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Abstract
Titanium dioxide (TiO2) is widely used in a variety of products including cosmetics. TiO2 in its nanoparticle form (nano-

TiO2) is now the only form used as an ultraviolet (UV) filter in sunscreens, but also in some day creams, foundations and

lip balms. While its efficacy as a UV filter is proven in the prevention of skin cancers and sunburns, some concerns have

been raised about its safety. Indeed, considering its small size, nano-TiO2 is suspected to penetrate dermal, respiratory

or gastrointestinal barriers, disseminate in the body and therefore constitute a potential risk to the consumer. At the skin

level, most studies performed in humans or animals showed that nano-TiO2 did not penetrate beyond the outer layers of

stratum corneum to viable cells and did not reach the general circulation, either in healthy or in compromised skin. The

Scientific Committee on Consumer Safety (SCCS) considers nano-TiO2 as a non-sensitizer and as mild- or non-irritant to

skin and concludes in no evidence of carcinogenicity (supported by the European Chemicals Agency), mutagenicity or

reproductive toxicity after dermal exposure to nano-TiO2. According to the SCCS, nano-TiO2 from sunscreens does not

present any health risk when applied on the skin at a concentration up to 25%. However, the SCCS does not recom-

mend the use of nano-TiO2 in formulations that may lead to exposure of the consumer’s lungs by inhalation (sprayable

products and powders). Indeed, even if human data are sparse and inconsistent, lung inflammation was reported in ani-

mals. In 2016, the EU Cosmetic Regulation made nano-TiO2 as an authorized UV filter, except in products that could lead

to exposure of the lungs. After oral exposure, nano-TiO2 absorption and toxicity are limited. The incidental oral exposure

to nano-TiO2 contained in lip balms is thus not expected to induce adverse health effects.
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Introduction
Titanium dioxide (TiO2) is widely used in a variety of products

including paints, cosmetics, orthodontic composites and food.

As a food additive, it is usually used as anticaking or whitening

agent or to enhance the colour and sheen of food.1–5 In cosmet-

ics, TiO2 may be used either as a white pigment in its microcrys-

talline form only6 or as inorganic ultraviolet (UV) filter,

primarily in sunscreens, but also in some day creams, founda-

tions and lip balms, to provide protection against the known

carcinogenic effects of UV radiation.6 TiO2 as a UV filter was

used in its microparticulate form in the first marketed sun-

screens, but formulated as such, it was difficult to apply and left

a white residue after application.5 The introduction in the 1980s

of colourless, ultrafine particles of TiO2 ranging from 1 to

150 nm in size reduced these unfavourable characteristics while

maintaining the sunscreens’ photoprotective capability against

both UVA and UVB. TiO2 in its nanoparticle form (nano-TiO2)

is now the only form used as a UV filter.

While nano-TiO2 has proven its efficacy as UV filter in the

prevention of skin cancers and sunburns, some concerns have

been raised about its safety.7 First, nano-TiO2 is photoreactive

with a resulting increase in reactive oxygen species (ROS) known

to be implicated in cellular damage.8 This issue has been solved

by coating nanoparticles with alumina or silica, to quench the

production of ROS. In addition, as coating improves the disper-

sion of TiO2 nanoparticles and their compatibility with other
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ingredients within sunscreen formulations, nano-TiO2 is always

used in its coated form in cosmetics.

A second important concern was that considering its size in

the nano range, nano-TiO2 is suspected to penetrate dermal, res-

piratory or gastrointestinal barriers, disseminate in the body and

therefore to constitute a potential risk to the consumer.9

The first scientific opinion on the safety of TiO2 as a UV filter at

a maximum of 25% in cosmetic products was adopted in 2000 by

the SCCNFP.10 However, as this opinion related to TiO2 irrespective

of its particle size, the Scientific Committee on Consumer Safety

(SCCS) reviewed the safety of nano-TiO2, taking into account

abnormal skin conditions and the possible impact of mechanical

effects on skin penetration.11 The SCCS concluded in 2014 that

‘based on the currently available scientific evidence which shows an

overall lack of dermal absorption of TiO2 nanoparticles’, the use of

nano-TiO2 at a concentration up to 25% as a UV filter in sun-

screens could be ‘considered to not pose any risk of adverse effects

in humans after application on healthy, intact or sunburnt skin’.

Although sunscreens and other cosmetics providing UV pro-

tection are used through skin application, they can be available as

sprayable products, which may also expose consumer lungs to

nano-TiO2 by inhalation.
12 As the SCCS opinion dealt only with

dermal applications of nano-TiO2, the SCCS published another

opinion not recommending the use of nano-TiO2 in spray appli-

cations that could lead to exposure of the lungs to nano-TiO2 by

inhalation.13 Following this opinion, the EU Cosmetic Regulation

made nano-TiO2 an authorized UV filter, except in spray prod-

ucts.14 The International Agency for Research on Cancer (IARC)

has classified TiO2, in the bulk form, as a possible carcinogen for

humans (Group 2B) when inhaled, based on evidence in experi-

mental animals. In addition, in their last opinion published in

2018, the SCCS has concluded that the information was insuffi-

cient to allow assessment of the safety of use of nano-TiO2 in

spray applications that could lead to exposure of the lungs.12

Finally, as some manufacturers can also use nano-TiO2 in

UV-protecting lip balms that may be incidentally ingested, the

potential harmful effects of nano-TiO2 used in cosmetics should

also be considered in the context of oral ingestion.15

The objective of the present document is to review safety data

concerning nano-TiO2 in cosmetic products to provide UV pro-

tection, based on data available in the SCCS and ANSES opin-

ions and data available in the scientific literature since those

opinions were published.

Methods
The SCCS recently published several opinions related to the use

of nano-TiO2 as a UV filter.11–13 Furthermore, the French

Agency for Food, Environmental and Occupational Health &

Safety (ANSES) recently published a collective expert appraisal

report which summarized toxicological data of nano-TiO2 after

inhalation exposure.16 These data are used in the current review.

In addition, to retrieve updated relevant articles, a systematic

search of the safety data related to skin exposure published from

1 January 2014 to 31 January 2019 was performed in the

PubMed database, by using the terms ‘titanium dioxide’ AND

‘skin’ OR ‘penetration’ OR ‘absorption’. The articles were

screened by two reviewers based on titles and abstracts; only

those dealing with the safety of nano-TiO2 were selected.

Nano-TiO2 types and physicochemical
characteristics
TiO2 particles ranging from 200 to 400 nm are mostly used to

whiten or opacify many consumer products (e.g. paints, papers,

toothpastes, sunscreens).17 Nano-TiO2 that range from 1 to

100 nm is used in particular as an automotive catalytic converter

and UV protection agent, promoting either dispersion or resis-

tance to photoactivity.17 The surface of nano-TiO2 can be modi-

fied by inorganic metal oxides (e.g. alumina and amorphous

silica) and organic molecules (e.g. polyols and dimethicone)

according to its future usage. Several types of nano-TiO2 can

therefore be produced with different physicochemical characteris-

tics such as the crystal structure (i.e. anatase and rutile phases),

shape (nanotubes, nanowires and nanosphere), particle size, sur-

face area and surface modification (e.g. surface treatment or coat-

ing).18 Depending on these characteristics, each nano-TiO2 type

will be treated specifically in the human body and has its own tox-

icity profile.17 The forms of nano-TiO2 used in sunscreens are

mostly the rutile crystal structure or a rutile/anatase combination,

rarely the anatase structure only.11 It should be pointed out that

many toxicological studies of nano-TiO2 use AEROXIDE� P25

(Evonik, Essen, Germany), consisting mostly of nano-TiO2

<25 nm under their anatase form (80–90%), as their object of

research.19 However, P25 is generally used in catalytic and photo-

catalytic industrial purposes but not in cosmetics. Furthermore,

P25 nano-TiO2 is not coated to reduce photoactivity, whereas

nano-TiO2 used in sunscreens has surface modification like coat-

ing and consists mainly in the less photoactive rutile type. The sig-

nificance of the results of P25-based studies for risk assessment of

nano-TiO2 use in sunscreens may be therefore questionable.19

Absorption and distribution

Dermal exposure

Dermal/percutaneous absorption in healthy skin More than 20

studies dealing with dermal penetration of nano-TiO2 in healthy

skin, performed in vitro, ex vivo or in vivo either in animals or in

humans, were analysed in detail by the SCCS in 2013–2014.11

These studies reflected ‘real life’ by using sunscreen formulations

containing TiO2. According to most of them, nano-TiO2 gener-

ally stays on the skin after application of a sunscreen formula-

tion; only a small proportion of the nanoparticles are likely to

penetrate deeper in the stratum corneum, and they do not reach

the viable epidermis or dermis cells.11 Only 2 studies suggested a
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cutaneous penetration of nano-TiO2 into the stratum granulo-

sum when using human foreskin grafts transplanted onto SCID

mice20 or in the dermis of minipigs.21 However, in the latter,

only an insignificant amount of scattered and isolated nanopar-

ticles was detected by electronic microscopy. Furthermore, con-

sidering that pigskin was shown to be up to 4 times more

permeable than human skin,22 it is difficult to extrapolate this

effect in humans in vivo. Moreover, several studies demonstrated

that nano-TiO2 does not penetrate beyond the stratum corneum

of pigskin when coated with cetyl phosphate, manganese dioxide

or trimethoxycaprylylsilane.15

The limited nano-TiO2 skin penetration to the stratum cor-

neum has been mostly confirmed by the updated literature,

including a more recent individual study performed both in vitro

and in vivo in rats23 and studies reported by the Australian Thera-

peutic Goods Administration (TGA), a part of the government

health department, in their updated scientific review report con-

cerning the safety of TiO2 and ZnO nanoparticles in sunscreens in

2016.24 The three studies reported by the Australian TGA that

were published after the SCCS opinion were performed in vitro25

or in vivo in humans.26,27 The study performed in vitro and one of

the studies performed in vivo in six subjects26 confirmed the lim-

ited nano-TiO2 skin penetration, which was not associated with

diffusion into viable cells. However, the other studies performed

in vivo in humans, which assessed repeated nano-TiO2 dermal

exposure in two subjects, did not confirm these results.27 Indeed,

7 days after application of a commercial sunscreen containing

nano-TiO2 (2 mg/cm2 over a total skin area of 600 cm2) six times

a day, nano-TiO2 was detected beyond the stratum corneum, into

viable cells in the epidermis, with a transmission electron micro-

scope equipped with an EDX.27 Data on in vivo dermal/percuta-

neous absorption in human skin are presented in Table 1.

Dermal/percutaneous absorption in compromised skin Five

studies performed in mice (N = 1), pigs (N = 2) or humans

(N = 2) analysed in detail by the SCCS demonstrated that nano-

TiO2 contained in a sunscreen formulation did not penetrate

compromised skin, either stripped/dermabraded, sunburnt

(simulated with UVB radiations) or psoriatic.11 Even if nano-

TiO2 penetrated into deeper areas of the stratum corneum in

psoriatic skin than in healthy skin, they did not reach living cells

in either psoriatic or healthy skin11 (Table 1).

Two out of the three studies published after the SCCS opin-

ion, and assessing dermal/percutaneous absorption in compro-

mised skin, confirmed these results. The study by Xie et al.,23

performed in rats, showed that nano-TiO2 did not penetrate the

stratum corneum in skin either intact or slightly damaged with

2% sodium lauryl sulphate (SLS) solution, both in vitro and

in vivo. Moreover, in the study by Crosera et al.,25 performed on

human skin in vitro by using static diffusion cells, nano-TiO2

was only detected in the epidermis of both healthy and needle-

abraded skin samples after a 24-h exposure to a sonicated

suspension of nano-TiO2 (606 lg/cm²; Table 1). Of note, in that

study, the total amount of nano-TiO2 was similar in both

healthy and needle-abraded skin, indicating that lesions did not

increase permeation. In the third study, performed in vivo in

humans and described above, nano-TiO2 was detected in viable

cells in the epidermis, beyond the stratum corneum, in sunburnt

skin simulated with UVB radiations, 0.4 J/cm227 (Table 1).

However, these results should be considered with caution as only

one type of sunscreen was tested in only two volunteers.

Distribution after dermal exposure A study assessed the nano-

TiO2 distribution after topical application to the dorsal skin of

hairless rats for 56 days.28 Nano-TiO2 was detected in the stratum

corneum layer of the epidermis and follicular epithelium, but not

in the viable skin areas. No titanium was detected in internal

organs by inductively coupled plasma mass spectroscopy. How-

ever, the concentration of titanium was higher in the lung samples

of rats treated with nano-TiO2 than in the lung samples of control

rats. This was probably due to the inhalation of nano-TiO2.
28 A

long-term study showed a small increase in titanium level in the

liver tissue of hairless mice exposed to topical applications of sun-

screen containing nano-TiO2 once a week for 36 weeks.29 This

increase was higher in comparison with that observed in

untreated mice, but similar to that observed in mice receiving UV

radiation after sunscreen application. The authors concluded that

this increase was possibly due to oral absorption of residual TiO2

after washing. Moreover, these results suggest that the dermal per-

meability of nano-TiO2 is not enhanced by UV radiation.29

In conclusion, almost all in vitro, in vivo and ex vivo studies,

performed in humans or animals, showed that nano-TiO2 pene-

tration was largely limited to the stratum corneum. With the

exception of one study, nano-TiO2 did not penetrate into the skin

beyond the surface layers to viable cells and did not reach the gen-

eral circulation, either in healthy or in compromised skin.

According to studies performed in rodents, nano-TiO2 distribu-

tion after dermal exposure is very limited and probably due to

inhalation or oral exposure.

In 2014, the SCCS11 concluded that nano-TiO2 at a concen-

tration up to 25% as a UV filter in sunscreens can be considered

not to pose any risk of adverse effects in humans after applica-

tion on healthy, intact or sunburnt skin. Results published after-

wards support the SCCS conclusions.

Inhalation exposure

Absorption after inhalation exposure In 2015, the SCCS13 indi-

cated that considering the size of nanoparticles, there are con-

cerns about whether inhaled airborne nanoparticles are safe,

particularly from spray products that could lead to exposure of

the consumer’s lungs to nano-TiO2 by inhalation.

Due to their size, inhaled nanoparticles are mainly found in

the upper airways (nose, mouth, pharynx, larynx and trachea),
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but they can also reach the deeper lungs and deposit in alveoli. In

general, cough and mucociliary clearance quickly remove particles

from most upper airway areas (t1/2 in healthy humans: 2–4 h),

while in the lung periphery alveolar macrophages slowly clear par-

ticles.30 Of note, it is estimated that about 10% of insoluble parti-

cles remain in human lungs due to the very slow clearance rate.30

Distribution after inhalation exposure Studies assessing the dis-

tribution of nano-TiO2 after inhalation exposure and analysed

in the ANSES report16 were performed in rodents, mainly in rats

using mostly P25 nano-TiO2 which are not utilized in cosmetic

applications. Therefore, the results of P25-based studies may not

be transferable to the nano-TiO2 forms used in sunscreens.19

In the lungs of female Wistar rats, the presence of nano-TiO2

was reported in alveolar macrophages and, to a lesser extent, in

pneumocytes.31 In the absence of pulmonary overload, the expo-

sure duration does not seem to impact either the lung distribu-

tion of nano-TiO2 or its half-life,32,33 estimated at 2 months.34

Nano-TiO2 may translocate to other organs to a limited extent.

In several studies, nanoparticles were detected in the liver, heart,

kidneys, pancreas, spleen, brain or blood after inhalation and

translocation through the lung barrier.31,35–38 Nevertheless, this

phenomenon does not appear to be predominant as the translo-

cation rate is slower than the lung clearance rate.39

In conclusion, inhaled nanoparticles can be found in the

lungs. Inhaled nano-TiO2 is capable of diffusing across the lung

barrier and translocating throughout the body even if this phe-

nomenon seems to be limited.

Oral exposure

Absorption after oral exposure As the ingredients used in lip

balms may be incidentally ingested, it is necessary to consider

the potential ability of nano-TiO2 to penetrate oral and gastroin-

testinal mucosa. Currently available data were retrieved from

studies performed in pigs, rats and humans.

Using an ex vivo model of porcine oral mucosa, nano-TiO2

was shown to rapidly interact with the mucous layer, penetrate

the oral epithelium and impact on the physiological homeostasis

of buccal/sublingual cells in the oral cavity.40 Three studies per-

formed in vivo in rats showed that oral administration of nano-

TiO2 either led to extremely low systemic absorption of nano-

TiO2 from the gastrointestinal tract35,41 or did not lead to signif-

icant nano-TiO2 absorption.42 The nano-TiO2 dose absorbed

across the intestinal barrier was estimated to be about 0.6%,

0.2% and 0.05% of the administered dose only, respectively, 1 h,

4 h and 7 days after administration.35 In humans, a 3D organ-

otypic human buccal mucosa model was used to access nano-

TiO2 penetration in vitro. Nano-TiO2 penetrated the reconsti-

tuted human normal buccal epithelium, with most of the parti-

cles remaining in the upper third of the epithelial tissue.43

Another study assessed gastrointestinal absorption of nano-TiO2

in vivo: a single dose of nano-TiO2 (5 mg/kg bw), dispersed in

water, was administered to nine subjects. Only negligible absorp-

tion of nano-TiO2 via the gastrointestinal tract was observed

after 2, 4, 24 and 48 h.44

Currently available data thus showed nano-TiO2 penetration

through in vitro/ex vivo models of oral mucosa, but negligible

nano-TiO2 absorption, if any, via the gastrointestinal tract after

oral exposure to nano-TiO2 in vivo, either in rats or in humans.

Distribution after oral exposure Two studies performed in

rodents were analysed in a study report from INERIS (French

National Institute for Industrial Environment and Risks).45 The

study performed in mice showed that 2 weeks after a single

administration of nano-TiO2 (25 and 80 nm, column/spindle

shape, 5 g/kg bw, gavage), particles mainly accumulated in the

liver, spleen, kidneys and lungs.46 The very high nano-TiO2 dose

used in this study is not representative of human exposure.47 In

contrast, the study performed in rats did not show any significant

increase of titanium in liver, spleen, kidney and even brain in

comparison with the vehicle control group, and no dose–response
relationship was observed after nano-TiO2 (264.4, 520.8 and

1041.5 mg/kg bw/day) was orally administered daily for

13 weeks.41 However, a more recent study using radiolabelled

nano-TiO2 showed nano-TiO2 distribution in rat liver, lungs, kid-

neys, brain, spleen, uterus and skeleton 7 days after administra-

tion of a single dose of nano-TiO2 (about 40 lg/kg bw), even if

the estimated absorbed dose was low (0.09–0.98 ng/g depending

on the organ).35 These results suggested that upon repeated long-

term oral exposure, nano-TiO2 may accumulate in specific organs

and thereby present a risk in humans who are orally exposed to

nano-TiO2.

In conclusion, following oral intake, nano-TiO2 can poten-

tially permeate the gastrointestinal lining but to a limited extent.

Toxicity

Cytotoxicity

Skin cells Most in vitro studies used the human keratinocyte

HaCaT cell line to assess nano-TiO2 skin cytotoxicity.24,32 Two

studies analysed by the TGA reported decreased cell viability of

HaCaT cells after in vitro exposure to nano-TiO2.
25,48 Doses var-

ied from 0.007 to 50 lg/cm2 or from 1 to 100 lg/mL and the

exposure duration from 24 h to 7 days. When several nano-

TiO2 concentrations were tested, a dose-dependent effect was

observed. On the contrary, five studies reported no effect of

nano-TiO2 (0.1–25 lg/cm2 or 1–100 lg/mL) on HaCaT cell via-

bility after 2–24 h of exposure,49–53 but one of them showed a

dose-dependent increase in apoptosis.52 Data on nano-TiO2

cytotoxicity assessed in human skin cells are presented in

Table 2. Except for the study by Crosera et al., all these studies

assessed ROS formation and all of them showed that nano-TiO2
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induced ROS and suggested that these components would be

responsible of nano-TiO2 cytotoxicity. ROS induction in HaCaT

cells was shown to be enhanced by UVA50 and UVB49 irradia-

tion, but not by UVC irradiation,52 thus demonstrating photo-

toxicity of nano-TiO2 to human skin keratinocytes.

Interestingly, after UVA irradiation, either less or no phototoxic-

ity was observed in HaCaT cells with the rutile form of nano-

TiO2 in comparison with the anatase form.50,51 Of note, no

phototoxicity was observed with the anatase form of nano-TiO2

in the EpiDerm
TM 3D skin model51 In contrast to the HaCaT cell line

that consists of human immortalized keratinocytes, the Epi-

DermTM 3D model is a reconstructed human epidermis with nor-

mal human-derived epidermal keratinocytes that is expected to

provide a more integrated response.

In 2013–2014, the SCCS indicated that surface coating of

nano-TiO2 was very important to reduce its phototoxicity.11

Table 2 Nano-TiO2 cytotoxicity assessed in the HaCaT human keratinocyte cell line'

References Nano-TiO2 type Dose Exposure time Assay Cytotoxic effect/
Reduced cell
viability

Effective
concentration

Rancan
et al.49

Anatase
(10 � 2 nm),
uncoated (gift)

10–500 lg/mL 2 h XTT† NO NA

Yin et al.50 Anatase (<25 nm
and 325 mesh),
rutile (<100 nm;
Sigma) and P25
(anatase/rutile
mixture, 86%/
14%; Degussa)

50 and 100 lg/mL
(sonicated)

4 h MTS‡ NO NA

Horie et al.51 Anatase (Ishihara
Sangyo Kaisha
Ltd.; Tayca
Corporation) and
rutile (Tayca
Corporation)

100 lg/mL
(sonicated)

6, 24 h WST-1† and LDH§ NO NA

Tucci et al.53 Anatase (Sigma) 5, 50 and 100 lg/
mL (sonicated)

24 h PI¶ NO†† NA

Wright et al.52 Anatase H2TiO7

(12 nm; gift)
0.1, 1, 10 and
25 lg/cm2

(sonicated)

24 h MTT‡‡ NO NA

12 h, 24 h Hoechst 33342§§ YES, CC-
dependent
increase in
apoptosis¶¶

0.1–10 lg/cm2

(about 40–65% at
12 h/50–80% at
24 h)

Crosera
et al.25

Anatase/rutile
mixture, 90%/
<10%††† (Sigma
Aldrich)

0.007–50 lg/cm2

(sonicated)
24 h, 48 h, 7 days MTT‡‡ YES, very low,

CC-dependent,
ET-independent

Min = 5.5 lg/cm2

EC50 = 44 lg/cm2

(95% CL: 31–62 lg/
cm2; 7 days)

Alamar Blue�‡‡ YES, slightly
higher vs. MTT
assay, CC-
dependent, ET-
dependent

Min = 0.6 lg/cm2

EC50 = 1.9 lg/cm2

(95% CL = 1.3–
2.7 lg/cm2; 7 days,
highest effect).

7 days PI¶ YES, CC-
dependent

Min = 5.5 lg/cm2

EC50 = 38 lg/cm2

(95% CL = 31–
47 lg/cm2)

Gao et al.48 P25, anatase/
rutile mixture
(5–6 nm;
Degussa)

1–100 lg/mL 24 h MTT‡‡ YES, CC-
dependent

Min = 0.5 lg/mL
Max = 100 lg/mL
(77%)

†Mitochondrial activity. ‡Activity of (mainly mitochondrial) dehydrogenases. §Cell membrane damage (release of cytosolic LDH). ¶Index of necrotic or late
apoptotic cell death. ††No significant differences neither in cell death nor in cell cycle profile vs. control cells. ‡‡Cellular viability. §§Apoptosis. ¶¶No effect
with the 25 lg/cm2 dose. †††Nano-TiO2 size distribution centred on the value of 38 nm.
Abbreviations: CC, concentration; CL, confidence limit; EC50, half-maximal effective concentration; ET, exposure time; LDH, lactate dehydrogenase;
MTS, 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4sulfophenyl)-2H-tetrazolium; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetra-
zolium bromide; NA, not applicable; PI, propidium iodide; WST-1, 2-(4-Iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium; XTT, 2,3-Bis-
(2-methoxy 4-nitro-5-sulfophenyl)-2H-tetrazolium5-carboxanilide salt.
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Lung cells Four studies analysed in the review by Zhang et al.32

used the human lung cancer A549 cell line to assess nano-TiO2

inhalation or pulmonary cytotoxicity in vitro. All of them showed

that nano-TiO2 induced oxidative stress and/or apoptosis.32

In conclusion, cytotoxicity of nano-TiO2 seems to be medi-

ated by ROS production and enhanced by UVA or UVB irradia-

tion in vitro. Interestingly, less or no phototoxicity was observed

in a human keratinocyte cell line with the rutile form of nano-

TiO2 in comparison with the anatase form, and no phototoxicity

was observed with the anatase form in a 3D human skin model.

Surface coating of nano-TiO2 reduces its phototoxicity. It should

be noted that P25 nano-TiO2 is uncoated and generally used

commercially for catalytic reactions and not for cosmetic appli-

cations.

Dermal toxicity
No studies relevant for the assessment of acute dermal toxicity

of nano-TiO2 are available.
11

Concerning skin sensitization, results of the three studies per-

formed in guinea pigs and analysed by the SCCS showed that

nano-TiO2 was a non-sensitizer.
11 These results were confirmed

by more recent studies reported by the TGA.24 Indeed, two stud-

ies performed in mice showed no skin sensitization after dermal

application of nano-TiO2 on the ears for 3 days.1,54 However,

nano-TiO2 was shown to increase dermal sensitization induced

by 2,4-dinitrochlorobenzene.54

Concerning skin irritation, the studies analysed by the SCCS

provided only limited relevant information.11 From the seven

studies performed in guinea pigs (N = 1) or rabbits (N = 6),

only four performed in rabbits were relevant. Indeed, as the

TiO2 particle size was not specified in the three other studies, the

‘nano’ size could not be assured. Nano-TiO2 of anatase/rutile

types coated with trimethoxy-n-octyl-silane was used in two

studies, and the results were not consistent: neither erythema

nor oedema were observed in one study, while very slight ery-

thema and oedema were observed 1 day after skin patch applica-

tion in the other study. The two other studies, in which the

proportion of nano-TiO2 was not specified, evaluated 5-day

repeat applications and showed slight irritation (mean irritation

scores: 0.13–1.92). In one more recent study reported by the

TGA,24 neither erythema nor oedema was observed in rabbits

after dermal exposure to 0.5 g of nano-TiO2 for 4 h.55 In the

same study, and no skin irritation was observed using a 3D

human skin model (KeraSkinTM; Modern Cell & Tissue Technol-

ogy, Seoul, Korea) after application of nano-TiO2 at a final con-

centration of 25% (w/v).55 Likewise, no signs of dermal

irritation were observed after exposure of another human 3D

skin model derived from epidermal keratinocytes (EpiDermTM)

to 1 mg/mL of four nano-TiO2.
56

In conclusion, nano-TiO2 is considered as mild- or non-irri-

tant to skin.11

Inhalation exposure
Data reported below come from the ANSES report.16 Most of

the data focus on studies performed with the P25 form,

which consists of nano-TiO2 only (anatase: 80–90%/rutile:

20–10%), generally used in several catalytic and photo-

catalytic industrial applications and not in cosmetic applica-

tions.

Acute toxicity Pulmonary effects. Six acute toxicity studies,

either performed in mice (N = 4)57–60 or in rats (N = 2),61,62

assessed pulmonary effects after nano-TiO2 inhalation. Of them,

one reported irritation60 and three reported mild or moderate

pulmonary inflammation, with or without histopathological

changes.58,60,61

Microvascular effects. Six studies, all performed in rats by the

same research team, investigated the effects of nano-TiO2 on the

microvascular system by assessing arteriolar responsiveness.63–68

In these studies, acute inhalation of nano-TiO2 (P25, primary

particle size 21 nm, 1.5–20 mg/m3 for 4–12 h to achieve a pul-

monary deposition of 4–90 lg) impaired vasodilation in the sys-

temic microcirculation (arterioles of the spinotrapezius

muscle,63,64 subepicardial arterioles,65 coronary arterioles66 and

uterine arterioles68). This alteration was due to endothelial dys-

function mediated by the production of free radicals, thus

reducing the bioavailability of nitric oxide.64,66,67

Repeated dose toxicity Animal data. Pulmonary effects—Five

repeated inhalation toxicity studies using multiple nano-TiO2

concentrations (from 0.5 to 10.0 mg/m369 or 2 to 50 mg/m370

for 5 days or from 0.5 to 1.84 mg/m334 or 2.5 to 10.0 mg/m371

for 4 weeks or from 0.5 to 10.0 mg/m3 for 13 weeks33) showed

pulmonary inflammation either in mice or in rats, but not in

hamsters. Lung histopathological changes were highlighted in

rats.33,34,70 Moreover, hypertrophy/hyperplasia of the bronchi

and bronchioles70 or preneoplastic effects such as metaplasia33

were also observed in rats exposed to the highest nano-TiO2

concentration (10 mg/m3 for 13 weeks or 50 mg/m3 for 5 days,

respectively). Other studies conducted using a single concentra-

tion confirmed these results, qualitatively or quantitatively.31,72

Results observed in rats only can be due to lung overload, a phe-

nomenon that results from impairment of lung clearance. It

seems to be specific to rats exposed to poorly low-toxicity parti-

cles like TiO2.
73

Cardiovascular effects—Five repeated inhalation toxicity studies

or instillation studies performed in mice (N = 4)74–77 or rats

(N = 1)78 were analysed. In mice, repeated long-term expo-

sure to nano-TiO2 (1.25, 2.5 or 5 mg/kg bw for 9 months)

was associated with atherosclerosis.75 Another study showed

increased plasma levels of serum amyloid A (SAA, a known

risk factor for cardiovascular diseases that accelerates
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atherosclerotic plaque development) in pregnant mice

exposed to 42 mg/m3 of nano-TiO2 for 11 days.74 Two stud-

ies performed in ApoE knock-out mice, an atherosclerosis-

susceptible animal model, resulted in conflicting results: on

the one hand, exposure to nano-TiO2 (0.5 mg, 2.5 mg and

5 mg/kg bw/week for 6 weeks) induced endothelial and lipid

metabolism dysfunction, contributing to atherosclerosis pro-

gression,77 and on the other hand, exposure to nano-TiO2

(0.5 mg/kg bw/week for 4 weeks) was associated with modest

plaque progression and was not associated with either inflam-

mation or vasodilatory dysfunction.76 In pregnant rats,

microvascular dysfunction was observed after exposition to

about 11 mg/m3/h, 5 h/day for 7–9 days. Of note, high doses

of nano-TiO2 (10–42 mg/m3) were used in most of these

studies.

Effects on the immune system—The effects of nano-TiO2 on the

immune system were evaluated in many studies. Some showed

disturbance of the immune system in rats (e.g. increased CD4+/

CD8+ ratio,79 increase in NK cells number80 and activity81), but

it seems difficult to conclude with respect to the immunotoxicity

of nano-TiO2 due to the variability of protocols and exposure

routes (aerosolized, inhalation, intranasal exposure and nose-

only application).

Neurotoxicity—The eight analysed studies performed in

mice82–89 showed various effects of nano-TiO2 on the nervous

system: histological changes in the hippocampus and cerebral

cortex,82–84,87 proliferation of glial cells, necrosis, signs of cell

degeneration,86,87 as well as dysregulation of genes related to

oxidative stress.85,86 Moreover, nano-TiO2 impaired spatial

recognition memory in mice.87,88 Nano-TiO2 toxicity on the

brain, especially on the hippocampus, seems to be dose-

dependent.87,88

In rats, the study by Horvath et al.90 showed a significant

slow-down of sensory evoked potentials and tail nerve action

potential, and the study by Disdier et al.91 evidenced a decreased

expression of a neuronal activity marker (synaptophysin), exac-

erbated in older rats even if TiO2 nanoparticles were not

detected in the brain.

Liver toxicity—Liver toxicity was investigated in two studies

which did not report the same results. No liver toxicity was

observed in a transcriptomic analysis after a 10-day inhalation

challenge with 42 mg/m3 of nano-TiO2 in mice,72 while oedema

and cytoplasmic loss of hepatic cells were observed after instilla-

tion exposure to 0.5, 4 and 32 mg/kg bw of nano-TiO2 for

4 weeks in rats.79

Kidney toxicity—In mice, histopathological changes including

tubular dilatation and necrosis, as well as increased oxidative

stress and alterations in renal function markers, were reported

after instillation of nano-TiO2 (0.5 mg/week for 4 weeks) in the

only study that assessed kidney toxicity.92

Human data. In humans, eight studies assessed nano-TiO2 toxi-

cological effects on workers exposed to nano-TiO2 by inhala-

tion.93–100 Results suggested possible pulmonary and

cardiovascular effects. Nevertheless, no causal link between TiO2

inhalation exposure and the observed effects could be established

in these studies.

In conclusion, several studies performed in rodents showed

nano-TiO2 toxicity at several levels (pulmonary inflammation,

cardiovascular effects and neurotoxicity), mainly using high

doses of nano-TiO2 far exceeding human exposures, including

cases of occupational exposure. Moreover, results observed in

rats at the pulmonary level can be due to lung overload. Results

concerning liver and the immune system were inconsistent, and

only one study dealt with kidney toxicity. No conclusion can be

drawn in humans as no causal link could be established between

TiO2 inhalation exposure and the possible pulmonary and car-

diovascular observed effects, in addition to several biases that

limit the interpretation of some studies.

Oral exposure

Acute toxicity Acute toxicity was shown in a study performed

in female mice exposed to a very high nano-TiO2 dose (5 g/kg

bw, gavage): increase in relative liver weight in comparison with

the control group, hepatic inflammatory response, slight

histopathological alterations of the liver and kidneys, and

increased levels of enzymatic biomarkers of cardiac lesions.46

Otherwise, studies performed in rodents usually show low oral

acute toxicity of nano-TiO2 with lethal dose (LD)50 values higher

than 2150 mg/kg bw or even 5000 mg/kg bw.11,45,101

Repeated dose toxicity Some rodent studies showed nano-

TiO2 toxicity at several levels: immune system,102 central ner-

vous system,88,103 kidneys,104 liver,105 spleen106 and fertil-

ity.107,108

In rats, nano-TiO2 (10 mg/kg bw/day, 7 days, gavage) was

shown to increase dendritic cells frequency in Peyer’s patches

but not in the spleen. No intestinal inflammation was reported,

and no (in vivo) or limited (in vitro) effects were observed on

Treg and Th cell subsets.102 All other studies were performed in

mice. Nano-TiO2 (0.5, 10 and 50 mg/kg bw/day for 60 days or

2.5, 5 and 10 mg/kg bw/day for 90 days, respectively) impaired

neurofunction and spatial recognition memory behaviour.88,103

Kidney toxicity was also evidenced after intragastric administra-

tion of nano-TiO2 (2.5, 5 and 10 mg/kg bw/day for 90 days),

with an inflammatory response and cell necrosis.104 In the liver,

histopathological changes were observed after oral administra-

tion of 250 mg/kg bw/day of nano-TiO2 for 30 days; no effect

was observed with both lower tested doses (62.5 and 125 mg/kg
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bw/day). Moreover, dose-dependent increased enzymatic activi-

ties were observed in the 125 and 250 mg/kg bw/day groups.105

Nevertheless, those high doses do not reflect the possible human

exposure. In another study, splenic damage was observed with

lower nano-TiO2 doses (10 mg/kg bw/day for 15, 30, 45, 60, 75

or 90 days, gavage), with time-dependent inflammation and cell

necrosis.106 Two 90-day repeated exposure studies evaluated the

effects of nano-TiO2 (2.5, 5 and 10 mg/kg bw/day, gavage) on

fertility in mice.107,108 In females, dose-dependent decreased fer-

tility (mating rate, pregnancy rate and number of newborns),

ovarian inflammation and follicular atresia were reported.107 In

males, testicular lesions, sperm malformations and altered serum

sex hormone levels were observed.108

In conclusion, studies performed in rodents showed low oral

acute toxicity of nano-TiO2 except one study using very high

doses. Repeated dose studies showed nano-TiO2 toxicity at vari-

ous levels (central nervous system, kidney, spleen and gametes),

but the doses used were far higher than those to which humans

can be exposed in the context of an incidental oral exposure

through cosmetic use.

Mutagenicity/genotoxicity
The genotoxic potency of nano-TiO2, assessed both in vitro

(cells, tissues) and in vivo (rodents) was largely reported in many

reviews.11,16,24 Various forms of nano-TiO2, with different

shape, size, coating, surface reactivity, charge and crystallinity,

were used, and the results of all these studies are inconsistent.

Some of them demonstrated that nano-TiO2 could cause DNA

damage and that the genotoxic effect would be due to a sec-

ondary mechanism of action involving free radicals.16 Of note,

free radical production is limited in sunscreens due to nano-

TiO2 coating and the potential presence of antioxidants.24 More-

over, many studies showed that nano-TiO2 did not reach viable

skin cells after topical application, and genotoxic effects were

only observed with high concentrations of nano-TiO2 after oral

or inhalation exposure in animals. Consequently, nano-TiO2 can

be considered as a weak genotoxic agent, as do national and

international governmental organizations (ANSES, IARC,

NIOSH and OECD).

Therefore, nano-TiO2 in the form and size used in cosmetics

is unlikely to be genotoxic.

Carcinogenicity

Dermal exposure Three studies performed in mice (N = 1),

rats (N = 1) or both (N = 1) were evaluated in detail by the

SCCS in 2013–2014.11 In mice, no carcinogenic promoter activ-

ity was observed with uncoated nano-TiO2 in both studies.109,110

Likewise, no carcinogenic promoter activity was observed with

alumina-coated or stearic acid-coated nano-TiO2. However, an

increase in the number of tumours was found among mice trea-

ted with silica-coated nano-TiO2.
110 Nevertheless, as this

increase was not significant and positive controls were lacking,

no conclusion could be drawn. In rats, no conclusion could be

drawn from both studies due to the absence of any positive con-

trols and the lack of experience with the models used.110,111

These results on carcinogenicity through dermal exposure are

therefore inconclusive. However, as there is no cutaneous pene-

tration beyond the surface layers, there is no systemic risk. The

Committee for Risk Assessment [RAC, European Chemicals

Agency (ECHA)] considers that there is no experimental evi-

dence for TiO2 carcinogenicity for the dermal route.112

Inhalation exposure Only one study performed in 1995 investi-

gated the carcinogenic potential of nano-TiO2 after inhalation

exposure in animals. The results showed an increase in the inci-

dence of lung tumours in rats but not in mice exposed to

repeated doses of nano-TiO2 (7.2 mg/m3 for 4 months followed

by 14.8 mg/m3 for 4 months and 9.4 mg/m3 for 5.5 months

[mice] or 16 months [rats]).113 Among three studies investigat-

ing the carcinogenic potential of nano-TiO2 after instillation

exposure,114–116 only one confirmed the nano-TiO2 promotor

potential.116

In humans, a potential relationship between exposure to TiO2

and the occurrence of cancers was assessed in seven epidemio-

logical studies.117–123 An increase in death due to lung cancer

was reported in most of these studies, although no causal rela-

tionship could be established.

We can conclude from the study of Heinrich et al.113 that

nano-TiO2 (P25 as material tested) is a lung carcinogen in rats

at a concentration resulting in pulmonary inflammation and

altered clearance. This is consistent with the previous nano-TiO2

classification as suspected/possible carcinogen in humans by

other organizations [IARC, NIOSH and RAC (ECHA)]. Never-

theless, results obtained with the P25 form of nano-TiO2 cannot

be extrapolated to other forms of nano-TiO2, and the concentra-

tions used greatly exceed maximum human exposure.

Oral exposure The few available data do not seem to indicate

any nano-TiO2 carcinogenic promoter activity after oral expo-

sure.45 The Committee for Risk Assessment (RAC) also consid-

ers that there is no experimental evidence for TiO2

carcinogenicity for the oral route.112

Reproductive toxicity

Dermal exposure According to the SCCS, there is no relevant

study on reproductive toxicity after dermal exposure to nano-

TiO2.
11,15

Inhalation exposure Nine studies, performed in mice

(N = 4)124–127 or rats (N = 5),78,128–131 suggest a possible effect

of pre- or peri-natal inhalation exposure to nano-TiO2. In mice,

lung inflammation was reported in the gestating females,124 and
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moderate neurobehavioural changes124 as well as gene expres-

sion in female liver were reported in the offspring.127 In the F1

generation, a trend in reduced sperm counts was also

observed.126 However, sex ratio or viability did not seem to be

impaired. In rats, a decrease in the litters’ height and weight was

reported after inhalation exposure of gestating females to

10 mg/m3 of nano-TiO2 for 11 days. However, this was not the

case when gestating females were exposed for 7 or 8 days.

Microvascular and cardiac changes,78,128,131 and effects on cogni-

tive and behavioural functions130 were observed in the offspring.

Oral exposure Both studies reported hereafter were performed

in rats. Abnormal lung development with macrophage infiltra-

tion was reported in neonates at term, i.e. 9 days after the last

nano-TiO2 dose administered to pregnant females (200 mg/kg

bw/day, gavage from the 6th to the 12th day of gestation).132

Neurotoxic effects of nano-TiO2 were also reported: reduced cell

proliferation in the hippocampus of the neonates and impaired

learning and memory in offspring aged 60 days were observed

after administration of nano-TiO2 to pregnant females (100 mg/

kg bw/day, gavage from the 2nd to the 21st day of gestation).133

Conclusion
According to the information reported in this review, nano-

TiO2 is considered as a non-sensitizer and as mild- or non-

irritant to skin. Moreover, there is no evidence of carcino-

genicity, mutagenicity or reproductive toxicity after dermal

exposure to nano-TiO2. Nano-TiO2 exhibits in vitro cytotoxi-

city, apparently mediated by ROS production and enhanced

by UVA or UVB irradiation. However, no cytotoxic effect

was reported using a 3D human skin model, and nano-TiO2

used in cosmetics is usually coated to decrease ROS produc-

tion. Above all, as nano-TiO2 does not seem to penetrate the

skin beyond the surface layers to viable cells and does not

reach the general circulation after application to either

healthy or compromised skin, nano-TiO2 from sunscreens

does not appear to present any health risks when applied on

the skin at a concentration up to 25%.

However, the SCCS does not recommend the use of nano-

TiO2 in formulations that may lead to exposure of the con-

sumer’s lungs by inhalation, i.e. sprayable products and pow-

ders. Indeed, even if human data are sparse and inconsistent,

lung inflammation was reported in animals.

After oral exposure, nano-TiO2 absorption and toxicity seem

to be limited. The incidental oral exposure to nano-TiO2 con-

tained in lip balms is thus not expected to induce adverse health

effects.

Acknowledgements
We thank Laurence Rous and Marielle Romet (Synergy Pharm-

Sant�e Active Edition) for medical writing assistance. We also

gratefully acknowledge Dagmar Bury, Maya Krasteva and

Hermine Dika (L’Oreal Research and development) for con-

tributing to critically review the manuscript.

References
1 Auttachoat W, McLoughlin CE, White KL Jr, Smith MJ. Route-depen-

dent systemic and local immune effects following exposure to solutions

prepared from titanium dioxide nanoparticles. J Immunotoxicol 2014;

11: 273–282.
2 Sha B, Gao W, Cui X, Wang L, Xu F. The potential health challenges of

TiO2 nanomaterials. J Appl Toxicol 2015; 35: 1086–1101.
3 Elgrabli D, Beaudouin R, Jbilou N et al. Biodistribution and clearance

of TiO2 nanoparticles in rats after intravenous injection. PLoS ONE

2015; 10: e0124490.

4 Borelli V, Trevisan E, Francesca V, Zabucchi G. The secretory response

of rat peritoneal mast cells on exposure to mineral fibers. Int J Environ

Res Public Health 2018; 15: E104.

5 McSweeney PC. The safety of nanoparticles in sunscreens: an update for

general practice. Aust Fam Physician 2016; 45: 397–399.
6 EU No 1223/2009. Commission Regulation (EU) on cosmetic products

No 1223/2009 Official Journal of the European Union (30 November

2009).

7 Burnett ME, Wang SQ. Current sunscreen controversies: a critical

review. Photodermatol Photoimmunol Photomed 2011; 27: 58–67.
8 Rowenczyk L, Duclairoir-Poc C, Barreau M et al. Impact of coated

TiO2-nanoparticles used in sunscreens on two representative strains of

the human microbiota: effect of the particle surface nature and aging.

Colloids Surf B Biointerfaces 2017; 158: 339–348.
9 SCCS. Guidance on safety assessment of nanomaterials in cosmetics, 26

– 27 June 2012, 2012.

10 SCCNFP. Opinion of the Scientific Committee on Cosmetic Products

and Non-Food Products Intended for Consumers Concerning Titanium

Dioxide. European Commission Brussels, Brussels, 2000.

11 SCCS. Opinion on titanium dioxide (nano form), 22 July 2013, revision

of 22 April 2014, 2014.

12 SCCS. Opinion on Titanium Dioxide (nano form) as UV-filter in sprays,

preliminary version of 7 March 2017, final version of 19 January 2018,

SCCS/1583/17, 2018.

13 SCCS. Opinion for clarification of the meaning of the term

“sprayable applications/products” for the nano forms of Carbon

Black CI 77266, Titanium Oxide and Zinc Oxide, 23 September

2014, SCCS/1539/14, revision of 16 December 2014 and of 25 June

2015, 2015.

14 2016/1143 EN. Commission Regulation (EU) on cosmetic products No

2016/1143 Official Journal of the European Union (14 July 2016).

15 SCCS. Opinion on additional coatings for Titanium Dioxide (nano

form) as UV-filter in dermally applied cosmetic products, 7 March 2017,

revision 22 June 2018, SCCS/1580/16, 2017.

16 ANSES. Le dioxyde de titane sous forme nanoparticulaire. Valeurs toxi-

cologiques de r�ef�erence. Avis de l’Anses. Collective expert appraisal

report, 2019.

17 Warheit DB, Brown SC. What is the impact of surface modifications and

particle size on commercial titanium dioxide particle samples? - A

review of in vivo pulmonary and oral toxicity studies - Revised 11-6-

2018. Toxicol Lett 2019; 302: 42–59.
18 Davis J, Wang A, Shtakin J. Nanomaterial Case Studies: Nanoscale Tita-

nium Dioxide in Water Treatment and in Topical Sunscreen (Final).

Research Triangle Park, North CarolinaUnited States Environmental

Protection Agency (US EPA), Washington, DC, 2010.

19 Jacobs JF, van de Poel I, Osseweijer P. Sunscreens with titanium dioxide

(TiO(2)) nano-particles: a societal experiment. Nanoethics 2010; 4: 103–
113.

20 Kert�esz ZSZ, Gontier E, Moretto P et al. Nuclear microprobe study of

TiO2-penetration in the epidermis of human skin xenografts. Nucl

Instrum Methods Phys Res, Sect B 2005; 231: 280–285.

© 2019 European Academy of Dermatology and VenereologyJEADV 2019, 33 (Suppl. 7), 34–46

Safety of nano-TiO2 in cosmetics 43



21 Sadrieh N, Wokovich AM, Gopee NV et al. Lack of significant dermal

penetration of titanium dioxide from sunscreen formulations containing

nano- and submicron-size TiO2 particles. Toxicol Sci 2010; 115: 156–
166.

22 Nohynek GJ, Dufour EK, Roberts MS. Nanotechnology, cosmetics and

the skin: is there a health risk? Skin Pharmacol Physiol 2008; 21: 136–149.
23 Xie G, Lu W, Lu D. Penetration of titanium dioxide nanoparticles

through slightly damaged skin in vitro and in vivo. J Appl Biomater Funct

Mater 2015; 13: e356–e361.
24 TGA. (Therapeutic Goods Administration), Department of Health. Lit-

erature Review on the safety of titanium dioxide and zinc oxide

nanoparticles in sunscreens. Scientific review report. Version 1.1, August

2016. Australian Government, 2016.

25 Crosera M, Prodi A, Mauro M et al. Titanium dioxide nanoparticle pen-

etration into the skin and effects on HaCaT cells. Int J Environ Res Public

Health 2015; 12: 9282–9297.
26 Coelho SG, Patri AK, Wokovich AM et al. Repetitive application of sun-

screen containing titanium dioxide nanoparticles on human skin. JAMA

Dermatol 2016; 152: 470–472.
27 Naess EM, Hofgaard A, Skaug V et al. Titanium dioxide nanoparti-

cles in sunscreen penetrate the skin into viable layers of the epider-

mis: a clinical approach. Photodermatol Photoimmunol Photomed

2016; 32: 48–51.
28 Adachi K, Yamada N, Yoshida Y, Yamamoto O. Subchronic exposure of

titanium dioxide nanoparticles to hairless rat skin. Exp Dermatol 2013;

22: 278–283.
29 Osmond-McLeod MJ, Oytam Y, Rowe A et al. Long-term exposure to

commercially available sunscreens containing nanoparticles of TiO2 and

ZnO revealed no biological impact in a hairless mouse model. Part Fibre

Toxicol 2016; 13: 44.

30 Kreyling WG, Scheuch G. Clearance of particles deposited in the lungs.

In: Heyder J, Gehr P, eds. Particle Lung Interactions. Marcel Dekker,

New York, 2000: 323–376.
31 Eydner M, Schaudien D, Creutzenberg O et al. Impacts after inhalation

of nano- and fine-sized titanium dioxide particles: morphological

changes, translocation within the rat lung, and evaluation of particle

deposition using the relative deposition index. Inhal Toxicol 2012; 24:

557–569.
32 Zhang X, Li W, Yang Z. Toxicology of nanosized titanium dioxide: an

update. Arch Toxicol 2015; 89: 2207–2217.
33 Bermudez E, Mangum JB, Wong BA et al. Pulmonary responses of mice,

rats, and hamsters to subchronic inhalation of ultrafine titanium dioxide

particles. Toxicol Sci 2004; 77: 347–357.
34 Oyabu T, Myojo T, Lee BW et al. Biopersistence of NiO and TiO(2)

nanoparticles following intratracheal instillation and inhalation. Int J

Mol Sci 2017; 18: 2757.

35 Kreyling WG, Holzwarth U, Schleh C et al. Quantitative biokinetics of

titanium dioxide nanoparticles after oral application in rats: part 2. Nan-

otoxicology 2017; 11: 443–453.
36 Pujalte I, Dieme D, Haddad S, Serventi AM, Bouchard M. Toxicokinet-

ics of titanium dioxide (TiO2) nanoparticles after inhalation in rats. Tox-

icol Lett 2017; 265: 77–85.
37 Husain M, Wu D, Saber AT et al. Intratracheally instilled titanium diox-

ide nanoparticles translocate to heart and liver and activate complement

cascade in the heart of C57BL/6 mice. Nanotoxicology 2015; 9: 1013–
1022.

38 Gate L, Disdier C, Cosnier F et al. Biopersistence and translocation to

extrapulmonary organs of titanium dioxide nanoparticles after subacute

inhalation exposure to aerosol in adult and elderly rats. Toxicol Lett

2017; 265: 61–69.
39 Shinohara N, Oshima Y, Kobayashi T et al. Dose-dependent clearance

kinetics of intratracheally administered titanium dioxide nanoparticles

in rat lung. Toxicology 2014; 325: 1–11.
40 Teubl BJ, Leitinger G, Schneider M et al. The buccal mucosa as a route

for TiO2 nanoparticle uptake. Nanotoxicology 2015; 9: 253–261.

41 Cho WS, Kang BC, Lee JK et al. Comparative absorption, distribution,

and excretion of titanium dioxide and zinc oxide nanoparticles after

repeated oral administration. Part Fibre Toxicol 2013; 10: 9.

42 MacNicoll A, Kelly M, Aksoy H et al. A study of the uptake and biodis-

tribution of nano-titanium dioxide using in vitro and in vivo models of

oral intake. J Nanopart Res 2015; 17: 66.

43 Konstantinova V, Ibrahim M, Lie SA et al. Nano-TiO2 penetration of

oral mucosa: in vitro analysis using 3D organotypic human buccal

mucosa models. J Oral Pathol Med 2017; 46: 214–222.
44 Jones K, Morton J, Smith I et al. Human in vivo and in vitro studies on

gastrointestinal absorption of titanium dioxide nanoparticles. Toxicol

Lett 2015; 233: 95–101.
45 INERIS. Proposition d’un rep�ere toxicologique pour l’oxyde de titane

nanom�etrique pour des expositions environnementales par voie respira-

toire ou orale (DRC-16-157027-10246A), 2016.

46 Wang J, Zhou G, Chen C et al. Acute toxicity and biodistribution of dif-

ferent sized titanium dioxide particles in mice after oral administration.

Toxicol Lett 2007; 168: 176–185.
47 Shi H, Magaye R, Castranova V, Zhao J. Titanium dioxide nanoparticles:

a review of current toxicological data. Part Fibre Toxicol 2013; 10: 15.

48 Gao X, Wang Y, Peng S et al. Comparative toxicities of bismuth oxybro-

mide and titanium dioxide exposure on human skin keratinocyte cells.

Chemosphere 2015; 135: 83–93.
49 Rancan F, Nazemi B, Rautenberg S et al. Ultraviolet radiation and

nanoparticle induced intracellular free radicals generation measured in

human keratinocytes by electron paramagnetic resonance spectroscopy.

Skin Res Technol 2014; 20: 182–193.
50 Yin JJ, Liu J, Ehrenshaft M et al. Phototoxicity of nano titanium diox-

ides in HaCaT keratinocytes–generation of reactive oxygen species and

cell damage. Toxicol Appl Pharmacol 2012; 263: 81–88.
51 Horie M, Sugino S, Kato H et al. Does photocatalytic activity of TiO2

nanoparticles correspond to photo-cytotoxicity? Cellular uptake of TiO2

nanoparticles is important in their photo-cytotoxicity. Toxicol Mech

Methods 2016; 26: 284–294.
52 Wright C, Iyer AK, Wang L et al. Effects of titanium dioxide nanoparti-

cles on human keratinocytes. Drug Chem Toxicol 2017; 40: 90–100.
53 Tucci P, Porta G, Agostini M et al. Metabolic effects of TiO2 nanoparti-

cles, a common component of sunscreens and cosmetics, on human ker-

atinocytes. Cell Death Dis 2013; 4: e549.

54 Smulders S, Golanski L, Smolders E, Vanoirbeek J, Hoet PH. Nano-TiO2

modulates the dermal sensitization potency of dinitrochlorobenzene

after topical exposure. Br J Dermatol 2015; 172: 392–399.
55 Choi J, Kim H, Choi J et al. Skin corrosion and irritation test of sun-

screen nanoparticles using reconstructed 3D human skin model. Environ

Health Toxicol 2014; 29: e2014004.

56 Miyani VA, Hughes MF. Assessment of the in vitro dermal irritation

potential of cerium, silver, and titanium nanoparticles in a human skin

equivalent model. Cutan Ocul Toxicol 2017; 36: 145–151.
57 Grassian VH, Adamcakova-Dodd A, Pettibone JM, O’shaughnessy PI,

Thorne S. Inflammatory response of mice to manufactured titanium

dioxide nanoparticles: comparison of size effects through different expo-

sure routes. Nanotoxicology 2007; 1: 211–226.
58 Grassian VH, O’Shaughnessy PT, Adamcakova-Dodd A, Pettibone JM,

Thorne PS. Inhalation exposure study of titanium dioxide nanoparticles

with a primary particle size of 2 to 5 nm. Environ Health Perspect 2007;

115: 397–402.
59 Leppanen M, Korpi A, Miettinen M et al. Nanosized TiO(2) caused

minor airflow limitation in the murine airways. Arch Toxicol 2011; 85:

827–839.
60 Leppanen M, Korpi A, Mikkonen S et al. Inhaled silica-coated TiO2

nanoparticles induced airway irritation, airflow limitation and inflam-

mation in mice. Nanotoxicology 2015; 9: 210–218.
61 Noel A, Maghni K, Cloutier Y et al. Effects of inhaled nano-TiO2 aero-

sols showing two distinct agglomeration states on rat lungs. Toxicol Lett

2012; 214: 109–119.

© 2019 European Academy of Dermatology and VenereologyJEADV 2019, 33 (Suppl. 7), 34–46

44 B. Dr�eno et al.



62 Oyabu T, Morimoto Y, Izumi H et al. Comparison between whole-body

inhalation and nose-only inhalation on the deposition and health effects

of nanoparticles. Environ Health Prev Med 2016; 21: 42–48.
63 Nurkiewicz TR, Porter DW, Hubbs AF et al. Nanoparticle inhalation

augments particle-dependent systemic microvascular dysfunction. Part

Fibre Toxicol 2008; 5: 1.

64 Nurkiewicz TR, Porter DW, Hubbs AF et al. Pulmonary nanoparticle

exposure disrupts systemic microvascular nitric oxide signaling. Toxicol

Sci 2009; 110: 191–203.
65 LeBlanc AJ, Cumpston JL, Chen BT et al. Nanoparticle inhalation

impairs endothelium-dependent vasodilation in subepicardial arterioles.

J Toxicol Environ Health A 2009; 72: 1576–1584.
66 LeBlanc AJ, Moseley AM, Chen BT et al. Nanoparticle inhalation

impairs coronary microvascular reactivity via a local reactive oxygen

species-dependent mechanism. Cardiovasc Toxicol 2010; 10: 27–36.
67 Knuckles TL, Yi J, Frazer DG et al. Nanoparticle inhalation alters sys-

temic arteriolar vasoreactivity through sympathetic and cyclooxygenase-

mediated pathways. Nanotoxicology 2012; 6: 724–735.
68 Stapleton PA, McBride CR, Yi J, Nurkiewicz TR. Uterine microvascular

sensitivity to nanomaterial inhalation: an in vivo assessment. Toxicol

Appl Pharmacol 2015; 288: 420–428.
69 Landsiedel R, Ma-Hock L, Hofmann T et al. Application of short-term

inhalation studies to assess the inhalation toxicity of nanomaterials. Part

Fibre Toxicol 2014; 11: 16.

70 Ma-Hock L, Burkhardt S, Strauss V et al. Development of a short-term

inhalation test in the rat using nano-titanium dioxide as a model sub-

stance. Inhal Toxicol 2009; 21: 102–118.
71 Yu KN, Sung JH, Lee S et al. Inhalation of titanium dioxide induces

endoplasmic reticulum stress-mediated autophagy and inflammation in

mice. Food Chem Toxicol 2015; 85: 106–113.
72 Halappanavar S, Jackson P, Williams A et al. Pulmonary response to

surface-coated nanotitanium dioxide particles includes induction of

acute phase response genes, inflammatory cascades, and changes in

microRNAs: a toxicogenomic study. Environ Mol Mutagen 2011; 52:

425–439.
73 ECETOC. Poorly Soluble Particles/Lung Overload. Technical Report No.

122. ISSN-0773-8072-122 (print) ISSN-2079-1526-122 (online), 2013.

74 Saber AT, Lamson JS, Jacobsen NR et al. Particle-induced pulmonary

acute phase response correlates with neutrophil influx linking inhaled

particles and cardiovascular risk. PLoS ONE 2013; 8: e69020.

75 Yu X, Zhao X, Ze Y et al. Changes of serum parameters of TiO(2)

nanoparticle-induced atherosclerosis in mice. J Hazard Mater 2014; 280:

364–371.
76 Mikkelsen L, Sheykhzade M, Jensen KA et al. Modest effect on plaque

progression and vasodilatory function in atherosclerosis-prone mice

exposed to nanosized TiO(2). Part Fibre Toxicol 2011; 8: 32.

77 Chen T, Hu J, Chen C et al. Cardiovascular effects of pulmonary expo-

sure to titanium dioxide nanoparticles in ApoE knockout mice. J

Nanosci Nanotechnol 2013; 13: 3214–3222.
78 Stapleton PA, Minarchick VC, Yi J et al.Maternal engineered nanomate-

rial exposure and fetal microvascular function: does the Barker hypothe-

sis apply? Am J Obstet Gynecol 2013; 209: 227.e221–211.
79 Chang X, Xie Y, Wu J, Tang M, Wang B. Toxicological characteristics of

titanium dioxide nanoparticle in rats. J Nanosci Nanotechnol 2015; 15:

1135–1142.
80 Gustafsson A, Lindstedt E, Elfsmark LS, Bucht A. Lung exposure of tita-

nium dioxide nanoparticles induces innate immune activation and long-

lasting lymphocyte response in the Dark Agouti rat. J Immunotoxicol

2011; 8: 111–121.
81 Fu Y, Zhang Y, Chang X et al. Systemic immune effects of titanium

dioxide nanoparticles after repeated intratracheal instillation in rat. Int J

Mol Sci 2014; 15: 6961–6973.
82 Zhang L, Bai R, Li B et al. Rutile TiO(2) particles exert size and surface

coating dependent retention and lesions on the murine brain. Toxicol

Lett 2011; 207: 73–81.

83 Wang J, Chen C, Liu Y et al. Potential neurological lesion after nasal

instillation of TiO(2) nanoparticles in the anatase and rutile crystal

phases. Toxicol Lett 2008; 183: 72–80.
84 Wang J, Liu Y, Jiao F et al. Time-dependent translocation and potential

impairment on central nervous system by intranasally instilled TiO(2)

nanoparticles. Toxicology 2008; 254: 82–90.
85 Ze Y, Zheng L, Zhao X et al. Molecular mechanism of titanium dioxide

nanoparticles-induced oxidative injury in the brain of mice. Chemo-

sphere 2013; 92: 1183–1189.
86 Ze Y, Hu R, Wang X et al. Neurotoxicity and gene-expressed profile in

brain-injured mice caused by exposure to titanium dioxide nanoparti-

cles. J Biomed Mater Res A 2014; 102: 470–478.
87 Ze Y, Sheng L, Zhao X et al. TiO2 nanoparticles induced hippocampal

neuroinflammation in mice. PLoS ONE 2014; 9: e92230.

88 Ze Y, Sheng L, Zhao X et al. Neurotoxic characteristics of spatial recog-

nition damage of the hippocampus in mice following subchronic peroral

exposure to TiO2 nanoparticles. J Hazard Mater 2014; 264: 219–229.
89 Ze X, Su M, Zhao X et al. TiO2 nanoparticle-induced neurotoxicity may

be involved in dysfunction of glutamate metabolism and its receptor

expression in mice. Environ Toxicol 2016; 31: 655–662.
90 Horvath T, Papp A, Kovacs D et al. Electrophysiological alterations and

general toxic signs obtained by subacute administration of titanium diox-

ide nanoparticles to the airways of rats. Ideggyogy Sz 2017; 70: 127–135.
91 Disdier C, Chalansonnet M, Gagnaire F et al. Brain inflammation, blood

brain barrier dysfunction and neuronal synaptophysin decrease after

inhalation exposure to titanium dioxide nano-aerosol in aging rats. Sci

Rep 2017; 7: 12196.

92 Huang KT, Wu CT, Huang KH et al. Titanium nanoparticle inhalation

induces renal fibrosis in mice via an oxidative stress upregulated trans-

forming growth factor-beta pathway. Chem Res Toxicol 2015; 28: 354–
364.

93 Zhen S, Qian Q, Jia G et al. A panel study for cardiopulmonary effects

produced by occupational exposure to inhalable titanium dioxide. J

Occup Environ Med 2012; 54: 1389–1394.
94 Zhao L, Zhu Y, Chen Z et al. Cardiopulmonary effects induced by occu-

pational exposure to titanium dioxide nanoparticles. Nanotoxicology

2018; 12: 169–184.
95 Ichihara S, Li W, Omura S et al. Exposure assessment and heart rate

variability monitoring in workers handling titanium dioxide particles: a

pilot study. J Nanopart Res 2016; 18: 52.

96 Pelclova D, Barosova H, Kukutschova J et al. Raman microspectroscopy

of exhaled breath condensate and urine in workers exposed to fine and

nano TiO2 particles: a cross-sectional study. J Breath Res 2015; 9: 036008.

97 Pelclova D, Zdimal V, Fenclova Z et al. Markers of oxidative damage of

nucleic acids and proteins among workers exposed to TiO2 (nano) parti-

cles. Occup Environ Med 2016; 73: 110–118.
98 Pelclova D, Zdimal V, Kacer P et al. Leukotrienes in exhaled breath con-

densate and fractional exhaled nitric oxide in workers exposed to TiO2

nanoparticles. J Breath Res 2016; 10: 036004.

99 Pelclova D, Zdimal V, Kacer P et al. Markers of nucleic acids and pro-

teins oxidation among office workers exposed to air pollutants including

(nano) TiO2 particles. Neuro Endocrinol Lett 2016; 37: 13–16.
100 Pelclova D, Zdimal V, Kacer P et al. Markers of lipid oxidative damage

in the exhaled breath condensate of nano TiO2 production workers.

Nanotoxicology 2017; 11: 52–63.
101 Warheit DB, Brown SC, Donner EM. Acute and subchronic oral toxicity

studies in rats with nanoscale and pigment grade titanium dioxide parti-

cles. Food Chem Toxicol 2015; 84: 208–224.
102 Bettini S, Boutet-Robinet E, Cartier C et al. Food-grade TiO2 impairs

intestinal and systemic immune homeostasis, initiates preneoplastic

lesions and promotes aberrant crypt development in the rat colon. Sci

Rep 2017; 7: 40373.

103 Hu R, Gong X, Duan Y et al. Neurotoxicological effects and the impair-

ment of spatial recognition memory in mice caused by exposure to TiO2

nanoparticles. Biomaterials 2010; 31: 8043–8050.

© 2019 European Academy of Dermatology and VenereologyJEADV 2019, 33 (Suppl. 7), 34–46

Safety of nano-TiO2 in cosmetics 45



104 Gui S, Zhang Z, Zheng L et al. Molecular mechanism of kidney injury of

mice caused by exposure to titanium dioxide nanoparticles. J Hazard

Mater 2011; 195: 365–370.
105 Duan Y, Liu J, Ma L et al. Toxicological characteristics of nanoparticu-

late anatase titanium dioxide in mice. Biomaterials 2010; 31: 894–899.
106 Sang X, Li B, Ze Y et al. Toxicological mechanisms of nanosized tita-

nium dioxide-induced spleen injury in mice after repeated peroral appli-

cation. J Agric Food Chem 2013; 61: 5590–5599.
107 Zhao X, Ze Y, Gao G et al. Nanosized TiO2-induced reproductive system

dysfunction and its mechanism in female mice. PLoS ONE 2013; 8:

e59378.

108 Gao G, Ze Y, Zhao X et al. Titanium dioxide nanoparticle-induced tes-

ticular damage, spermatogenesis suppression, and gene expression alter-

ations in male mice. J Hazard Mater 2013; 258–259: 133–143.
109 Furukawa F, Doi Y, Suguro M et al. Lack of skin carcinogenicity of topi-

cally applied titanium dioxide nanoparticles in the mouse. Food Chem

Toxicol 2011; 49: 744–749.
110 Sagawa Y, Futakuchi M, Xu J et al. Lack of promoting effect of titanium

dioxide particles on chemically-induced skin carcinogenesis in rats and

mice. J Toxicol Sci 2012; 37: 317–327.
111 Xu J, Sagawa Y, Futakuchi M et al. Lack of promoting effect of titanium

dioxide particles on ultraviolet B-initiated skin carcinogenesis in rats.

Food Chem Toxicol 2011; 49: 1298–1302.
112 ECHA CfRAR. Opinion proposing harmonised classification and label-

ling at EU level of Titanium dioxide. EC Number: 236-675-5 CAS Num-

ber: 13463-67-7 CLH-O-0000001412-86-163/F, 2017.

113 Heinrich U, Fuhst R, Rittinghausen S et al. Chronic inhalation

exposure of Wistar rats and two different strains of mice to diesel engine

exhaust, carbon black, and titanium dioxide. Inhal Toxicol 1995; 7:

533–556.
114 Xu J, Futakuchi M, Iigo M et al. Involvement of macrophage inflamma-

tory protein 1alpha (MIP1alpha) in promotion of rat lung and mam-

mary carcinogenic activity of nanoscale titanium dioxide particles

administered by intra-pulmonary spraying. Carcinogenesis 2010; 31:

927–935.
115 Yokohira M, Hashimoto N, Yamakawa K et al. Lung carcinogenic bioas-

say of CuO and TiO(2) nanoparticles with intratracheal instillation

using F344 male rats. J Toxicol Pathol 2009; 22: 71–78.
116 Pott F. Carcinogenicity study with nineteen granular dusts in rats. Eur J

Oncol 2005; 10: 249–281.
117 Chen JL, Fayerweather WE. Epidemiologic study of workers exposed to

titanium dioxide. J Occup Med 1988; 30: 937–942.
118 Fryzek JP, Chadda B, Marano D et al. A cohort mortality study among

titanium dioxide manufacturing workers in the United States. J Occup

Environ Med 2003; 45: 400–409.
119 Boffetta P, Gaborieau V, Nadon L et al. Exposure to titanium dioxide

and risk of lung cancer in a population-based study from Montreal.

Scand J Work Environ Health 2001; 27: 227–232.
120 Boffetta P, Soutar A, Cherrie JW et al. Mortality among workers

employed in the titanium dioxide production industry in Europe. Can-

cer Causes Control 2004; 15: 697–706.

121 Ellis ED, Watkins J, Tankersley W, Phillips J, Girardi D. Mortality

among titanium dioxide workers at three DuPont plants. J Occup Envi-

ron Med 2010; 52: 303–309.
122 Ellis ED, Watkins JP, Tankersley WG, Phillips JA, Girardi DJ. Occupa-

tional exposure and mortality among workers at three titanium dioxide

plants. Am J Ind Med 2013; 56: 282–291.
123 Ramanakumar AV, Parent ME, Latreille B, Siemiatycki J. Risk of lung

cancer following exposure to carbon black, titanium dioxide and talc:

results from two case-control studies in Montreal. Int J Cancer 2008;

122: 183–189.
124 Hougaard KS, Jackson P, Jensen KA et al. Effects of prenatal exposure to

surface-coated nanosized titanium dioxide (UV-Titan). A study in mice.

Part Fibre Toxicol 2010; 7: 16.

125 Boisen AM, Shipley T, Jackson P et al. NanoTIO(2) (UV-Titan) does

not induce ESTR mutations in the germline of prenatally exposed female

mice. Part Fibre Toxicol 2012; 9: 19.

126 Kyjovska ZO, Boisen AM, Jackson P et al. Daily sperm production:

application in studies of prenatal exposure to nanoparticles in mice.

Reprod Toxicol 2013; 36: 88–97.
127 Jackson P, Halappanavar S, Hougaard KS et al.Maternal inhalation of

surface-coated nanosized titanium dioxide (UV-Titan) in C57BL/6 mice:

effects in prenatally exposed offspring on hepatic DNA damage and gene

expression. Nanotoxicology 2013; 7: 85–96.
128 Stapleton PA, Nichols CE, Yi J et al. Microvascular and mitochondrial

dysfunction in the female F1 generation after gestational TiO2 nanopar-

ticle exposure. Nanotoxicology 2015; 9: 941–951.
129 Stapleton PA, Hathaway QA, Nichols CE et al.Maternal engineered

nanomaterial inhalation during gestation alters the fetal transcriptome.

Part Fibre Toxicol 2018; 15: 3.

130 Engler-Chiurazzi EB, Stapleton PA, Stalnaker JJ et al. Impacts of pre-

natal nanomaterial exposure on male adult Sprague-Dawley rat behav-

ior and cognition. J Toxicol Environ Health A 2016; 79: 447–452.
131 Hathaway QA, Nichols CE, Shepherd DL et al.Maternal-engineered

nanomaterial exposure disrupts progeny cardiac function and bioener-

getics. Am J Physiol Heart Circ Physiol 2017; 312: H446–H458.

132 Elbastawisy YM, Almasry SM. Histomorphological evaluation of mater-

nal and neonatal distal airspaces after maternal intake of nanoparticulate

titanium dioxide: an experimental study in Wistar rats. J Mol Histol

2014; 45: 91–102.
133 Mohammadipour A, Fazel A, Haghir H et al. Maternal exposure to tita-

nium dioxide nanoparticles during pregnancy; impaired memory and

decreased hippocampal cell proliferation in rat offspring. Environ Toxicol

Pharmacol 2014; 37: 617–625.
134 Mavon A, Miquel C, Lejeune O, Payre B, Moretto P. In vitro percuta-

neous absorption and in vivo stratum corneum distribution of an

organic and a mineral sunscreen. Skin Pharmacol Physiol. 2007; 20(1):

10–20.
135 Filipe P, Silva JN, Silva R, Cirne de Castro JL, Marques Gomes M, Alves

LC, Santus R, Pinheiro T. Stratum Corneum Is an Effective Barrier to

TiO2 and ZnO Nanoparticle Percutaneous Absorption. Skin Pharmacol

Physiol 2009; 22: 266–275.

© 2019 European Academy of Dermatology and VenereologyJEADV 2019, 33 (Suppl. 7), 34–46

46 B. Dr�eno et al.


