
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wider UV absorption spectrum than the organic ones, as they combine different mecha-
nisms of action, including absorption, reflection, and scattering of UV radiation. As TiO2

mostly absorbs in the UVB range and ZnO interacts with UVB and UVA radiations, the com-
bination of both enables the development of broad-spectrum sunscreen systems [14,19,45].
The typical absorption spectra of both ZnO and TiO2 are presented in Figure 1, but their
SPF values vary according to each particle’s characteristics among other contexts. A study
by Couteau et al. [46] evaluated the in vitro SPF of 9 ZnO and 8 TiO2 samples from different
manufacturers. The samples were dispersed in an O/W emulsion at 25 wt%, and the SPF of
these formulations was evaluated by diffuse reflectance spectroscopy with an integrating
sphere (UV Transmittance Analyzer UV1000S, Labsphere, North Sutton, US). The reported
in vitro SPF values ranged from 5.00 to 10.13 for the ZnO samples and from 5.01 to 38.60
for the TiO2 ones [46]. Notwithstanding, it is recommended that formulations must have a
combination of organic and inorganic UV filters to obtain a synergic effect, enhancing the
efficacy of the photoprotective system [14].
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Figure 1. Absorption spectra of O/W formulations containing 10% of TiO2 and ZnO obtained by
spectroscopy of diffuse reflectance with integrating sphere (Labsphere UV-2000S). Source: authors.

TiO2 is largely applied in many industries due to its high stability, biocompatibility,
photocatalytic properties, and affordability [47,48]. The population is in constant contact
with TiO2 particles, since this metal oxide is used, for example, as a white pigment in
paints, papers, plastics, processed foods, pharmaceuticals, and cosmetics (makeup, and
toothpastes, for instance). These particles are usually found in daily products such as
sweets (i.e., chewing gums, chocolate with hard white coating, white-colored dairy prod-
ucts, powdered sugar), personal care (i.e., white-colored shampoos, shaving foam, lip
balms, sunscreens, toothpaste) and paints [49]. They are applied in the packaging of light-
sensitive food products, since they have a great refraction index and UV filtering properties,
which ensure longer food durability [50]. TiO2-containing materials can also be used as
antimicrobials for water purification and medical applications (e.g., drug delivery systems,
antibacterial devices, bone and drug-releasing implant applications, chemotherapeutic
agents, and bone implants) [48–51]. Furthermore, they can be applied in environmental
remediation as a photocatalyst for organic contaminants, in the development of super
hydrophilic coatings, and in solar cells due to the high surface area and photoreactive
properties [52]. TiO2 nanoparticles (NPs) can assist in the process of pollutant removal
since their large surface areas and electrical charge facilitate the process of attracting and
flocculating the pollutants [53].
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As a UV filter, TiO2 and ZnO can be added to sunscreens at a maximum of 25% per
weight, according to the Scientific Committee on Consumer Safety (SCCS). In 2014, the SCCS
concluded that nanosized TiO2 at a concentration of up to 25% was “considered to not pose
any risk of adverse effects to humans after application on healthy, intact or sunburnt skin”.
The ZnO nanoparticles in the same concentration were also considered “not to pose a risk
of adverse effects in humans after dermal application”. However, the application of such
nanoparticles in products that may be inhaled (e.g., powders and sprayable products) is not
recommended, as there are concerns regarding inhalation exposure and the development
of respiratory disorders [54]. In 2019, the US FDA issued a proposed order to revise the
regulation of sunscreens, maintaining TiO2 and ZnO as GRASE I (generally recognized
as safe and effective) at concentrations of up to 25% [27,35]. The Mercosur and European
Commission legislations also allow a maximum concentration of 25% of inorganic UV
filters (TiO2 and ZnO) in cosmetic formulations [28,55,56].

TiO2 particles are found in different crystalline structures: anatase, rutile, and brookite.
Each polymorph has a characteristic shape, structure density, and refractive index. Rutile
is the most thermodynamically stable form among all three [50], and anatase is the most
photochemically active form, as it can generate six times more ROS than rutile [47]. These
compounds also have a wide bandgap: 3.2 eV for anatase and 3.0 eV for rutile [57]. The
forms of TiO2 generally used in sunscreens are pure rutile or a rutile and anatase combi-
nation, with anatase rarely being used alone [58]. All three forms have a high refractive
index, with rutile having the highest one, thus being an optimal pigment. Therefore, rutile
is the form that better scatters the incident light, while anatase is better at absorbing the
radiation [50]. On the other hand, ZnO presents two different forms, wurtzite and zinc-
blende, with wurtzite being the most common and stable polymorph [19] with a bandgap
of 3.37 eV [59].

The size of the particles affects the absorption spectrum of the UV filters since the
absorption edge wavelength decreases as the particle gets smaller and shifts into the UVB
region [20]. Smaller TiO2 particles tend to be more effective as UV filters, as the reduction
in size leads to a change in the absorption properties, increasing this characteristic in
the UV spectrum, and decreasing the scattering effect of visible light, which reduces the
whitening aspect on the skin, thus leading to a more cosmetically acceptable product [60].
The size reduction also benefits the film formation on the skin, as the particles may be
more evenly spread enhancing the photoprotective effect. Also, micronized particles are
more prone to form aggregates and agglomerates due to electrostatic effects, which tend
to decrease their efficacy [61]. A study by Lin [61], analyzed the efficacy of sub-micron
and nanosized TiO2 particles, indicating a great discrepancy in the SPF values. The sub-
micron particle showed an SPF value of 3.09 ± 0.27 in contrast to 16.08 ± 1.28 of the
nanosized particle, both at 20 wt% [61]. However, nanosized particles have increased
photocatalytic activity [62]. Rutile absorption starts around 380–400 nm, whereas anatase
starts absorbing at 360–380 nm [63]; therefore, rutile is more effective against UVA radiation
than anatase [14]. The visible light scattering is also directly affected by particle size, the
most efficient being those around 150–250 nm large [63]. Accordingly, smaller ZnO and TiO2

particles have better UVB absorption and decreased UVA absorption; thus it is important
to have a combination of various-sized particles, small nanosized and larger micronized
particles, to achieve broad-spectrum protection [19].

As aforementioned, the issue regarding the formation of a white chalky texture film on
the skin surface is a characteristic of inorganic UV filters that displeases the consumer [8].
The refraction indexes of both ZnO and TiO2 are high (1.9 for ZnO and 2.6 for TiO2),
contributing to enhancing the whitish aspect of the protected skin [8,19,20]. Accordingly,
ZnO tends to exhibit a lesser whitening effect than TiO2 when applied on the skin as a
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UV filter [19]. To improve this characteristic, it is possible to use inorganic UV filters
with particle sizes smaller than about 200 nm since the efficiency of visible light scattering
decreases exponentially as the wavelength decreases [19]. In fact, nanosized inorganic UV
filters have been increasingly included in sunscreen formulations to improve aesthetic and
sensorial characteristics, as they appear transparent, can be less greasy and easier to apply,
and the amount of UV filters to be included in the formulation can be reduced given the
contribution of UV radiation scattering, which is positive to increase the photoprotection
efficiency [14,50,64]. Nanoparticles may have positive aspects; however, the smaller UV
filter particles tend to absorb in the range of UVA2 and UVB, diminishing the absorption in
the visible and UVA radiations [14,50,64].

TiO2 and ZnO NPs may cause the generation of ROS, such as hydrogen peroxide
(H2O2), hydroxyl radicals (•OH−), or singlet oxygen (1O2), which can penetrate the stratum
corneum, inducing photoallergenic contact dermatitis and photoaging upon prolonged
exposure [14,38,65]. To decrease the photoactivity, the particles are usually coated with
unreactive coating materials, such as aluminum oxide (Al2O3), zirconium oxide (ZrO2),
silicon dioxide (SiO2), silicon tetrahydride (SiH4), or polymers, among others. SiO2 and
Al2O3 coatings have the properties to increase the energy band gap of the TiO2, decreasing
the formation of ROS [50,66–68]. The surface coating has the capability of diminishing the
photocatalytic properties of these metal oxides, as it covers the particle surface inhibiting the
occurrence of redox reactions when UV-irradiated, increasing safety without compromising
efficacy. Even though the surface coating can increase the safety of the particles, it is not
possible to completely eliminate the photoreactivity [50,67]. Furthermore, TiO2 NPs usually
are coated with lipophilic materials such as polydimethylsiloxane (PDMS), dimethicone, or
stearic acid, which reduces their photoactivity and enhances dispersibility, improving the
compatibility among the ingredients of the sunscreen formulation [50,58,67,69].

According to Lewicka et al. [70], only TiO2 coated with alumina and simethicone
was not photoactive and did not result in the production of ROS. Remarkably, all ZnO-
containing sunscreen samples had a high level of photoactivity, which indicated that ZnO
intrinsically generated ROS similarly to TiO2, but, differently from TiO2, ZnO particles
seemed not to be coated in the analyzed samples [70]. Janczarek and Szaferski [71] also
confirmed that titania coated with SiO2 and/or Al2O3 has a reduced photocatalytic activity,
suppressing the generation of ROS. The researchers demonstrated that the thickness and
the homogeneity of the surface coating were crucial factors in determining the effectiveness
of the inhibition of ROS production [71].

In addition to UV radiation, infrared (700 nm–1 mm) and visible light (400–700 nm),
predominantly blue light (380–455 nm), are also related to photoaging and photodamage.
Visible light can cause ROS production, proinflammatory cytokines, MMP-1 expression and
potentiate the effects of UV radiation. This suggests the relevance of developing sunscreen
formulations that can protect against these types of radiation since they also contribute to
the photodamage processes [41]. Pigmentary-grade ZnO and TiO2 can reflect visible light
since they must be opaque; however, they have the disadvantage of leaving a whitish layer
on the skin after application. It is a strategy for the development of formulations containing
these types of particles to incorporate iron oxide to match the color of the consumer’s skin
tone, solving the aesthetical issues [41] and providing protection not only in the UV but
also in the visible region [41,72].

4. Green Synthesis Methods of TiO2 and ZnO Nanoparticles
Nanoparticles can be synthesized by distinct methods, which can be classified as

top-down or bottom-up synthesis. The top-down synthesis takes bulk materials and
turns them into nanosized particles by a kind of grinding/comminution process, whereas
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the latter builds up the particles from individual atoms and molecules to produce the
nanoparticles [73]. In top-down methods, the bulk material is used to produce nanosized
particles using both chemical and physical techniques. However, it results in particles with
imperfections and defects on the surface, as well as aggregation processes, which can affect
physical characteristics and the product’s surface properties. On the other hand, the bottom-
up methods have the advantage of enabling better control over the particles’ characteristics,
such as size, homogeneity, and morphology, which are essential to determine the properties
of the NPs [74]. Both bottom-up and top-down methods are depicted in Figure 2.
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TiO2 and ZnO NPs can be synthesized by sol–gel, hydrothermal, solvothermal meth-
ods, precipitation/coprecipitation, electrochemical deposition, and chemical vapor deposi-
tion process [59,74]. The size and morphology of the NPs can be conveniently modified by
alteration of the experimental parameters, such as the type of solvents, precursors, and re-
action conditions, e.g., pH value, calcination temperature, and the duration of the reaction,
considering the different methods [59,75]. Usually, the precursors for the synthesis of TiO2

and ZnO are titanium (IV) alkoxide and a zinc (II) salt solution (zinc acetate or zinc acetate
dehydrate, for instance) [59,76]. Some of these methods require specific conditions and
may be high-costly, which can be an obstacle to the preparation of these compounds. The
most attractive technique among all these is the sol–gel method, which is a cost-effective,
simple, highly reproducible, and reliable method with the advantage of the possibility to
control the physical characteristics and morphology of the particles [59,77]. It also has a
low reaction temperature and results in a product with high purity and homogeneity [77].

Traditional chemical synthesis methods have a large yield, enabling production scal-
ability and control over the particle’s morphology and size. Nevertheless, they require
the use of large amounts of solvents, high temperatures, and/or pressure, resulting in a
dangerous working environment in addition to requiring a great amount of energy. Fur-
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thermore, the chemical reactions may produce potentially hazardous and toxic byproducts,
which can pose a risk to human health and the environment applied to produce TiO2

and ZnO NPs, in which the molecules in the plant extracts act as capping agents. Such
molecules can be extracted from different parts of the plants, such as the roots, leaves,
fruits, seeds, or beans [74,75], and their concentration can influence the physical properties
and morphology of the particles [74,75,77]. Some interesting and innovative examples are
described in the literature, such as the study by Porrawatkul et al. [78], which synthesized
Na- and Al-doped ZnO NPs using the extract of star-fruit (Averrhoa carambola) as a reducing
agent [78], and a study by Roopan et al. [79] with the synthesis of rutile type TiO2 using
agricultural waste derived from custard apple (Annona squamosa L.) peel [79]. In addition,
a noteworthy possibility of using a modified sol–gel method with only water as a solvent
for the synthesis of these NPs was also reported [59].

As nanoparticles are increasingly being applied in daily-use products, the identifica-
tion of these materials is critical to ensure their safety to consumer health. The particles
in the nanoscale size have different properties in comparison to their bulk materials and
can be characterized by particle size and size distribution, surface area, composition and
functional groups, shape and crystalline phase, aggregation and agglomeration state, solu-
bility and dispersibility, and porosity [80]. For cosmetics, the SCCS states the importance of
particle characterization, suggesting that information regarding these parameters should be
collected by methodologies such as transmission electron microscopy (TEM), laser confocal
microscopy, X-ray diffraction (XRD), dynamic light scattering (DLS), nuclear magnetic
resonance (NMR) and atomic force microscopy (AFM) [81,82]. In particular, the aggrega-
tion and agglomeration processes may modify the characteristics and properties of the
nanoparticles, which can alter their toxicological profile, thus the US FDA recommends that
the analysis ought to be conducted with the free and the agglomerate/aggregate NPs [82].
However, the characterization of nanoparticles in cosmetic formulations poses a challenge,
as the characteristics of the products, such as the pH and viscosity, but especially the
presence of organic components, may interfere with the analysis [83,84].

5. Health Concerns
The population is in constant contact with TiO2 and ZnO particles present in many

daily-use products. However, there are concerns regarding the potential toxicity of these
nanosized particles. According to the IARC (International Agency for Research on Cancer),
TiO2 is classified as possibly carcinogenic to humans and is included in the IARC group
2B of carcinogenic materials, with hazard statement H351 (suspected of causing cancer—
inhalation), when at least 1% of the particles have a diameter of 1 µm or less. This statement
is based on evidence showing that high concentrations of this pigment and ultrafine TiO2

dust can lead to the development of respiratory tract cancer in rats [50,85]. The inhalation
of TiO2 NPs is also recognized to induce direct damage to the brain since they can reach it
directly via the olfactory bulb and extend to the hippocampus region. When in the brain,
these particles can cause cell toxicity, DNA damage, apoptosis, inflammation, and oxidative
stress, leading to neurodegeneration and neurodegenerative diseases. Also, it is reported
in the literature that the incidence of lung cancer among workers exposed to TiO2 dust in
TiO2 factories is significantly higher in comparison to other individuals [47,86]. The IARC
considered this information relevant, because of the possible health hazards due to occupa-
tional exposure during the production of these materials [87]. Thus, it is not advisable to
develop aerosolized sunscreens containing such NPs. Regarding the potential oral toxicity
of TiO2 particles, some studies using animal models indicated that ingestion exceeding the
recommended daily limit may cause damage due to its accumulation in tissues, including
stomach and intestine inflammation, liver cell necrosis, lesions on cardiovascular tissue,
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and even enhancement of anxiety [50]. However, an in vivo acute oral toxicity study in rats
with dosages up to 5000 mg/kg of nanoscale coated rutile/anatase TiO2, evaluated over
14 days after exposition, following the OECD (Organization for Economic Co-operation
and Development) Test Guideline, concluded that the oral LD50 for this substance is
>5000 mg/kg bw. In addition, a study with nine participants receiving a single oral dose of
5 mg/kg of different particle sizes (15 nm, 100 nm, and <5000 nm) reported insignificant
absorption of these particles in the gastrointestinal tract, and thus, little to no toxicity of
TiO2. TiO2 particles designed for food applications are pigmentary grade, i.e., over 100 nm,
not reaching the nanoscale. When ingested, most of these particles are not absorbed, as
they are excreted from the gastrointestinal tract [88]. Also, an in vitro study demonstrated
that human intestinal cells are protected from the potential TiO2 NPs reactivity regardless
of concentration, even when the cells are in their most sensitive phase [50].

ZnO is “generally recognized as safe” by the US FDA when used as an inorganic UV
filter according to the cosmetic directives. However, both ZnO and TiO2 can induce the
formation of free radicals and ROS when exposed to UV radiation [89], leading to deleteri-
ous effects, such as lipid peroxidation, the elevation of the glutathione peroxidase levels,
catalase, superoxide dismutase, depletion of cellular antioxidants, and oxidative stress-
induced apoptosis in TiO2 NPs-exposed cells due to the elevation of ROS levels [47,64,90].
These mechanisms are associated with the toxicity of the TiO2 NPs which can lead to cell
damage, inflammation, cell death, and organelle disruption. These processes are also in-
volved in genotoxic consequences due to DNA damage and micronuclei formation, which
indicates the induction of chromosomal aberrations is related to carcinogenesis [47]. In
opposition to similar reports in the literature about the harmful photocatalytic effects of
these metal oxides, a study by Osmond-McLeod et al. [45] with chronic exposure dur-
ing 36 weeks of hairless mice to commercially available sunscreens containing TiO2 and
ZnO NPs had a reassuring result. The study analyzed three sunscreens labeled as SPF
30+ purchased from a local retail store in Sydney, Australia, one containing only ZnO
(200 mg/g), the second a mixture of TiO2 (40 mg/mL), octylmethoxycinnamate (70 mg/mL)
and butyl-methoxydibenzoylmethane (40 mg/mL), and the last with only organic filters
octylmethoxycinnamate (99 mg/mL, butyl-methoxydibenzoylmethane (19.8 mg/mL), 4-
metylbenzylidene camphor (39.6 mg/mL) and octocrylene (9.9 mg/mL). The mice were
exposed to the sunscreens once a week, applying 2 mg/cm2 to their body with a gloved
fingertip, and after 20 min, they were exposed to UVR. After the study period, the re-
searchers observed that, even though the particles had photocatalytic properties, they
did not cause adverse effects in long-term application under the research experimental
conditions. Additionally, there was no increase in Zn levels in the serum and internal
organs/tissues, except for a small increase in Ti levels in the liver, probably associated with
low-level ingestion of TiO2 [45].

The application of innovative nanomaterials and/or nanostructures is increasingly
being considered in cosmetic formulations as they can, for instance, improve aesthetic
and sensorial characteristics and bring greater skin penetration, enhancing the active
ingredient’s efficiency. However, these particles may cause potential risks to human
health, which are mainly related to their size, ability to evade immunological defense
systems, form complexes with proteins, and generate free radicals [89]. Considering the
size range of the metal oxide NPs, researchers suppose that they suffer dermal, respiratory,
or gastrointestinal penetration, reaching circulation and thus posing a greater risk to the
consumer’s health [58]. The characteristics that may influence the penetration of NPs into
the skin, despite the size, are the type of coating, surface charge, and dispersion, as well
as the formulation matrix and their interaction with the constituents of the outer skin
layers [91]. Also, the cytotoxic effect of TiO2 NPs is size-dependent, so the smaller the
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particle, the greater tends to be its toxicity [47]. The penetration of nanoparticles into the
human skin could be minimized by the application of nanoparticles designed to adhere
to the skin surface [92]. Furthermore, the different physicochemical characteristics of the
particles, e.g., particle size, presence of coating, and crystalline structure, can influence the
toxicity of these materials [85].

Specialized literature demonstrates controversial results on the eventual dermal ab-
sorption of these particles as some studies indicated that TiO2 NPs can pass through cell
membranes and cause damage to human dermal fibroblasts, whereas others reported that
these NPs do not trespass the skin surface or the stratum corneum and cannot reach deeper
layers of the skin [38]. Studies support the last statement, as the stratum corneum layer is a
natural barrier under normal conditions that protects against, for example, UV radiation
effects and exogenous particles. Nevertheless, when this barrier is compromised, the par-
ticles may cross it and reach deeper cutaneous layers [47]. Thereby, it was proposed that
damaged skin could have a greater permeability, however, most of the literature described
that slightly compromised skin has no greater susceptibility to the penetration of those
agents. Skin affected by psoriasis tends to have a hyperkeratotic epidermis, so it exhibits
less penetration susceptibility. In the case of skin affected by eczema, the stratum corneum
is disrupted, thus enhancing the penetration of topically applied agents more than in
psoriatic skin [14,89]. Also, a study demonstrated that TiO2 NPs could not reach viable
cells, regardless of being applied to healthy or psoriatic skin [58]. In addition, an increase
in the absorption of topically applied TiO2 and ZnO-containing sunscreen formulations
was not observed even in skin damaged by UVB radiation [88]. The TiO2 absorption into
the skin is unlikely to occur due to its lack of solubility in aqueous media and biological
fluids, regardless of the concentration or formulation of the sunscreen [14].

The majority of the in vitro studies regarding the skin penetration of TiO2 NPs indicate
that these particles mainly remain within the stratum corneum and hair follicles. A study
with repeated application of formulations containing 5% of coated and uncoated TiO2

particles with a size range of 20–500 nm detected the presence of these particles in the
dermis. However, it was not clear in the study if these particles penetrated the skin or
were found in the hair follicles [19,93]. It is important to highlight that the potential skin
penetration of nanoparticles is prone to be affected by the size and coating of the particles
used in the study, as well as the dose and number of applications, duration of the study,
and the exposure or not to UV radiation [47]. In addition, the permeability of the skin is
dependent on the animal species, as rabbit skin tends to be more permeable than rodent
skin, which is larger than pig skin, which is larger than human skin [89]. For in vitro skin
penetration studies and evaluation of topical products, the porcine ear skin model is usually
used as a model for human skin [21].

An in vitro skin absorption test performed using porcine skin indicated that none
of the rutile type TiO2 samples (diameter of 120 nm) reached deeper layers of the skin,
implying no risks of systemic exposure to these particles since more than 70% of the TiO2

was recovered from the surface of the skin, 20–30% was present in the stratum corneum
and epidermis, and less than 3% reached the dermis [63]. Moreover, it was demonstrated
that TiO2 NPs coated with cetyl phosphate, manganese dioxide, or triethoxycaprylylsilane
reduced the penetration in pig skin, not penetrating beyond the stratum corneum [58].

Another in vitro study performed by Kubác et al. [63] indicated that, despite the
TiO2 photoactivity, there was no cytotoxicity or phototoxicity even in concentrations of
1000 µg/mL, recommended by the OECD (Organization for Economic Co-operation and
Development) Test Guideline. Also, there were no alterations in cell viability, demonstrating
that the photoactivity of the samples was low enough to be safe, and the free radicals
produced during irradiation did not negatively affect the cell culture [63]. However, TiO2
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NPs were detected beyond stratum corneum at the viable cells in the epidermis of intact
and UVB sunburned skin in an in vivo study by Næss et al. [91] with two subjects after
seven days of application of 2.0 mg/cm2 on a skin area of 600 cm2, six times a day of a
commercial sunscreen containing nano-TiO2 [91].

In a review paper, Smijs and Pavel [19] analyzed seven articles about in vitro, and
eleven in vivo human skin penetration studies using TiO2 and/or ZnO NPs-containing
formulations, including commercially available sunscreens, and O/W emulsions and
dispersions with different concentrations of these metal oxides. The researchers concluded
that the nanoparticles were found in deeper stratum corneum layers and hair follicles but
generally remained in more superficial layers. Additionally, oily dispersions facilitate the
penetration of TiO2 into the skin compared with an aqueous dispersion [19].

The dermal absorption of ZnO NPs is unlikely in normal conditions of usage of
sunscreens, and, similarly to TiO2 NPs, the penetration would be limited to the stratum
corneum. Some amount of Zn2+, present due to the dissociation of ZnO, is absorbed
by human skin through the skin folds, furrows, and hair follicles [94]. This increase
in Zn2+ ions seems to be directly correlated with the irradiation intensity, being mainly
related to UVB radiation, which causes the dissociation of ZnO and, consequently, the
accumulation of free Zn2+ ions. An in vitro study also demonstrated that the Zn2+ ions
induced the elevation of ROS levels, causing cytotoxic effects and oxidative stress to
human epidermal keratinocytes. Moreover, the oxidative stress caused by ZnO particles is
associated with decreased collagen content in the skin [14,94], as the presence of ROS can
alter the biosynthesis of collagen, cause collagen oxidation and degradation, and damage
keratinocytes and fibroblasts [95–97].

A study of rats by Ryu et al. [94] with long-term topical application of ZnO NPs, with
the samples being applied to an area of skin corresponding to 10% of the total body surface
area, as described in the OECD guideline 411, reported no internal organ toxicity, only
temporary, dose-dependent inflammation of the skin at the application site. In conclusion,
there were no adverse effects observed in rats with doses as high as 1000 mg/kg body
weight [94]. Furthermore, many in vitro studies with excised human skin and in vivo
studies evaluating the penetration of ZnO in healthy and psoriatic patients’ skin after a
single topical application indicated that its penetration was limited to the superficial layers,
the stratum corneum, without reaching viable epidermal cells [92].

A study by Mohammed et al. [92] evaluated if ZnO NPs in sunscreens could penetrate
the skin in repeated application in vivo in five subjects. The results demonstrate that,
even with hourly or daily topical application of the nano-ZnO-containing formulations,
there was no significative elevation of ZnO levels in the skin, evidencing no penetration
to the viable epidermis. This demonstrated that the nano-ZnO particles did not penetrate
human skin or cause visible morphological changes or changes due to redox reactions. In
an ex vivo study by the same research group with human skin samples, with repeated
hourly application of coated and uncoated nano-ZnO, an increase in soluble Zn species
was detected compared with the control. The most probable form of Zn penetrating the
skin was Zn2+, originating from the solubilization of nano-ZnO particles accumulated on
the stratum corneum and in skin furrows due to the naturally acidic pH of the human skin.
In this case, the Zn2+ ions could reach the circulation and cause a nonsignificant increase
in systemic Zn levels. Also, no evidence of morphological changes in skin cells, necrosis,
or apoptosis was found after the topical application of nano-ZnO-containing formulation
in vivo for five days, indicating that there were no toxic effects. This concludes that the toxic
effects detected in in vitro studies may not correlate to in vivo assays, i.e., when applied
in vivo to human skin under realistic in-use conditions [92].
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A recent study by Alves et al. [44] evaluating the penetration of coated and uncoated
ZnO NPs in topical formulations containing 20% of the metal oxide using vertical diffusion
cells concluded that the samples did not reach viable epidermis. Both NPs accumulated
around the hair follicles and did not reach deeper structures, although the coated ZnO
accumulated on the skin furrows [44].

A study by Osmond-McLeod et al. [45] on the topical use of sunscreens containing
nanosized ZnO and TiO2 in hairless mice demonstrated no statistically relevant histological
outcomes with the long-term use of the samples. Also, an increase in Zn samples in internal
organ tissues was not observed. Only a minimal increase in Ti in the liver was detected,
probably due to residual TiO2 ingestion [45].

The main mechanism of TiO2 and ZnO NPs toxicity is still not fully elucidated, but it is
proposed to be related to photochemical reactions leading to the production of free radicals
and ROS [47]. However, their potential toxicity would only be a concern if they effectively
penetrated viable cutaneous cells [89]; however, studies indicated that nanosized ZnO and
TiO2 particles were not able to permeate intact normal skin when topically applied [98].
The major risk is related to their inhalation since they can trigger inflammatory and cardio-
vascular diseases and promote the development of some types of lung cancer [14]. It was
also reported that ZnO NPs administered via respiratory routes caused damage to the liver
and lungs [94]. Therefore, it is imperative to be careful when using sunscreens containing
inorganic filters, such as sprays and aerosols [14]. When inhaled, these nanoparticles stay
mainly in the upper airways but can also reach the lungs and alveoli due to their small
size. The clearance of these particles from the upper airways is usually by the mucociliary
mechanism and cough, which is the t1/2 for two to four hours in healthy individuals. How-
ever, 10% of these insoluble particles may remain in the lungs and have a slow clearance
rate [58].

As mentioned in a previous section, the surface coating of TiO2 and ZnO NPs exerts
great influence on their reactivity, significantly reducing their photocatalytic activity. Hence,
either uncoated or coated TiO2, presenting imperfections in its surface coating, exhibited
significant photocatalytic activity and significant cellular damage in cultured human skin
cells, which reinforces the importance of the surface coating to reduce the reactivity of
these particles [14]. However, it was also observed that some coatings may increase
their cytotoxicity, as TiO2 with alumina and silica seems to induce a higher pulmonary
inflammatory response in comparison with uncoated particles [47].

Nowadays, the importance of bacterial microbiota to human health is vastly studied,
thus the evaluation of the impact of sunscreens in the growth and development of these
organisms is of great interest, as the disruption of the microbiota is related to the develop-
ment of skin disorders [99]. Studies evaluating the effect of rutile type TiO2 particles on the
skin residential bacterial flora indicated that they had insignificant effects on such lifeforms,
and thus, they do not cause any alteration in that microbiota [63]. However, a study by
Rowenczyk et al. [99] evaluating the effect of coated TiO2 in bacterial microbiota demon-
strated that different coatings have distinct effects on bacterial growth due to their structure
and properties, not intrinsic toxicity. It was observed that the presence of NPs altered the
growth kinetics of S. aureus and P. fluorescens, increasing their generation time [99].

At present, there is no evidence implying that TiO2 and ZnO NPs can cause pathogenic
modifications in the skin, as the majority of the studies indicated that they do not reach
viable cells or the circulation through the deeper layers of the skin, remaining at the stratum
corneum [8,58]. In addition, current manufacturing processes generally limit the TiO2

particle sizes above 100 nm, thus reducing the concerns regarding skin penetration [62].
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6. Environmental Aspects
The increasing manufacturing and consumption of sunscreens may result in environ-

mental impacts due to the growing release of their ingredients in aquatic milieus, such
as rivers, lakes, oceans, and other water bodies. With the progress of tourism worldwide,
especially in coastal and marine outdoors, associated with people’s knowledge of the
necessity to protect the cutaneous tissue against UV radiation, the release of sunscreens’
ingredients in water bodies also augmented in recreational aquatic activities and discharge
in wastewater [100,101]. In tropical countries, it is estimated that 25% of the sunscreen
applied on the skin eventually reaches the water bodies [53,101]. Due to their toxicity,
non-biodegradability, and chemical structures, these compounds are known as emerg-
ing pollutants, presenting a risk to aquatic organisms [102], as organic UV filters pose a
challenge to be removed from wastewater, since they are highly lipophilic, have a high
organic carbon–water coefficient and very low solubility in water, and most water treatment
plants are designed to remove particulates from water [103,104]. A study by da Silva [105]
analyzed the presence of organic UV filters in water treatment plants localized in the state
of São Paulo, Brazil, over a period of six months to one year. The results indicate the
presence of benzophenone-3 (BP-3) and ethylhexyl methoxycinnamate (EHMC) in low but
detectable concentrations in raw water and water from public water supply, especially
during summer [105]. Accordingly, other studies also have indicated that the increase in
aquatic recreational activities in coastal areas and the concentration of UV filters in the
water bodies are directly correlated [101]. A study conducted in Korea indicated that the
concentration of UVR filters in water bodies increased by 25% during summer, confirming
this correlation. In addition, when released in chlorinated water, these organic UV filters
may generate toxic byproducts resulting from reactions with chlorine, which can be even
more hazardous [104].

The main concern about the presence of these components in the environment is related
to the impact on the ecosystem. Organic UV filters in sunscreens can provoke unfavorable
effects on aquatic organisms, including bleaching coral reefs and the disruption of hormonal
balance in marine animals [53,102]. Considering these outcomes, among other justified
points of view, commercial sunscreens containing oxybenzone and octinoxate had their sale
and distribution banned by the Hawaiian state, starting in 2021 [53,106]. The possibility of
imposing a similar ban is also being discussed in other locations, such as Brazil and the
European Union [103].

As a result of the possibilities of the environmental impact of organic UV filters,
the interest in sunscreens containing inorganic UV filters has increased since they are
considered safer and more eco-friendly [53]. There is also a general belief that inorganic
filters are considered “reef-safe” due to their natural origin and are attracting attention
from both industry and consumers as most people are looking for products labeled as
harmless to the environment [101].

The toxicity of inorganic UV filters is mainly related to their photocatalytic proper-
ties, which result in photooxidation and photodegradation, as they generate ROS when
irradiated with visible and UV radiations [53,100]. This mechanism is the main cause of
toxicity to aquatic organisms such as algae, arthropods, mollusks, echinoderms, and marine
vertebrates, as they generate oxidative stress [101]. However, ZnO toxicity is also related
to its solubility and the release of Zn2+, which is critical to aquatic organisms, as most of
the uptake of Zn by these organisms is in its ionic form, as demonstrated by a study by
Wu [107], who evaluated the toxicity of ZnO NPs and microparticles and ZnCl2 in four
different species (i.e., C. reinhardtii, E. coli, D. magna and zebrafish). The toxicity of Zn
is mostly related to the disruption of homeostasis due to Zn2+ uptake, cytotoxicity, and
formation of ROS, and, consequently, oxidative stress [53,107,108]. Additionally, nano-ZnO
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is more prone to dissolution in seawater than non-nano-ZnO or Fe-doped nano-ZnO. On
the other hand, nano-TiO2 is relatively stable and insoluble in water. Thus, it tends to form
larger particles via aggregation, remaining suspended or set onto the bottom of the water
bodies [53]. Despite its higher toxicity to aquatic organisms in comparison to TiO2, ZnO is
the most used inorganic UV filter in commercially available cosmetic formulations labeled
as “reef-safe” [109].

Metal accumulation is also an important factor related to the toxicity of these particles
since they can enter bioaccumulation and biomagnification processes, even reaching other
ecosystems [101]. The bioaccumulation process is facilitated due to the high stability of
the inorganic UV filters, which can accumulate in the different organisms and transfer
along food chains, reaching both low-trophic and higher-trophic levels, and even affecting
humans [53]. Studies in Switzerland, Spain, and Norway indicated the presence of low
levels of UVR filters, mostly 4-methylbenzylidene camphor (4-MBC), oxybenzone, and
octocrylene in some species of fish. Despite being at low concentrations, it was observed
that the concentration of these UVR filters was higher in these organisms than in water,
which corroborates with the bioaccumulation process [103,104].

The surface coating, as well as the crystalline structure of the materials, affects the
biological and environmental reactivity of the particles [70]. To diminish the negative
effects related to the photocatalytic property of inorganic UV filters, an adequate surface
coating is required, as they increase stability and reduce the ROS generation when UV-
irradiated [53,110]. Additionally, the surface coating significantly decreases the dissolution
rate of inorganic filters, acting as a physical barrier that prevents electrons and photons
from reaching the particle’s surface [53]. Studies demonstrated that uncoated TiO2 NPs
are toxic to dinoflagellates, which are symbiotic organisms vital for coral survival. On
the other hand, coated TiO2 NPs were not related to coral bleaching and caused minimal
effects on dinoflagellates [101]. In addition, these inorganic NPs can attach to the surface of
aquatic organisms, such as phytoplankton, leading to the shading effect on photosynthesis,
generating deleterious effects on these organisms [53]. Furthermore, the photodegradation
byproducts of ZnO may cause increased morphological deformities in zebrafish, which
suggests that these particles can release toxic byproducts [111].

A study carried out at the Old Danube Recreational Lake in Vienna, Austria, evaluated
the presence of TiO2 NPs possibly released to water from commercially available sunscreens
during aquatic recreational activities. According to estimations of the maximum amount
of TiO2 possibly released by sunscreens in the lake, it was predicted that the particles
would remain suspended in the water column during the bathing season, generating a final
concentration of 27.1 µg/L of the metal oxide. However, it was observed that the NPs did
not remain suspended for a long time, posteriorly settling on the bottom of the water body.
Nevertheless, the total TiO2 concentration in lake water during the different seasons of the
year was lower than 1.7 µg/L [110]. When quantifying the concentration of TiO2 particles,
other possible sources of these metal oxides should also be considered, as they are present
in many materials, including natural sources, such as titania, a common element in nature.
Therefore, a correlation between the increase in Ti ratios in the water bodies to the use of
TiO2-containing sunscreens cannot be confirmed [110]. Since ZnO and TiO2 particles are
naturally abundant in the environment, it is a challenge to differentiate the natural particles
from the manufactured ones, posing a contest to quantify correctly the particles specifically
released from sunscreens [1].

Currently, the environmental risk associated with these materials is considered ex-
tremely low. Studies have shown that these metal oxide NPs do not remain freely sus-
pended in water; instead, they tend to aggregate and precipitate to the bottom of aquatic
environments [1]. This sedimentation limits the penetration/passage of sunlight, thereby
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reducing the potential for photocatalytic reactions and, consequently, their toxicity. Further-
more, the detected concentration of TiO2 in natural environments is estimated to be in the
range of 10–100 µg/L, which is very low [104]. Notably, studies reporting negative impacts
of inorganic UV filters on aquatic life, such as zooxanthellae and corals, utilized signifi-
cantly higher testing concentrations (6.3 mg/L for nano-ZnO and 10 mg/L for nano-TiO2)
compared with the concentrations typically observed in natural water bodies [101].

7. Establishment of the Efficacy of Inorganic UV Filters—How
Scientific/Specialized Literature Deals with This Task

An ideal sunscreen must provide, at least, despite safety properties, broad-spectrum
protection and be photostable [111]. The presence of inorganic UV filters can modify the
stability of cosmetic formulations, leading to undesirable outcomes [14]. For instance,
Ghamarpoor et al. [62] reported stability challenges for formulations containing more than
10% of TiO2 [62].

Accordingly, the pH value of the cosmetic sample must not be near the isoelectric
point of the particles, pH(I), since in this pH the surface charge of the compounds goes
to zero, inducing coalescence. The surface coating of these particles exerts influence on
their pH(I) value and must be carefully controlled [7]. Ghamarpoor et al. [62] evaluated
the effectiveness of TiO2 NPs in sunscreens and described the effect of pH on SPF and
UVAPF. At the pH range of 5.0–8.5, there was a decrease in the SPF due to the increased
agglomeration of the particles. Particularly, at the range of 6.0–7.5, the formulations
presented the lowest SPF and UVAPF values. According to their results, the authors
suggested the production of sunscreens preferably in the pH range of 5–6, since this
interval is also biocompatible with the skin [62].

Another relevant characteristic to be considered when developing formulations con-
taining inorganic UV filters is the particle size, which greatly influences their performance.
The application of particles at the nanoscale increased in the sunscreen market, as they
do not leave a white chalky texture on the skin and have a better performance in UVR
absorption. When at a range of 200–500 nm, these metal oxide particles mostly reflect
visible light, and thus confer a whitish appearance on skin, resulting in an unpleasant
sensorial and aesthetic aspect [61]. Smaller particles reduce the scattering of visible light
and shift the absorption range to shorter UV wavelengths, improving the UV protective
effect [61,62] The literature describes that TiO2 particles with 62 nm are the most effective
for protecting skin against UVB radiation [112]. A recent study by Nakamura et al. [113]
presented interesting results combining ZnO particles with different sizes, non-nano-ZnO
(300 nm), and nano-ZnO (25–35 nm), which resulted in an approximately 18% increase in its
SPF value, showing a possible synergistic effect between these particles and the importance
of applying particles with different sizes for a better photoprotective performance [113].

The presence of clumps in cosmetic products causes a non-uniform spreading on
the skin, interfering with the sensorial, film formation, efficacy, and aesthetic properties
of the applied sample [8]. Also, the formation of aggregates and agglomerates of parti-
cles decreases the efficacy of these types of UV filters, as the particles overlap, leading
to a reduction of their absorbing efficiency, since they do not cover the skin surface com-
pletely [61]. Keeping the inorganic UV filter adequately dispersed in vehicles is of relevance;
however, avoiding particle agglomeration generally is a challenge in the development of
sunscreens [67]. To solve this concern, surface coatings can be useful, as they can reduce
the agglomeration of the particles, conferring a better dispersion stability, and safety, as
it also reduces the generation of ROS [114,115]. The surface coating also decreases the
dissolution rate of the inorganic UV filters, as it acts as a physical barrier that prevents
electrons and photons from reaching the particles. In short, uncoated TiO2 or ZnO NPs
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may lead to problems related to their photoactivity and stability, thus reducing the efficacy
of the sunscreen system [53]. Furthermore, the coating also determines the affinity of the
particle with the dispersing medium, which influences the manufacturing process [67]. It is
also recommended that formulations have a combination of organic and inorganic filters to
obtain a synergic effect, enhancing the efficacy of these active ingredients [14]. However,
metal oxide NPs may decrease the efficacy of sunscreens containing organic filters, since
they may promote the formation of potentially toxic byproducts, which can be avoided by
the use of coated particles [111,116].

Specialized literature reports new proposals for inorganic UV filters, such as the
composite developed by Reinosa et al. [117] combining 15% of TiO2 NPs with 85% of ZnO
microparticles by dry dispersion. The SPF of the formulations containing the composite was
determined in vitro by UV-vis diffuse reflectance spectroscopy and indicated that this blend
resulted in a 60% increase in SPF value assigned to the anchoring of the TiO2 NPs onto the
ZnO microparticles. Such ZnO-TiO2 composite is a nano-free UV filter and was considered
safer for consumers’ health and the environment [117]. Furthermore, compounds other
than ZnO and TiO2, such as the zinc oxide–ceria nanocomposite with CeO2 NPs decorating
the ZnO particle’s surface, increased and led to a more selective absorption of UV radiation.
The CeO2 also reduced the photocatalytic characteristic of ZnO NPs, as it reduced the
degradation of crystal violet dye by nearly 97% within a 30 min exposure to UV radiation
and about 99% within a 30 min exposure to simulated sunlight [14]. In addition, a study by
Marcelino et al. [24] proposed a synergistic effect of TiO2 incorporated into mesoporous
silica. The SPF was determined in vitro by diffuse reflectance spectrophotometer with an
integration sphere, indicating that the TiO2-containing mesoporous silica had an elevation
of 50% in its SPF and greater absorption in the UVB and UVA regions in comparison with
TiO2 [24].

The crystalline morphology also influences the efficiency of these metal oxides as
demonstrated by a recent study by Machado et al. [25] in which they synthesized and
evaluated the photoprotective efficiency of star-shaped ZnO nanoaggregates in comparison
with commercially available ZnO samples. The nanoaggregates and ZnO samples were
incorporated in a formulation with a blend of organic UV filters (i.e., BMDBM and EHMC)
and had their SPF evaluated by diffuse reflectance spectrophotometer with an integra-
tion sphere. The results indicate that the star-shaped ZnO nanoaggregates increased the
BMDBM/EHMC sample photoprotective efficacy by 1096% (from 26 ± 6 to 285 ± 57) [25].

An actual trend in the sunscreen market is the association of UV filters with bioactive
compounds, making the final product with multiple benefits. The association of bioactive
compounds, such as caffeine, rutin, and ferulic acid, among others, and UV filters can
enhance the protective effect against UV radiation, adding to the sunscreens more functions,
like an antioxidant action [118]. The presence of antioxidants in sunscreens has an important
role in preventing and dampening free radicals and diminishing oxidative stress [41].
Thus, these associations improve skin health. For example, an in vivo study by Rosado
et al. [118] indicated that the association of TiO2 (5.0%), avobenzone (3.0%), ethylhexyl
methoxycinnamate (7.5%), and caffeine (2.5%) increased the SPF value in approximately
25% of the abovementioned sunscreen system [118].

Finally, it is well known that the amount of sunscreen applied to the skin influences its
effectiveness. Studies indicated that most sunscreen users apply an amount of product that
guarantees 20 to 50% of the labeled SPF, since 0.5 to 1.5 mg/cm3 of product is applied in
real-life conditions, usually close to 1.0 mg/cm2, whereas 2.0 mg/cm2 is used in the SPF
testing [23,42,119]. This scenario highlights the importance of applying enough amount
of sunscreen as homogeneously as possible [119]. It is of utmost relevance to develop
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sunscreens that blend easily and provide evenly dispersed coatings on the skin, maximizing
the efficacy of real application conditions [120].

8. Conclusions
The importance of sunscreen use is undeniable, as excessive unprotected exposure to

UV radiation poses significant cumulative health risks. The development of effective and
environmentally friendly sunscreens presents a significant challenge. Inorganic UV filters
have emerged as promising alternatives due to their demonstrated safety for children and
sensitive skin, along with a lower environmental impact compared with organic UV filters.

Currently, TiO2 and ZnO are the primary inorganic filters approved for use in sun-
screens, offering broad-spectrum protection, particularly when used in synergistic com-
binations. Particle size plays a crucial role in determining their efficacy. While there is a
growing trend towards using NPs to enhance sunscreen efficacy, sensorial properties, and
aesthetics, concerns regarding their toxicity and safety remain.

Significant toxicity has been observed with the inhalation of these compounds. How-
ever, most studies investigating the skin penetration of TiO2 and ZnO NPs have shown
limited penetration beyond the viable epidermis following topical application. Phototoxic-
ity is another concern, but the photoinduced production of ROS can be mitigated through
appropriate particle coatings. The environmental risk associated with inorganic UV filters
is generally considered low.

In conclusion, the development of innovative broad-spectrum inorganic UV filters
holds significant promise, contingent upon careful control of factors influencing photo-
toxicity, stability, and efficacy within sunscreen formulations. This area presents exciting
avenues for research and the development of novel and improved suncare products.
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63. Kubáč, L.; Akrman, J.; Kejlová, K.; Bendová, H.; Klánová, K.; Hladíková, Z.; Pikal, P.; Kovaříková, L.; Kašparová, L.; Jírová, D.
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