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Executive Summary
The purpose of this document is to summarize the state of the science concerning the safety of titanium
dioxide (TiO2 ) used as a food additive. TiO2 is a white powder that has been approved for use as a food
additive in Canada for over five decades and is used to whiten or brighten many foods. TiO2 is insoluble,
poorly bioavailable and has long been regarded as toxicologically inert via the oral route. However, the
safety of TiO2 when used as a food additive has recently come into question, largely as a result of the
recognition that food-grade TiO2 , while not intentionally engineered as a nanomaterial, invariably
contains a fraction of particles in the nanoscale (<100 nm). Recent analysis of food-grade TiO2 samples on
the European market (where it is referred to as E171 per European labelling requirements for food
additives) indicated that the portion of particles with a diameter < 100 nm was as high as 30% on a mass
basis and ~70% on a particle number basis (Verleysen et al. 2020; 2021). TiO2 particles in the nanoscale,
as well as food-grade TiO2 containing nanoparticles, may produce toxic effects in various test systems
when dispersed and stabilized in simple matrices such as water. However, these dispersion methods are
intended to identify intrinsic hazards of the constituent particles (both primary particles and reduced
agglomerates) and are of uncertain relevance to human health, as TiO 2 used in food preparations is in the
form of larger, constituent agglomerates that are not dispersed to the same degree. Moreover, proteins
and other macromolecules present in food and biological matrices rapidly and avidly adsorb to TiO2
particles, forming a “corona” that alters particle size and the surface characteristics that govern their
interactions with the gut environment. It is perhaps not surprising therefore, that in vivo studies which
administer TiO2 to animals via the diet or in vitro studies that employ a simulated food matrix tend not to
replicate the findings observed in studies using dispersed TiO 2 in simple matrices.
TiO2 is photoactive and small particles in particular may undergo photocatalytic reactions in aqueous
media to produce hydroxyl radicals upon exposure to light, which may lead to oxidative damage in test
systems. TiO2 is also sonocatalytic and concerns have been raised that the energy applied during
sonication to deagglomerate TiO2 may also generate reactive radicals, potentially producing artifacts in
toxicity testing. While a large body of experimental toxicological literature exists for TiO 2 , particles used
in studies are often poorly described (if at all), making it difficult to establish relationships between
particle characteristics (e.g., size, agglomeration state, surface area, particle number, etc.) and toxicity.
This also makes it challenging to determine the relevance of these experimental findings to human
exposure to the forms of TiO2 used in food.
TiO2 is not metabolized to any significant degree and while the vast majority of ingested particles are
excreted unchanged in feces, studies in animals and human volunteers indicate a small fraction, likely on
the order of 0.001%, may be systemically available via the oral route. In the gastrointestinal tract, TiO2
particles may gain access to the gut-associated lymphoid tissue (GALT), where they may remain locally in
specialized lymphoid follicles known as Peyer’s patches or be translocated systemically, dependent on
their size. In cadaveric organ donors, TiO2 has been identified in various organs, notably those rich in
macrophages, such as liver and spleen, although there is no established link between organ burden and
either age or pathology. The initial concerns with human exposure to TiO 2 particles arose in part from a
non-guideline rat study funded by the French Agency for Food, Environmental and Occupational Health &
Safety (ANSES) in which animals were exposed to food-grade TiO2 dispersed in drinking water at a human
relevant dose (~10 milligrams per kilogram of body weight per day; mg/kg bw/d) for 100 days (the Bettini
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et al. 2017 study). TiO2 particles were reported to have accumulated in Peyer’s patches and exposed
animals developed large aberrant crypt foci (ACF; a colonic lesion which may progress to neoplasia), at
higher rates than unexposed controls. However, the findings of ACF in the colon by Bettini et al. have not
been replicated in subsequent studies, even at doses orders of magnitude higher.
The rodent dietary model successfully mimics human exposure to food-grade TiO2 , as the administration
of food-grade TiO2 incorporated into animal feed resulted in the accumulation of TiO2 particles in Peyer’s
patches in rodents, as occurs in humans following exposure to TiO2 via the diet (Riedle et al. 2020). Several
studies in which food-grade TiO2 was administered via the diet are available and these studies were
accorded the highest weight in this review. A chronic rodent bioassay conducted by the United States
National Cancer Institute (NCI 1979) showed no evidence of intestinal tumours or other intestinal lesions,
including inflammation, in rats or mice exposed to TiO2 incorporated into feed for two years. This study
used a test article that is highly consistent with the forms of TiO2 currently used in foods, including the
fraction of particles in the nanoscale. In addition, a study designed to replicate the findings of Bettini et
al. (2017) using a dietary model found no evidence of ACF in the rat colon following exposure to foodgrade TiO2 for 100 days up to the highest dose tested (236-300 mg/kg bw/d) in either the presence or
absence of a carcinogenic initiator. Similar findings were also observed in a recent extended onegeneration reproductive toxicity study performed according to OECD guideline No. 443 (LPT 2020 as cited
in EFSA 2021a). This study was conducted with modifications specifically intended to assess the potential
for food-grade TiO2 to produce adverse effects in the colon, and the test article selected was a
commercially available food-grade TiO2 that was determined to have among the highest fraction of
constituent nanoparticles of any sample tested on the European market. No adverse effects were
observed up to the highest dose tested of 1000 mg/kg bw/d administered via the diet when rats were
continuously exposed from pre-conception through to adulthood. Lastly, the available evidence indicates
food-grade TiO2 is not genotoxic in vivo, although the number of studies available is limited and more
research is recommended to confirm these findings.
In summary, the adverse effects associated with oral exposure to TiO 2 are largely derived from nonstandard studies that administered stable, homogenized suspensions of ultrasonically dispersed particles.
While these intensive sample preparation steps are necessary and appropriate for particle
characterization and hazard identification for nanoscale materials in general, in the opinion of Health
Canada’s Food Directorate they do not fully represent exposure to TiO2 as a constituent of food. Overall,
Health Canada’s Food Directorate did not identify any compelling health concerns for the use of TiO2 as a
food additive in the course of this review. While some uncertainties in the database were identified that
would benefit from further research, the weight of available evidence suggests these data gaps are not
significant enough to warrant a more precautionary approach at this time. As is the case for food additives
generally, Health Canada’s Food Directorate will continue to monitor the emerging science concerning
the safety of TiO2 used as a food additive and this conclusion may be revisited should new scientific
information become available.
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1. Background
Titanium dioxide (TiO2 ; E1711 ) is permitted for use as a food additive in Canada in accordance with Good
Manufacturing Practice (GMP), which means that the amount added must not exceed the amount
required to accomplish the purpose for which it has been added. 2 TiO2 is a colouring agent that is widely
used in Canada and internationally in various products such as confectionaries, processed nuts, dairy
products, baked goods and condiments. 3 In 1969, the Joint FAO/WHO Expert Committee on Food
Additives (JECFA) evaluated the safety of TiO2 as a food colour additive and the Committee concluded that
this compound was insoluble, poorly bioavailable and did not produce systemic toxicity if absorbed;
therefore, an acceptable daily intake (ADI) of “not limited” was assigned (JECFA 1969). Such nonnumerical ADIs are assigned to food additives for which no toxicological concerns are identified through
their intended food additive uses. TiO2 was also investigated in a chronic rodent cancer bioassay by the
United States National Cancer Institute (NCI) in the late 1970s (NCI 1979). Following two years of exposure
to relatively high doses administered via the diet, there were no signs of toxicity that were considered
treatment-related and it was determined that TiO2 was not carcinogenic by the oral route in rats or mice.
Food-grade TiO2 subsequently came to be regarded as a rather innocuous substance that was considered
toxicologically inert via ingestion. In recent years, however, additional evidence began to emerge that
challenged this view.
In 2016, the European Food Safety Authority (EFSA) Panel on Food Additives and Nutrient Sources added
to Food (ANS) re-evaluated E171 as a food additive and concluded the oral bioavailability of TiO2 was
extremely low, and “the use of TiO2 (E171) as a food additive [did] not raise a genotoxic concern” (EFSA
2016). However, the ANS Panel identified several data gaps that precluded the establishment of a healthbased guidance value, specifically the lack of reproductive toxicity data as well as the need for additional
data concerning the specifications of E171. The ANS Panel also recommended that the existing European
Union (EU) specifications for TiO2 (E171) be updated to include a characterization of particle size
distribution as well as to specify the percentage (in number and by mass) of particles in the nanoscale. At
the time, it was considered that E171 mainly consisted of micro-sized TiO2 , with the fraction of particles
in the nanoscale being less than 3.2% by mass. Nanoscale particles are known to exhibit properties,
attributed to their small size, that are distinct from the constituent individual atoms and molecules, and
from the "bulk" form of the material with the same chemical composition (Auffan et al. 2009).

1

E171 is the European designation for titanium dioxide (TiO 2) that meets food additive specifications. European
specifications for E171 and other food additives are set out in Commission Regulation (EU) No 231/2012 of 9 March
2012 laying down specifications for food additives listed in Annexes II and III to Regulation (EC) No 1333/2008 of the
European Parliament and of the Council.
2 GMP is defined in the Marketing Authorization for Food Additives That May Be Used as Colouring Agents, Food and
Drugs Act. https://laws-lois.justice.gc.ca/eng/regulations/SOR-2012-204/page-1.html#h-784309
3 TiO used in foods sold in Canada is required to meet food-grade specifications set out in the Food Chemicals Codex
2
(FCC) or the Combined Compendium of Food Additive Specifications. The FCC is a compendium of standards for
purity and identity for food ingredients, including food additives, published by the United States Pharmacopeial
Convention. The Combined Compendium of Food Additive Specifications, which contains specifications prepared by
JECFA, is published by the Food and Agriculture Organization of the United Nations. Both FCC and JECFA
specifications for TiO 2 include chemical identity and purity requirements, however, do not include limits on the size
of particles in the food-grade material.
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In 2017, the French Agency for Food, Environmental and Occupational Health and Safety (ANSES) issued
an opinion (2017-SA-0020; ANSES 2017) on a study funded by the French government (Bettini et al. 2017)
in which rats were exposed to food-grade TiO2 (E171) via drinking water for 100 days at doses
“representing human dietary levels”. Bettini et al. (2017) reported that E171 treatment produced
inflammatory effects in the colon and initiated preneoplastic lesions in the form of aberrant crypt foci
(ACF), in addition to promoting the growth of ACF in a chemically-induced carcinogenesis model. The
ANSES expert committee concluded that this study provided some new information on the hazards of
E171, but did not call into question the conclusions of the 2016 EFSA ANS opinion. The committee also
stated the Bettini et al. (2017) study could not be used for risk assessment without first confirming these
same results are produced when E171 is administered to animals as present in a food matrix.
In 2018, the European Commission requested that the EFSA ANS Panel provide a scientific opinion with
respect to four additional studies (Heringa et al. 2016; Bettini et al. 2017; Guo et al. 2017; Proquin et al.
2017) that had been published subsequent to their 2016 opinion with a view to evaluating whether these
new data merit reconsideration of the existing opinion concerning the safety of E171 as a food additive
(EFSA 2018a). The authors of these publications were also invited to a plenary meeting with the EFSA
expert ANS Panel in order to present their findings and address comments and questions from panel
members. The publication by Heringa et al. (2016) was not a primary research study, but rather a risk
assessment of oral exposure to TiO2 nanoparticles (TiO2 -NPs) based on existing data (the pivotal studies
of which had already been considered by EFSA). The ANS Panel identified significant limitations in the
three remaining studies in which new data were presented, and considered they were useful for haz ard
identification of TiO2 -NPs in suspension but of limited relevance to the risk assessment of E171 under
realistic conditions of exposure via food. Therefore, the ANS Panel concluded these studies did not merit
re-opening the existing opinion of the EFSA ANS Panel related to the safety of TiO2 (E171) as a food
additive.
In 2019, ANSES received a formal request from the French government to provide scientific
and technical support on the risks associated with ingestion of the food additive E171 (ANSES 2019).
Specifically, ANSES was requested to identify oral toxicity studies of TiO2 that were conducted subsequent
to the publication by Bettini et al. (2017), and on the basis of these new studies update as necessary the
recommendations in the 2017 opinion. The Committee identified 25 additional in vivo oral studies using
food-grade TiO2 that were published between 2017 and 2019. The panel pointed out that the majority of
the studies were conducted with samples of E171 that had been dispersed in solution by sonication. While
the experts considered these studies could help identify “certain hazards” associated with E171, they
noted that the sonication step alters agglomerate structure and “is not fully representative of E171 as
found in foodstuffs”. The Committee concluded that of the 25 new studies examined, none “were able to
confirm or refute the potential carcinogenesis promoting effect of E171 reported in the study by Bettini
et al. (2017).” In their opinion published 12 April 2019, the Committee recommended additional studies
be undertaken to better characterize the physicochemical properties and hazard of E171. They also
indicated that the process for obtaining marketing authorization for the additive “must be based on clearly
established benefits (technological value, substitution impossible, value to the consumer or community)”
and pending better characterization of the hazards and risks of E171, restated ANSES’ previous conclusion
that consumer exposure to nanomaterials in general should be limited.
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Further to the publication of the 2019 ANSES opinion, EFSA was requested by the European Commission
to provide “urgent scientific and technical assistance regarding the opinion issued by ANSES”.
Approximately one month following publication of the ANSES opinion, on 10 May 2019, EFSA issued a
“statement on the review of the risks related to the exposure to the food additive titanium dioxide (E 171)
performed by the French Agency for Food, Environmental and Occupational Health and Safety (ANSES)”
(EFSA 2019a). EFSA concluded the recent ANSES opinion reiterated previously identified data gaps and
uncertainties, and “[did] not identify any major new findings that would overrule the conclusions made in
the previous two scientific opinions on the safety of titanium dioxide (E 171) as a food additive issued by
the EFSA ANS Panel in 2016 and 2018.”
In June 2019, the EFSA Panel on Food Additives and Flavourings (FAF) published another opinion on TiO2
that assessed data provided by industry in support of a proposed amendment of the EU specifications for
E171 with respect to parameters related to particle size distribution 4 . Interested business operators had
responded to EFSA’s 2016 call for additional data on the specifications of E171 by submitting data on 5
commercial brands of anatase E171 and 1 form of rutile E171. According to the industry, only three EUbased manufacturers produce food-grade TiO2 and the samples analysed were representative of all the
forms of E171 produced by these manufacturers. The 6 samples were analyzed by 5 different laboratories
using various analytical methods including transmission electron microscopy (TEM), scanning electron
microscopy (SEM), scanning transmission electron microscopy (STEM), X-ray disc centrifuge (XDC) and disc
centrifuge (DC). For the anatase samples, the average median diameter by SEM ranged from 104 to 166
nm with 11.4 to 45.6% of particles by number having a diameter <100nm; the rutile sample had a median
diameter of 151 nm with 5.4% of particles by number having a diameter <100 nm. The FAF Panel
concluded that based on the information provided by industry, the specifications for E171 should be
revised to stipulate that median particle size should be larger than 100 nm as determined by electron
microscopy, which is equivalent to a percentage of constituent particles with a minimum external
dimension below 100 nm by number of less than 50%. The FAF Panel also concluded that the previous
EFSA ANS Panel opinions (EFSA 2016; 2018a) remained valid and in particular, the new data on particle
size distribution did not provide a reason to revisit the conclusion on genotoxicity previously drawn.
However, they recommended revisiting the toxicological database in line with the data requirements in
the recently published EFSA guidance on nanotechnology (EFSA 2018b). The FAF Panel also noted that
industry was planning to perform an extended one-generation reproductive toxicity (EOGRT) study to
address the data gap identified by the EFSA ANS Panel in 2016 and that this study would include additional
parameters to address the tumour initiation/promotion potential of E171 as raised by Bettini et al. (2017).
Also in 2019, the Office for Risk Assessment and Research of the Netherlands Food and Consumer Product
Safety Authority (NVWA) published an opinion on possible health effects of the food additive E171 (NVWA
2019). The opinion followed an international workshop in which researchers who study the health effects
of food grade TiO2 and experts in chemical risk assessment were invited to participate. A literature search
4

Significant technological advances in the methods used to assess particle size distributions emerged following
EFSA’s 2016 call for greater clarity on the specifications of food-grade TiO2. In particular, sample preparation steps
leading to optimal de-aggregation/agglomeration have been shown to be crucial for the adequate characterization
of particle size distributions in both pristine and extracted materials. Sample dispersion effectiveness, and in
particular sonication probe size and shape, the acoustic power and the energy delivered can all have a significant
impact on the number of particles in the nanoscale detected.
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was also conducted to substantiate any conclusions that emerged from the workshop. The conclusion of
the workshop participants was consistent with that of EFSA (2018a); specifically that the new studies were
not sufficient to call into question the conclusion of EFSA’s 2016 assessment. The Authority concluded
that the studies conducted in rodents provided an indication that E171 may be associated with tumour
promotion in the gastrointestinal tract (GIT), but that none of these studies were conducted in accordance
with OECD guidelines and were not sufficient to conduct a well-substantiated risk assessment. They also
noted that there were no reliable dose-response data in the animal studies and it is unclear whether the
mechanisms that form the basis for the effects in animals also occur in humans to the same extent. More
information about potentially sensitive groups such as those with increased intestinal permeability wa s
also identified as a data gap. In addition, the Authority noted that the incidence of colon cancer has
doubled in the Netherlands in the last 30 years, and although no direct connection to TiO2 exposure can
be made, there is a need to further investigate realistic intake doses.
In 2021, EFSA’s FAF Panel re-assessed the toxicological dataset for TiO2 in accordance with the principles
set out in the Scientific Guidance on risk assessment of the application of nanoscience and
nanotechnologies in the food and feed chain (EFSA 2018b, revised 2021b). In contrast to the opinions
published by the EFSA ANS Panel in 2016 and 2018, this assessment took into consideration studies of
TiO2 -NPs, which were not heretofore considered relevant to the hazard characteriz ation of E171. In May
2021, the EFSA FAF Panel published an opinion that concluded E171 can no longer be considered safe
when used as a food additive (EFSA 2021a). Specifically, the FAF Panel raised concerns regarding (i) the
potential for bioaccumulation of TiO2 -NPs; (ii) the potential for TiO2 to produce immunotoxicity,
inflammation and neurotoxicity; (iii) the conclusion that no well-designed carcinogenicity studies of TiO2 NPs were available; and (iv) the genotoxic potential of TiO2 particles could not be ruled out. The FAF Panel
acknowledged that the evidence base was not conclusive, but given the many uncertainties a safe level
for the daily intake of TiO2 could not be established.
The United Kingdom’s Food Standards Agency (UK FSA) reviewed the most recent opinion by EFSA (2021a)
and having identified a number of concerns, referred the publication to their Scientific Advisory
Committees, namely the Committee on Toxicity of Chemicals in Food, Consumer Products and the
Environment (COT) and the Committee on Mutagenicity of Chemicals in Food, Consumer Products and
the Environment (COM) for independent expert review. The preliminary findings of these expert
committees were published in the form of an interim position statement in January 2022 (COT 2022).
Upon reviewing the EFSA FAF evaluation with respect to genotoxicity, the COM concluded that “the
evidence did not allow definitive conclusions to be drawn and therefore they did not agree with the overall
EFSA conclusions on the genotoxicity of E171 Titanium dioxide”. Due to the heterogeneity in the database
and equivocal results, the COM considered that further refinement of the data may be needed before
making a definitive conclusion of the genotoxicity and safety of TiO 2 and that the conclusions of the EFSA
FAF Panel were not justifiable based on the available evidence. Similarly, the COT questioned the quality
and robustness of the dataset and the weight given by the EFSA FAF Panel to studies that were considered
to be of low reliability. The COT was informed that the EFSA FAF Panel had indications that when used by
industry E171 was dispersed by sonication into nanoparticles (NPs) and therefore studies using particles
wholly in the nanoscale were considered relevant by the EFSA FAF Panel. However, the COT questioned
this, noting that TiO2 -NPs would not have a technical function in food as they would not provide colour
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and would therefore not be of use5 . The COT concluded that, “on balance, the Committee considered that
the weight of evidence did not support the conclusions drawn by EFSA”. It should be reiterated that these
are interim conclusions and the UK FSA is currently undertaking an independent review of the safety of
TiO2 as a food additive.
The most recent opinion by the FAF Panel (EFSA 2021a) concluded that a safe level for the daily intake of
TiO2 could not be established on account of various uncertainties. In response, a number of additional
studies were commissioned by interested business operators in order to address the deficiencies in the
evidence base that were identified by the FAF Panel. Perhaps most significantly, samples of the test
material used in the 1979 chronic bioassay were obtained from the NCI repository and characterized by
modern methods to determine the similarity to current forms of food-grade TiO2 including the fraction of
particles in the nanoscale. Other studies that were conducted included cellular uptake studies, in vitro
genotoxicity studies and oral bioavailability studies. Additional data on the distribution and homogeneity
of E171 in the feed matrix used in the EOGRT study were also provided. Health Canada’s Food Directorate
put out a call to industry requesting information on the methods used to incorporate TiO 2 into foodstuffs.
In response, an industry consortium representing both manufacturers and end users of food-grade TiO2
informed Health Canada that sonication or other intensive methods intended to break apart agglomerates
are not used to incorporate TiO2 into liquid or solid food preparations in Canada. In light of the
aforementioned, Health Canada’s Food Directorate undertook the present review with the benefit of
several significant new pieces of information that were not available to the FAF Panel at the time of their
assessment.

2. Scope
The purpose of this document is to summarize the state of the science concerning the safety of foodgrade TiO2 as well as to illustrate some key uncertainties. Rather than serving as a comprehensive
overview of TiO2 toxicity, it is intended to highlight and provide perspective on recent data, including those
studies that have brought the safety of food-grade TiO2 into question. Recent assessments by competent
authorities described above, including those from EFSA (2016; 2018a; 2019a,b; 2021a), ANSES (2017;
2019) and the Netherlands NVWA (2019) were reviewed and served as a pragmatic starting point for
Health Canada Food Directorate’s review. A search for additional relevant toxicological and toxicokinetic
studies in animals or humans was also undertaken by research librarians of the Government of Canada’s
Health Library in order to identify any critical new data for the assessment of human health risk (details
of the search strategy may be found in Appendix A). Following the removal of duplicates, a total of 1134
unique references were identified and subjected to screening. In addition, targeted searches by chemical
name and Chemical Abstracts Service registry number were conducted on the PubMed and PubChem
websites as well as using the Google Scholar search engine, and citations from relevant review articles
were screened. The initial library search was conducted on 29 June 2021 followed by a second library
search using the same search strategy on 19 January 2022. For studies obtained by hand searching, the
cut-off date for inclusion in this report was 01 March 2022.

5

Health Canada’s Food Directorate has received a statement from industry indicating that sonication is not used to
incorporate TiO 2 into liquid or solid food preparations (International Association of Color Manufacturers, pers.
comm. 11 March 2022; Titanium Dioxide Manufacturers Association, pers. comm. 13 May 2022)
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Study Screening Criteria
As part of level 1 screening, the titles and abstracts of all studies identified in the literature search were
independently screened for potentially relevant data by two senior toxicologist evaluators based on the
following criteria:
1) Original research study,
2) Measured titanium (Ti) or TiO2 exposure or administered TiO2 as a test article, and
3) Evaluated a toxicokinetic or toxicological outcome in vivo (in any mammalian species) or in a
relevant ex vivo or in vitro model.
All studies that met the above criteria were retained and moved forward into ‘level 2 screening’, which
entailed a full text review based on the same level 1 screening criteria. All studies that were confirmed to
have met the above criteria based on a full text review were then ranked for relevance and reliability, and
a rationale provided for those excluded from further consideration.
Study Ranking Criteria
All studies were independently ranked for relevance and reliability by two senior toxicology evaluators
and consensus was achieved in the case of discrepancies; additional details of the study ranking criteria
may be found in Appendix B. Each study was evaluated based on five main criteria: 1) representativeness
of the test article, 2) mode of exposure, 3) sample preparation method, 4) study reliability/quality, and 5)
study type.
1. Representativeness of Test Articles: All toxicological or toxicokinetic studies that used food-grade
TiO2 or forms of TiO2 that were highly comparable to food-grade TiO2 were considered to be
relevant to this review. The forms of TiO2 considered highly comparable to food-grade TiO2 were
determined by comparing the physiochemical properties of a given TiO 2 form to food-grade TiO2.
Forms of TiO2 that had a similar mean primary particle size, particle size distribution, % of particles
<100 nm, isoelectric point, mass-specific surface area, surface composition, elemental
composition, crystalline form, and purity were considered representative of food-grade TiO2 (see
‘Relevant Reference Materials for Studying Food-Grade TiO2 ’ section below for more details).
Studies that used TiO2 -NPs (engineered NPs that were wholly nano-sized with a mean particle
diameter less than ~100 nm) were not consistent with the particle size distribution of food-grade
TiO2 and were deemed to be of limited relevance for the present assessment 6 . Since food-grade
TiO2 can contain a significant portion of primary particles within the nanoscale, studies conducted
with food-grade TiO2 will simultaneously evaluate any TiO2 -NPs that may be present. However, in
rare cases, studies that used TiO2 -NPs were considered supporting evidence in the present
assessment, if they were considered a key study in an assessment by another competent authority
or if the TiO2 -NPs were administered via the diet and the study was deemed to be well conducted.

6

TiO 2-NPs will be reviewed by Health Canada in a separate assessment specific to nanomaterials.
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2. Mode of Exposure: Studies that used food-grade TiO2 or forms highly comparable to food-grade
TiO2 in a dietary dosing paradigm were given the highest weight since this paradigm accounts for
the contribution of the food matrix and therefore, best reflects the mode of human exposure to
TiO2 from both solid and liquid food preparations7 . Studies that used food-grade TiO2 or forms
highly comparable to food-grade TiO2 in non-dietary oral dosing paradigms (oral gavage, drinking
water exposure) were considered supporting evidence since interactions with the food matrix
may not occur. In the vast majority of dietary studies, the substance in question is typically
administered in a solid food matrix (i.e., in feed) and those toxicity findings are applied to a wide
variety of food groups, including beverages and other food matrices (e.g., gums, candy coatings,
etc.). While this approach is not without some uncertainty, if the substance in question is known
to have a significant food matrix effect (as is the case for food-grade TiO2 ), this approach is still
considered more appropriate than applying findings from toxicity studies that do not account for
the contribution of the food matrix. For this reason, Health Canada’s Food Directorate considered
the findings from dietary studies with food-grade TiO2 more appropriate to approximate the
behaviour and properties of food-grade TiO2 in beverages and other food matrices compared to
studies that administered food-grade TiO2 in water in non-dietary oral dosing paradigms. See the
‘Impact of the Food Matrix and Gastrointestinal Milieu’ section for more details.
3. Sample Preparation Method: Studies in which TiO2 particles were intentionally dispersed using
ultrasonication were considered less representative of TiO2 when used as a food additive. These
dispersion methods are intended to identify intrinsic hazards of the constituent particles – both
primary particles and reduced agglomerates. The available evidence suggests TiO2 particles in
food, including beverages and other food matrices, are present in the form of larger, constituent
agglomerates, which have not been dispersed to the same degree, and there is also no indication
that TiO2 dissociates or deagglomerates in the GIT (Dudefoi et al., 2021; Marucco et al. 2020). In
addition, Health Canada’s Food Directorate has received confirmation from industry that
sonication is not used to incorporate TiO2 into liquid or solid food preparations (International
Association of Color Manufacturers, pers. comm. 11 March 2022; Titanium Dioxide Manufacturers
Association, pers. comm. 13 May 2022). For these reasons, Health Canada’s Food Directorate
considered studies that used intentionally dispersed TiO2 particles via sonication not to be fully
representative of human dietary exposure to TiO2 as a constituent of food and therefore, these
studies were given less weight in the present assessment compared to studies in which particles
were not intensively dispersed and/or stabilised. However, these studies were still considered
supporting evidence in the review. See the ‘Particle Dispersion’ section for more details.
4. Study Reliability/Quality: Studies conducted in accordance with internationally accepted
standards for toxicity testing (i.e., GLP- and OECD guideline-compliant studies) were considered
the most reliable and of the highest quality and therefore, were accorded the highest weight in
this assessment. Non-guideline studies were still considered for inclusion in this assessment on a
case-by-case basis (e.g., non-guideline studies considered key studies by other competent
authorities and non-guideline studies considered reliable by Health Canada’s Food Directorate).
7

While the food matrix is often thought of in terms of solid, complex foods, other foods such as beverages also have
a food matrix, which consist of various proteins, sugars and polysaccharides, bioactives (i.e., flavonoids, phenolic
compounds), lipids, etc.
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5. Study Type: In vivo, in vitro, and other studies were considered for inclusion in the present
assessment, although in vivo studies were given the highest weight.
Ranking of Studies Retained
From the initial library search, a total of 281 test articles/exposures from 188 unique publications were
retained following screening by title/abstract and subjected to level 2 screening. Of these, 93 test
articles/exposures were screened out while 93 test articles/exposures from in vivo studies and 95 test
articles/exposures from in vitro or other studies were retained and ranked for relevance and reliability.
Of the 188 test articles/exposures retained following full text screening, 18 were considered highly
relevant, 44 relevant and 126 were determined to be of limited relevance. For the second library search,
a total of 15 test articles/exposures from 12 unique publications were retained after screening by
title/abstract and subsequently moved forward to full text screening. Three of these test
articles/exposures did not meet the criteria for inclusion and were screened out. The remaining 12 test
articles/exposures were retained and ranked for relevance and reliability of which, one was considered
highly relevant and 11 were determined to be of limited relevance. Details of the ranking results may be
found in Table 1 and Appendix C. Additional studies that did not meet the criteria for retention but
provided key support for conclusions in other assessments by competent authorities were also considered
in this report on a case-by-case basis.
Table 1. Ranking of test articles/exposures from publications retained following level 2 screening for both
library searches. The italicized numbers represent the results obtained in the first library search and the
numbers in parentheses represent the results obtained in the second library search.
Ranking
Total
In vivo
In vitro/ other
Highly relevant
18 (1)
13 (1)
5 (0)
Relevant
44 (0)
19 (0)
25 (0)
Limited relevance
126 (11)
62(10)
64 (1)
Genotoxicity Studies
The current review primarily focused on in vivo genotoxicity studies with TiO2 as these studies were
considered more representative of real-world exposure to food-grade TiO2 (see ‘Particle Corona, Food
Matrix, and the Gastrointestinal Milieu’ section for more details); however, in vitro genotoxicity studies
with food-grade TiO2 have also been briefly reviewed. In vivo studies that administered TiO2 particles via
the oral route were given the highest weight. To ensure that the genotoxic potential of TiO2 was assessed
under conditions with systemic exposure, in vivo studies that administered TiO2 particles by intravenous
or intraperitoneal injection were also considered as supporting evidence in the present assessment. TiO2
is considered a possible human carcinogen by inhalation through a mode of action not relevant to oral
exposure (i.e., particle overload in the lungs) and therefore, in vivo studies that administered TiO2 via
inhalation were not considered relevant and were excluded from the assessment.
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Relevant Reference Materials for Studying Food-Grade TiO2
The TiO2 database consists of studies conducted using a wide variety of TiO2 materials with distinct
physicochemical properties and applications, including food-grade TiO2 , non-food-grade TiO2 (such as
cosmetic-grade TiO2 and certain forms of pigment-grade TiO2 ), and TiO2 -NPs (see Table 4 in Appendix D
for a description of the physicochemical properties of TiO2 forms commonly used as test articles). Foodgrade TiO2 , which has been described as pure TiO2 (> 99%), crystalline-phase anatase or rutile with a
specific surface area between ~8 to 10 m2 g–1 , with phosphate groups on the surface and not more than
2% aluminum oxide and/or silicon dioxide singly or combined, is the most relevant reference material for
studying human exposure to TiO2 as a constituent of food (Dudefoi et al. 2017a; Geiss et al. 2020; JECFA
2012). Food-grade TiO2 can also contain a percentage of TiO2 -NPs as high as ~30% on a particle mass basis
and ~70% on a particle number basis (Verleysen et al. 2020; 2021), and therefore, studies conducted with
food-grade TiO2 will simultaneously evaluate the toxicity of any TiO2 -NPs that may be present. Verleysen
et al. (2021) also reported that “hardly any particles smaller than 30 nm were observed” in pristine forms
of E171 (i.e., before it is added to food) as well as various food products on the European market that
contained TiO2 . Therefore, studies that administer TiO2 -NPs wholly in the nanoscale as test articles, and
in particular, TiO2 -NPs < 30 nm (e.g., P25, AeroxideⓇ ) are not considered appropriate reference materials
for investigating the toxicokinetics and toxicity of food-grade TiO2 due to significant differences in the
physicochemical properties between food-grade TiO2 and TiO2 -NPs, including mean particle diameter,
particle size distribution, specific surface area, surface composition, and crystalline form. In general, the
risk assessment of nanomaterials is a nascent and evolving field with a number of inherent challenges. It
has been suggested that given the sheer number of potential variables and their influence on fate and
biological interactions, NPs may only be assessable on a case-by-case basis (Carrière et al. 2020; Nature
Nanotechnology 2020). According to this view, nanotoxicology is not sufficiently advanced to use readacross to conduct hazard or risk assessments, and the results of toxicity tests using non-food-grade TiO2 NPs should therefore be considered specific to the particular particle being tested and not necessarily
relevant nor extrapolatable to the nanoscale fraction of food-grade material. However, occasionally,
studies that used TiO2 -NPs were considered supporting evidence in the present assessment, such as when
a study was considered a key study in an assessment by a competent authority.
Definitions
A wide variety of terms have been used to describe TiO2 in the literature8 . In the present assessment, the
term TiO2 is used when describing TiO2 in general and encompasses all particle sizes (i.e., both micro- and
nano-sizes) as well as all technical uses (i.e., food, cosmetic, pigment, etc.). TiO 2 microparticles (also
described as microscale or micro-sized TiO2 particles) refer to particles with a mean particle size > 100 nm,
whereas TiO2 -NPs (also described as nanoscale or nano-sized TiO2 particles) refer to particles with a mean
particle size < 100 nm, of which many are comprised of particles wholly on the nanoscale. The terms foodgrade, cosmetic-grade, and pigment-grade TiO2 are used to describe various forms of TiO2 approved for
use in food, cosmetics, and as pigments in general, respectively. Note that all forms of food-grade TiO2
are also pigment-grade, but not all pigment-grade forms of TiO2 are food-grade. In the present review,

8

A list of depositor-supplied synonyms for TiO2 (https://pubchem.ncbi.nlm.nih.gov/compound/Titaniumdioxide#section=Depositor-Supplied-Synonyms&fullscreen=true)
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the term pristine is used to describe food-grade TiO2 before it is added to food. There are multiple forms
of food-grade TiO2 , including E171, A200, and Unitane® 0-220, which have been described more
extensively in the present document. On the European market, food-grade TiO2 is referred to as E171 as
per European labelling requirements for food additives whereas in China it may be referred to as A200.
Unitane® 0-220 is the trade name for a form of food-grade TiO2 previously manufactured in the United
States by the now defunct American Cyanamid Company. Note that TiO2 may be found under other
identifiers or trade names in different countries. In the present assessment, the term food-grade TiO2 was
used when discussing the food additive use of TiO2 in general; however, when a study reported using a
particular form of food-grade TiO2 (i.e., E171, A200, Unitane® 0-220), that particular form was reported
instead.

3. Composition, Properties, and Uses
Titanium (Ti) is the ninth most abundant element in the Earth’s crust and is widely distributed; Ti may
accumulate in soil due to rock weathering and be taken up by plants (Dumon and Ernst 1988).
Anthropogenic sources of Ti in the environment include combustion of fossil fuels, incineration of Ticontaining wastes and emissions from industrial processing of Ti-containing metals, minerals and other
substances (WHO 1982). Therefore, background levels of Ti may be present in environmental media, food,
and drinking water. Although no biological role for Ti in mammals has been identified, humans
nevertheless have 10 – 20 mg of Ti in the body, making it more abundant than some essential elements
(Buettner and Valentine 2012; Swiatkowska et al. 2019).
TiO2 is a white powder used as a pigment in various industries and is valued for its high refractive index.
Pure TiO2 assembles in several crystal structures although only anatase, rutile or a mixture of the two are
used in foods. Food- and pigment-grade TiO2 are engineered products synthesized from purified Ti
precursors using only the sulfate (anatase and rutile forms) or chloride processes (only rutile forms)
(Ropers et al. 2017)9 . In contrast, TiO2 -NPs may be manufactured by various methods, such as the sol-gel,
hydrothermal, or flame-spray pyrolysis processes. For many applications, including cosmetics and some
therapeutic products, surface coatings are applied to TiO2 particles that alter their physicochemical
properties. Therefore, toxicity studies using these materials may not be relevant to TiO2 used as a food
additive, which normally undergoes no surface treatment and is uncoated (EFSA 2016). Food-grade TiO2
also differs in surface composition compared to other TiO2 materials, such as TiO2 -NPs, that are intended
for non-food applications and manufactured using synthetic methods other than the sulfate or chloride
processes. The surface of food-grade TiO2 particles is covered by superficial phosphate groups resulting
from the synthetic methods used to manufacture the material, while materials manufactured with
alternative methods may have different surface functional groups (e.g., hydroxyl groups). The particular
surface properties of TiO2 materials have a significant impact on the behaviour of the material in various
environments, including biological media, thus TiO2 materials with surface properties that differ from
9

Potassium Aluminium Silicate-based TiO 2, otherwise known as mica-based pearlescent pigments, are also
permitted as food colourants in Canada. However, these substances are chemically and toxicologically distinct from
the TiO 2 colour additives that are the subject of this report and are not given further consideration herein. Note that
the EFSA FAF Panel (2020) states that potassium aluminum silicate and TiO 2 particles “…are bound to each other by
strong physical forces and cannot be separated from each other by standard methods”. Therefore, mica-based
pearlescent pigments should be considered a separate entity rather than a “carrier” of TiO 2 particles.
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food-grade TiO2 may not be considered relevant models when studying the fate of dietary TiO2 (Dudefoi
et al. 2017a).
The ideal particle size distribution of food-grade TiO2 ranges from 200-300 nm, which corresponds to
roughly half the wavelength of visible light and provides optimal light scattering, thus producing the
desired whitening effect (Winkler et al. 2018). TiO2 particles less than 100 nm are transparent to visible
light and are not of functional significance as a pigment. However, despite having a mean particle size in
the desired range (200-300 nm), primary particles in food-grade TiO2 form a broad size distribution that
invariably contains particles below 100 nm. While this has long been recognized, the fraction of primary
particles in the nanoscale was thought to be minimal in food-grade TiO2 . Following EFSA’s call for data in
2016, new analytical methods with vastly improved size detection limits have been developed and
optimized to quantify the particle size distribution of food-grade TiO2 with greater precision and accuracy.
Based on these methodological improvements, recent analysis of pristine E171 from the European market
as well as E171 isolated from food matrices using optimized extraction procedures indicated that the mass
of primary particles with a diameter of less than 100 nm was as high as 30%, with a mean of ~25% in
twelve samples, although in some samples the NP fraction was as low as 2% by mass (Verleysen et al.
2020; 2021; Table 2). It is unknown if the manufacturers of those products with only a small fraction of
particles in the nanoscale took steps to deliberately reduce their number, although these results suggest
it may potentially be feasible to produce food-grade TiO2 with a minimal fraction of primary particles in
the nanoscale. On a particle number basis, the percentage of primary particles with a diameter of less
than 100 nm may be 50% or greater, although the percentage by number of particles with a diameter less
than 30 nm is on the order of 1% or less (EFSA 2021a).
Table 2. Percentage of particles in the nanoscale (by number and by mass) among 12 pristine samples of
food-grade TiO2 purchased in the European market and analyzed by Verleysen et al. (2020; 2021; data
extracted from Table W.2 of EFSA 2021a).
Percentage of constituent
Percentage of constituent particles by
Identifier Structure
particles by number<100 nm
mass< 100nm
E171-02
Anatase
74
33
E171-03
Anatase
64
29
E171-04
Anatase
67
32
E171-06
Anatase
65
29
E171-07
Anatase
73
31
E171-09
Anatase
71
32
E171-A
Anatase
40
10
E171-B
Anatase
70
30
E171-C
Anatase
56
20
E171-D
Anatase
18
2
E171-E
Anatase
65
27
E171-F

Rutile

20

3
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Mass is the most common metric used to express the concentration/doses of TiO2 particles in in vitro and
in vivo studies and may be the only one practicable in the laboratory. However, whether this exposure
metric is toxicologically meaningful given the nature of NPs is questionable. Unless based on a dilution
series with the same material, assessing exposure to TiO2 -NPs on a mg/kg basis is equivalent to treating
them the same as bulk scale, which essentially ignores the very properties that make nanomaterials
distinct. If the toxicity of TiO2 -NPs is in part a function of the size, volume, morphology, density and/or
number of particles or their surface area/reactivity, the use of mass as an exposure metric will result in a
toxicological bias towards TiO2 formulations that contain smaller particles, which may not allow for
extrapolation to forms of TiO2 such as food-grade TiO2 that contain a combination of micro- and
nanoparticles. For particles such as TiO2 -NPs that are insoluble or poorly soluble, mass is not directly
related to the number of particles and is insufficient to characterize the dose (Delmaar et al. 2015). Thus,
the use of mass as a dose metric in toxicological studies does not facilitate relevant comparisons with
human exposure estimates to characterize risk. In their recent assessment, EFSA’s FAF Panel (2021a)
states, “the findings in studies with E171 on immunotoxicity and inflammation were considered
inconsistent; in studies with TiO2 -NPs > 30 nm effects were seen at a dose of 20 mg/kg bw/d whereas in
studies with TiO2 -NPs < 30 nm effects were observed at doses as low as 2.5 mg/kg bw/d”. However, if
toxicity relates to some other aspect such as particle number or surface area, the “lower dose” expressed
on a mass basis may be a mischaracterization. For example, Jones et al. (2015) observed that “a particle
with a diameter of 500 nm will weigh the same as 125,000 particles with a 10 nm diameter”.
TiO2 particles are highly stable and are considered to be unaffected by food processing (Winkler et al.
2018). However, it is well documented that TiO2 particles, particularly uncoated particles, have a tendency
to agglomerate/aggregate, with smaller particles having a greater tendency to agglomerate than larger
particles (Parrino and Palmisano 2020). Therefore, to reliably characterize the particle size distribution of
food-grade TiO2 , whether in pristine form or isolated from foods, a number of sample preparation steps
may be required to deagglomerate particles, such as a combination of optimized pH, sonication, and
centrifugation (Verleysen et al. 2021). While these dispersion and stabilization methods have been
meticulously validated for the purposes of particle characterization, they are also widely used for both in
vivo and in vitro toxicity testing. There is less certainty as to whether the results of such tests are of
relevance to human exposure given that TiO2 as ingested in foodstuffs is not subjected to the same
deagglomeration protocols, and therefore the test article when intentionally dispersed was considered
less representative of food-grade TiO2 as encountered in the diet (see ‘Particle Dispersion’ section below
for more details). In their recent opinion, EFSA’s FAF Panel (2021a) noted that based on information
received from industry, liquid dispersions of E171 or other processes to reduce the formation of
agglomerates may be used in some products, although the only example of such applications provided
was “incorporation of E171 into a tablet coating or capsule”, which does not appear to be typical of use
in foods. Health Canada is not privy to the information submitted to the EFSA FAF Panel, although it is
possible that reducing the formation of agglomerates in this context refers to separating large, weaklybound agglomerates that are beyond the ideal particle size range for its technical use; breaking up
agglomerates into primary particles such as occurs under certain laboratory protocols would not be of
benefit in food preparation as the desired whitening or opacifying effect will be lost or diminished. Health
Canada’s Food Directorate has received confirmation from industry that sonication is not used to
incorporate TiO2 into liquid or solid food preparations (International Association of Color
Manufacturers, pers. comm. 11 March 2022; Titanium Dioxide Manufacturers Association, pers. comm.
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13 May 2022). Moreover, the production process of food-grade TiO2 involves high energy milling that is
far more intensive than the methods used to incorporate the material into any known end use application,
including food manufacture (TDMA 2019).
Significant advances in the procedures used to characterize the intrinsic properties of food-grade-TiO2
have been made following EFSA’s (2016) call for additional data concerning the specifications of E171 (see
for example Verleysen et al 2020; 2021; Geiss et al. 2020; 2021). It is now feasible to reliably characterize
pristine particles on the basis of particle size distribution, shape, composition, surface chemistry, surface
charge and zeta potential10 among other parameters, using conventional methods. However,
characterization of TiO2 particles in situ in complex food or biological matrices still presents considerable
challenges (Singh et al. 2014; Szakal et al. 2014). Foods are complex and variable mixtures that often
contain particles with dimensions that overlap with the particles of interest (McClements et al. 2016). TiO2
particles are also present in foods in small quantities (typically 1% by weight or less) and it is generally
necessary to extract and isolate them to characterize such properties as size distribution or aggregation
state. However, the procedures used to isolate the particles from other particulate matter may
fundamentally alter the properties of interest and thus not be a true reflection of particle characteristics
as used in food. For example, Li et al. (2021a) characterized the size distribution of TiO2 particles in coffee
creamer and instant drink powder. The authors state, “To conduct the effective size characterization of
TiO2 -NPs, the studied powdered beverages have to be properly dispersed in liquid medium. However,
since TiO2 -NPs are well known for their susceptible agglomeration/aggregation, it is important to explore
suitable working conditions to minimize these undesirable adverse effects.” To this end, to extract and
isolate particles from their food matrix and prior to particle size determination, the samples were
homogenized, vortexed with a surfactant, defatted with organic solvent (in the case of coffee creamer),
centrifuged, further vortexed and sonicated in carrier solutions containing either a pH-adjusted surfactant
or multiple non-ionic and ionic detergents. The authors reported that most particles were still present in
the form of aggregates and/or agglomerates, although “…many individual NPs can still be found and
deemed as primary particles”. However, these sample preparation steps are likely to materially alter the
agglomeration state of particles, making it difficult to draw inferences from these findings. It has been
suggested that complete characterization of nanomaterials present in complex food matrices may require
the development of new analytical methods (Bellmann et al. 2015; Szakal et al. 2014).
Similar to other jurisdictions, food-grade TiO2 has been approved for use as a food additive in Canada for
over fifty years to colour (e.g., whiten or brighten) many foods (see Table 3). Permitted maximum levels
of use for TiO2 are limited by GMP and diet is considered to be the largest source of TiO2 exposure for the
general population (Ramoju et al. 2020). In addition to food, other potential sources of human exposure
to TiO2 and TiO2 -NPs from the use of products available to consumers include personal care products such
as toothpaste, medicines such as some tablets or capsules, as well as sunscreens and cosmetics that are
applied to the skin. TiO2 is also reported to be the second most commonly used ingredient in tattoo inks,
and studies of the fate of tattoo pigments in skin have shown them to accumulate in draining lymph nodes
(Schreiver et al. 2017; Foerster et al. 2020). In addition, many orthopedic prostheses, such as artificial
10

Zeta potential is a measure of the charge on suspended particles and is used as an indication of the stability of
dispersions. A high zeta potential (negative or positive) indicates highly charged particles and physically stable
suspensions as agglomeration is less likely due to electrostatic repulsion of individual particles, whereas lower zeta
potentials (negative or positive) are associated with agglomeration.
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joints, as well as dental implants are made of Ti, which may be a source of exposure to Ti-NPs either locally
or systemically due to wear and/or corrosion. Cellular responses to Ti-NPs may contribute to pathological
mechanisms underlying adverse local tissue reactions associated with Ti-based orthopedic implants (Yao
et al. 2017), and blood Ti levels have been proposed as a biomarker of orthopedic implant wear
(Swiatkowska et al. 2019). Intravenous exposure to TiO2 particles is unusual but has been documented in
intravenous drug users with a history of injecting crushed tablets coated with TiO2 (Filho et al. 1991; Lima
et al. 2004; Hamilton 2013; Gilbert et al. 2021). In the case of intravenous exposure, substantial quantities
of TiO2 particles have been observed primarily in liver and spleen, and to a lesser extent in lungs, lymph
nodes and bone marrow.
Table 3. Permitted food additive uses of titanium dioxide in Canada 11 as per the List of Permitted Colouring
Agents
Maximum Level of
Food
Foods Permitted in or Upon
Use and Other
Additive
Conditions
Titanium (1)
(1)
Dioxide
Apple (or rhubarb) and (naming the fruit) jam; Bread; Butter;
Good Manufacturing
Concentrated (naming the fruit) juice except frozen concentrated Practice12
orange juice; Fig marmalade with pectin; Fish roe (caviar); Ice
cream mix; Ice milk mix; Icing sugar; Liqueur; Lobster paste;
(naming the flavour) Milk; (naming the flavour) Partly skimmed
milk; (naming the flavour) Partly skimmed milk with added milk
solids; (naming the flavour) Skim milk; (naming the flavour) Skim
milk with added milk solids; (naming the fruit) Jam with pectin;
(naming the fruit) Jelly with pectin; Pickles; Pineapple marmalade
with pectin; Relishes; Sherbet; Smoked fish; Tomato catsup
(2)
(2)
Unstandardized foods
Good Manufacturing
Practice
(3)
(3)
A blend of prepared fish and prepared meat referred to in
Good Manufacturing
paragraph B.21.006(n)
Practice
NB: “Naming the fruit” and “naming the flavour” refer to standards of identity for certain foods set out in
Part B of the Food and Drug Regulations (FDR) or the Safe Food for Canadians Regulations. Foods with
prescribed standards (e.g., B.11.128 [S]. Orange Juice; or B.11.130 [S]. Concentrated (naming the fruit)
juice, as set out in the FDR) must comply with the specifications of the standards of identity in every
respect. A food that does not meet the requirements of a standard cannot be labelled using the prescribed
name for that standardized food.
11

Item No. 1, List of Permitted Colouring Agents. Available online at https://www.canada.ca/en/healthcanada/services/food-nutrition/food-safety/food-additives/lists-permitted/3-colouring-agents.html
12 As per the Marketing Authorization for Food Additives That May Be Used as Colouring Agents , “when the words
“good manufacturing practice” appear in column 3, the exemption applies if the amount of the agent that is added
to the food in manufacturing and processing does not exceed the amount required to accomplish the purpose for
which it has been added and if any other condition that i s set out in that column is met”.
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4. Particle Corona, Food Matrix and the Gastrointestinal Milieu
The toxic potential of TiO2 particles can vary as a function of their size, shape, crystalline structure, surface
characteristics and degree of dispersion (Winkler et al. 2018). It has also been demonstrated that
interactions of particles with complex food matrices and biological substrates may rapidly and
substantially alter these attributes (Walczyk et al. 2010; McClements et al. 2016; McClements and Xiao,
2017; DeLoid et al. 2017; Nierenberg et al. 2018; Cao et al. 2020; Liu et al. 2020), such that the
toxicokinetics and toxicodynamics of TiO2 -NPs ingested with food may differ substantially from those of
pristine TiO2 -NP dispersions. Proteins, lipids and other macromolecules have been shown to adsorb to
NPs to form a “corona”13 that alters surface characteristics and influences biological responses, including
interaction with epithelial cells, macrophages and microbiota (DeLoid et al. 2017; Winkler et al. 2018).
The protein corona is a well-recognized limitation in NP-based therapeutics, particularly via the oral route,
as it governs their fate and biological identity (Berardi and Baldelli Bombelli 2019; Rampado et al. 2020)
and can significantly impact therapeutic properties, gastrointestinal transit and oral bioavailability (Zhang
et al. 2021). The majority of toxicity and genotoxicity studies of TiO2 particles, however, fail to account for
interactions with food and/or biologically relevant matrices to influence the toxicity of these particles via
the oral route and thus may not fully represent human exposure to TiO2 as a constituent of food
preparations.
The Particle Corona
The intrinsic properties of pristine particles such as size, shape, crystalline form, zeta potential, etc. are
typically characterized prior to their use in in vivo or in vitro toxicity studies. However, upon entering the
complex biological environment of the GIT or interacting with constituents of the food matrix, the surface
of particles is immediately coated with proteins and other macromolecules with the resultant corona
changing the “synthetic” identity of the particle to its “biological” identity (McClements et al. 2016;
Breznica et al. 2020). It has been emphasized that what a cell, organ or barrier actually “sees” when
interacting with particles in a biological medium is more critical than the intrinsic properties of the pristine
material, and therefore the biologically relevant unit is not the synthetic particle itself but rather the
particle-protein complex (Cedervall et al. 2007; Walczyk et al. 2010). The interactions with
macromolecules and the composition of the resulting corona are a function of the type of matrix, surface
chemistry of particles as well as their curvature and diameter (DeLoid et al. 2017). Therefore, differentsized TiO2 particles/agglomerates and same-sized particles/agglomerates in different matrices may be
assumed to have distinct corona compositions (Winkler et al. 2018) and thus possess fundamentally
different toxicological propensities, further complicating attempts to evaluate the human health risks of
dietary TiO2 exposure based on extrapolation from non-food grade test articles and/or particles dispersed
in simple matrices such as water. Given that binding of macromolecules alters particle size and surface
properties, it is likely that the protein corona also has a significant influence on oral systemic
bioavailability. Therefore, studies in which cells or organisms are exposed to dispersions of pristine TiO2
particles outside of a food or biologically relevant matrix may be useful for identifying intrinsic hazards of
constituent particles (both primary particles and reduced agglomerates) but are of questionable

13

The term “protein corona” was coined by Cedervall et al. (2007) to describe the dynamic protein structure that
spontaneously forms on NPs when introduced into a biological milieu.
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significance for human health risk assessment of dietary exposure to food-grade TiO2 as the material is
encountered in the diet.
It is important to note that the protein corona may either enhance or attenuate the targeting, uptake and
subsequent toxicity of particles depending on its composition as well as the particular biological
environment (Walczyk et al. 2010; Jo et al.2016; Liu et al. 2020). While a naked particle may have a greater
nonspecific binding affinity to cell surfaces than one coated in proteins, the opposite may be true if a
particle is coated with proteins for which suitable cellular recognition machinery exists. For example, Runa
et al. (2017) have shown that bare TiO2 -NPs (21 nm; crystalline form not stated) induce lipid peroxidation
of the plasma membrane in HeLa and A549 cells (124 μg/mL, 12 h), as quantified by a malondialdehyde
assay, which can be inhibited through passivation of the NP surface by a serum protein corona. Similarly,
Proquin et al. 2017 showed E171 suspended in Hank’s balanced salt solution (HBSS) via sonication (30
minutes at 40 kHz) induced reactive oxygen species (ROS) production under cell-free conditions, while no
ROS production was observed in the presence of 0.05% bovine serum albumin (BSA) in the medium, which
the authors attributed to the presence of a protein corona on the surface of particles that scavenges ROS.
However, deleterious effects of the protein corona have also been reported. Borgognoni and colleagues
(2015) investigated the effect of the protein corona of TiO2 -NPs (primary particle size not stated;
hydrodynamic modal diameter in culture medium 180 nm, range 80 – 240 nm) on human macrophages.
TiO2 particles (10, 50 or 100 μg/mL) were incubated with macrophages in the presence of 10%
fluorescently-labelled BSA. A dose-dependent increase in the induction of pro-inflammatory cytokines IL6 and IL-1β was observed, although a similar trend was seen for the anti-inflammatory cytokine IL-10. The
authors posit that the protein corona interacts with cell surface receptors, inducing cytokine secretion
through the activation of signaling cascades, suggesting the presence of the protein corona may facilitate
recognition of particles by phagocytic cells such as macrophages and thereby promote inflammation. In
addition, just as proteins change the size and reactivity of particles, adsorbed proteins on the surfaces of
particles also undergo conformational changes, which may result in new epitopes and altered biological
functions or affinities (Parveen et al. 2017). The binding of proteins may also be confounded by the surface
chemistry of the TiO2 particles (i.e., the presence of phosphate ions, silica or alumina coating, etc.) which
may differ between particles intended for use in food versus other purposes. The protein corona is the
subject of extensive research in the field of nanomedicine, where the unique properties of NPs are being
explored for their potential application as drug delivery carriers, anti-tumour agents, vaccines and
antibacterial products as well as in diagnostics, imaging and as biosensors (for review see Liu et al. 2020;
Martinez-Negro et al. 2021; Akhter et al. 2021; Barui et al. 2020; Lee 2021; Fasoli 2020). This work has
highlighted the complexity of nano-bio interactions under physiologically relevant conditions and the
difficulty in predicting the impact of the protein corona on cellular targeting and toxicity.
Lastly, the protein corona should not be regarded as a fixed property of particles but rather as a dynamic
entity, the composition of which varies over time and in accordance with the milieu in which it is present.
Similar to the “Vroman effect”, which describes the competitive binding of blood serum proteins to solids
(Vroman 1962), the protein corona initially consists of high abundance proteins which immediately bind
to pristine particles upon coming into contact with biological fluids or components of food matrices. Over
time, however, the protein composition evolves through competitive binding as abundant but weaklybound proteins are gradually replaced by less abundant proteins with greater binding affinities until an
equilibrium is reached (Vilanova et al. 2016; Liu et al. 2020). These more stable, high-affinity proteins are
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often referred to as the “hard corona”, whereas the transient, low-affinity interactions make up the “soft
corona”. Soft corona proteins may secondarily interact with hard corona proteins and it has been
suggested that the soft-hard corona interface is likely critical in establishing the true biological identity of
particles (Nierenberg et al. 2018). However, due to the complexity of studying these transient interactions
in situ, the majority of studies of the nano-bio interface have been conducted in vitro and thus the
toxicological significance of protein-particle transformations within complex food matrices and under
physiologically-relevant conditions remains poorly understood.
Impact of the Food Matrix and Gastrointestinal Milieu
Bettencourt et al. (2020) assessed the impact of a simulated digestion model on the physicochemical
properties of TiO2 materials (JRC NM-102, NM-103, NM-105) dispersed in water in the presence of BSA
using ultrasonication and in accordance with the NANOGENOTOX 14 dispersion protocol. After the
dispersion protocol, the TiO2 suspensions were subjected to three sequential digestion phases consisting
of simulated salivary fluid (pH 7), simulated gastric fluid (pH 3) and simulated intestinal fluid (pH 7); the
model did not account for the presence of a food matrix. Simulated digestion was not observed to have a
significant impact on size distributions of the three TiO2 materials tested and small particles less than 100
nm in size were still detectable in each TiO2 suspension after digestion. The hydrodynamic mean size of
NM-105 (analogous to AeroxideⓇ P25 TiO2 -NP15 ) measured by dynamic light scattering (DLS) was observed
to decrease slightly after digestion, suggesting that this material may agglomerate less upon digestion. In
addition, the size range of TiO2 agglomerates/aggregates measured using TEM did not change significantly
after digestion. The surface charge (zeta potential) measured for each material was also unaffected by the
digestion process.
The rather insignificant effect of simulated digestion on the agglomeration status of TiO2 suspensions
generated using ultrasonication in the presence of BSA reported by Bettencourt et al. (2020) is in contrast
with other studies that demonstrate very significant impacts of digestion on the agglomeration of TiO2
suspensions. Dudefoi et al. (2021) assessed the behaviour of E171 and P25 TiO2 -NPs through a
standardized static in vitro digestion protocol simulating the oral, gastric and intestinal phases (the test
suspensions were not sonicated). The results indicate significant agglomeration of TiO2 particles as the
size distributions of TiO2 particles were shifted towards larger sizes during the simulated digestion. For all
samples, the largest sizes were obtained in the intestinal phase, with size distributions centred at around
90 µm on average and expanding until roughly 500 µm. The authors suggest the extensive agglomeration
is mediated by the adsorption of mainly α-amylase and divalent cations onto TiO2 particles and bridging
between particles that are already agglomerated in water. Li et al. (2017a) also observed a progressive
increase in mean particle diameter of sonicated TiO2 dispersions as they passed through a simulated GIT
model, suggesting that the particles became significantly more aggregated.

14

Final protocol for producing suitable manufactured nanomaterial exposure media. July, 2011.
https://www.anses.fr/en/system/files/nanogenotox_deliverable_5.pdf [Accessed 10 June 2021].
15 AeroxideⓇ P25 (manufactured by Evonik Industries, Degussa, Germany) is commonly used as a reference material
for TiO 2-NPs in various studies. The material consists of mixed-phase spherical particles (~85% anatase/15% rutile)
with a mean particle diameter of 21-24 nm and is considered an optimal photocatalyst.
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Marucco et al. (2020) studied the molecular processes governing bio-transformation in terms of
agglomeration and surface modifications of sonicated food-grade TiO2 and TiO2 -NP suspensions during
the digestion process using an in vitro simulated human digestive system. The size distribution measured
using DLS for a suspension of aggregated TiO2 -NPs (5-6 nm primary, 100-1000 nm aggregates) shifted
slightly to smaller hydrodynamic radii from water to simulated saliva, however, a major shift in
distribution to larger sizes was observed in gastric and duodenal fluids. Both food-grade and
monodisperse TiO2 -NP suspensions exhibited continuous increases in hydrodynamic radius from water to
saliva, duodenal and gastric fluids. The authors also note that agglomeration/aggregation was not only
inferred by the shift of the size distribution to higher values, but also by the increase of the variability
among the repeat measurements, suggestive of poor stability of the suspensions. This study also
demonstrated that agglomeration of TiO2 materials subjected to duodenal fluid only (pH 6.5) was
reversible when the suspensions were centrifuged to remove the supernatant and resuspended in water.
However, the agglomeration of these TiO2 materials, whether subjected to saliva or gastric fluid only, or
to all three digestion phases was found to be irreversible, suggesting that irreversible aggregation occurs
in the gastric fluid and remains unaltered in the duodenal compartment. Marucco et al. (2020) also
investigated the separate impacts of pH and ionic strength of the digestive fluids on the agglomeration
state, finding that high ionic strength appears to be the main driving force leading to agglomeration.
Lastly, the effect of simulated digestion on the cytotoxicity of TiO2 -NPs to human colorectal carcinoma
HCT116 cells was examined. A dose-dependent increase in ROS production was observed following
exposure to both digested and undigested particles, although simulated digestion attenuated the
response. The authors concluded that particles that acquire a protein corona by interacting with simulated
digestive fluids are less bioactive and less toxic.
In an example that more closely resembles food matrices in which dietary exposure to food-grade TiO2 is
likely to occur, Cao et al. (2019) reported that a series of complex molecular events occurred when TiO2 NPs (< 30 nm by TEM) were titrated into casein solutions, including dissociation of casein micelles, NPprotein complex formation, and complex aggregation. The authors attribute the high degree of NP
aggregation in this system to two effects: first, charge neutralization reduced the electrostatic repulsion
between the particles, thereby promoting aggregation; second, bridging flocculation may have occurred
where individual casein molecules were adsorbed to the surfaces of numerous NPs, thereby linking them
together. The impact of a simulated food matrix on E171 toxicity was further investigated by these authors
in an intestinal epithelial model (Cao et al. 2020). The food-grade TiO2 was an anatase crystalline form
with a mean particle size of 113.4 ± 37.2 nm by TEM and approximately 40% of particles having at least
one dimension < 100 nm. At a concentration of 0.75% or 1.5% (w/w), E171 suspensions produced
significant, dose-dependent cytotoxicity and oxidative stress in a fasting food model (FFM) but not in a
standardized food model (SFM) based on the “American diet”, indicating a significant food matrix effect.
The effect of the food matrix on the corona of food-grade TiO2 was also examined by Coreas et al. (2020).
Three food models were processed in a simulated gastrointestinal digestion system in the presence of
food-grade TiO2 ; a FFM, a SFM, or a high fat food model (HFFM). The test article was the same as used by
Cao et al. (2020) described above. Following simulated digestion under the three conditions, lipids and
proteins were extracted from the corona and profiled. A particle corona formed around the E171 particles
under all conditions tested, although the thickest layers were observed in the HFFM model. Corona
profiles and particularly lipid profiles varied under the three conditions, although coronas formed under
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SFM conditions were more similar to FFM than HFFM. The authors concluded that the particle corona
formed on food-grade TiO2 particles may passivate the surface of these particles, although the extent and
composition of the corona will vary as a function of the food matrix and in particular the lipid
concentration.
The effect of a simulated digestive environment on the dissolution kinetics, particle size distribution, and
morphology of TiO2 was investigated by Sohal et al. (2018). The TiO2 particles used were an anatase form
(identified as TiO2 A200, from the Shanghai Yuejiang Titanium Chemical Manufacturer Co., Ltd) that was
reported to be food-grade with a primary particle size of 100 – 150 nm by TEM and a BET specific surface
area of 8.2 m2 /g, consistent with E171. The simulated digestive model had a sequential mouth-stomachintestinal digestion cascade at appropriate pH and in the presence of relevant enzymes to represent
exposure to saliva, gastric, and duodenal and bile fluids. Prior to mixing with digestive fluids, particles
were dispersed by sonication in distilled water and “no presence of aggregates” was confirmed. In
simulated salivary fluid (pH 7.0), no significant change in the particle size distribution, agglomeration state
or ion concentration was observed up to 60 minutes. After dissolution in simulated gastric fluid (pH 2.0)
for 8 h, TiO2 agglomerate size increased from an average of 291.4 nm to 454 ± 49 nm but no significant
release of Ti ions was observed. Particles were subsequently exposed to simulated intestinal fluid (pH 7.0)
for an additional 8 h during which the agglomerate size continued to increase over time although again
no significant ion release was observed. The hydrodynamic diameter of TiO2 agglomerates as measured
by DLS increased from an initial 330 nm to approximately 600 nm by the end of the gastric phase. A sudden
decrease in agglomerate size to approximately 500 nm was observed upon transfer to the intestinal phase,
which subsequently increased to approximately 900 nm by the end of the digestion cascade. The
maximum dissolution for TiO2 across all phases was estimated to be 0.42% and the authors noted that the
pronounced changes in particle size distribution, agglomeration state and dissolution behavior are driven
by the absorption of organic components on the particle surface leading to a corona, a conclusion that
was supported by TEM observations. Overall, the authors concluded that TiO2 is biodurable and
persistent, with a trend of increasing agglomerate size over time and along the GI tract cascade.
The impact of a SFM on the fate and toxicity of E171 (D 50 = 113 nm by TEM) in the GIT was also investigated
by Zhang and colleagues (2019). The SFM was modelled on the “typical US diet” in terms of protein, sugar,
dietary fibre, starch, fat and mineral consumption, based on food studies conducted by the US
Department of Agriculture’s Food Surveys Research Group. TiO2 (E171) was dispersed by sonication prior
to being added to either 5 mM phosphate buffer (fasting medium) or in the SFM at concentrations of
0.75% w/w or 1.5% w/w. The simulated digestion of the TiO2 suspension was performed in a 3-step GIT
simulator mimicking the conditions of the mouth (2 minute incubation), stomach (2 h incubation) and
small intestine (2 h incubation). The cytotoxicity of TiO2 particles suspended in either fasting medium or
SFM was investigated by placing the digestae that had been passed through the simulated GIT in contact
with a tri-culture model of intestinal epithelial cells (Caco-2, HT29-MTX, and Raji B cells) and incubated for
24 h. The release of lactate dehydrogenase (a marker of altered cell plasma membranes) was quantified
as a marker of cytotoxicity. A dose-dependent increase in cytotoxicity was observed when epithelial cells
were exposed to digestae containing TiO2 particles dispersed in fasting medium. SFM digestae, however,
were significantly less cytotoxic than their fasting medium counterparts regardless of concentration, with
a 5-fold decrease in toxicity associated with the food matrix effect at the highest concentration of 1.5%
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w/w. The authors concluded that these results highlight the importance of the food matrix in studies
investigating the toxicity of TiO2 particles in the GIT.
Similar results have also been observed in simulated gastrointestinal digestion systems using TiO 2 -NPs. Li
et al. (2021b) studied the influence of a standardized food matrix on the physicochemical properties of
TiO2 -NPs in a three-stage in vitro digestion model (mouth, gastric, intestinal). The particles were
engineered TiO2 -NPs with a reported mean particle diameter of 25 nm (crystalline form not stated) and
were suspended by brief sonication (10 s) in either 10 mM phosphate buffer (without food matrix) or in
SFM at 0.5% w/w, 1% w/w or 1.5% w/w. The hydrodynamic diameter of agglomerates was shown to
increase significantly during digestion both with and without a food matrix, with the most significant
agglomeration occurring in the gastric and intestinal phases. However, with the exception of the gastric
phase, the hydrodynamic size was larger in buffer alone, suggesting the food matrix may also act as a
dispersant for pre-dispersed TiO2 -NPs and thus serve to stabilize the suspension under these
circumstances. Prior to digestion, the zeta potential was significantly decreased in the presence of the
food matrix, and further decreases were observed in all digestive phases, with the largest decreases
occurring in the gastric phase. Following simulated digestion, human colon epithelial Caco-2 cells were
exposed to digesta mixed with serum free media and incubated for 24 h prior to cell viability analysis. Cell
viability upon exposure to TiO2 -NPs digesta was higher in the presence of the food matrix than in its
absence. The authors concluded that the physicochemical transformations of TiO 2 -NPs in the presence of
a food matrix strongly alter their biological effects, and that the toxicity assessment of ingested TiO2 -NPs
should take realistic exposure conditions into account.
The methods used to simulate digestion vary considerably in important parameters such as pH, duration,
composition of simulated fluids, enzyme and/or microbe type and activity, static versus dynamic systems,
and the presence or absence of a simulated food matrix, thereby introducing heterogeneity in the results
(for review see Lefebvre et al. 2015). Taken together, however, the contrasting aggregation/
agglomeration behaviour of TiO2 suspensions prepared using ultrasonication in water versus in the
presence of common biomolecules or dietary constituents suggest that TiO 2 suspensions in simple
matrices may be less relevant as test articles for the study of food-grade TiO2 as a constituent of the diet.
This was also acknowledged by the EFSA ANS Panel (2018) who stated that “the administration of TiO2 (E
171) by gavage or drinking water is not fully representative of the use of the food additive E 171 in food”
and that extrapolating from such studies to the assessment of the food additive introduces uncertainty
“because interactions with the food matrix may not occur.” Similarly, ANSES (2017) concluded that
adverse findings in drinking water studies cannot be used in risk assessment until they have been
confirmed by additional studies where the test article is administered in the food matrix.
The results of the various digestive models described above demonstrate that the composition of the
particle corona continues to evolve as particle-protein complexes move through different environments,
such as salivary fluid through to gastric and intestinal fluid, as the pH and ionic strength of the surrounding
fluids change. Foods are likewise highly complex matrices that differ in composition, structure, pH and
ionic strength and thus the properties of a given particle may also change depending on the type and
amount of food or beverage it is consumed with (McClements et al. 2016). An understanding of such
changes in the structure and composition of the protein corona that lead to alterations in particle size,
agglomeration state, surface properties and ultimately biological activity as a function of the food matrix
25
State of the Science of Titanium Dioxide (TiO2 ) as a Food Additive

Food Directorate, Health Canada

June 2022

and gastrointestinal milieu in which they reside is fundamental to identifying relevant toxicological
responses. A major limitation of most in vitro studies with respect to their relevance to evaluating the
safety of TiO2 as a food additive is the use of overly simplistic models that fail to account for the influence
of these biologically relevant matrices on particle characteristics and toxicity (McClements et al. 2016).
For example, many studies investigate the cytotoxic or genotoxic potential of pristine TiO 2 particles
dispersed in simple matrices such as water, which does not represent the complexity of the GIT
environment, including the potential contribution of the gut microbiome or the presence of the food
matrix, and may translate to poor if not misleading in vivo predictions. The relevance of these studies
would be greatly enhanced if particles were first passed through a GIT model to simulate digestion prior
to introduction in test systems.

5. Particle Dispersion
Various guidelines, technical reports, and SOPs have been developed to standardize sample preparation
and dosimetry for the safety testing of manufactured nanomaterials (e.g. by the OECD, EFSA, the US EPA
and within the EU projects NanoDefine, NanoValid, NanOximet, NANoREG or Nanogenotox, etc.). These
protocols aim to harmonise sample preparation conditions such that theoretically comparable
suspensions in terms of particle size distribution may be produced among different laboratories (ANSES
2019). The necessity of stable dispersions for material characterization as well as accurate and repeatable
dosing is well recognized, and the majority of the various methods for sample preparation of
nanomaterials published internationally advance the use of sonication for these purposes. As such, in
many test systems described in the literature, TiO2 particles are sonicated in order to create stable,
homogeneous dispersions for testing and characterization. Recently EFSA (2021b) has updated their
guidance on the risk assessment of nanomaterials in the food and feed chain. This guidance does not refer
to sonication specifically, but emphasizes the need to test stable dispersions for identification and
characterization of hazards associated with nanomaterials and references several of the protocols
mentioned above that do espouse sonication. However, EFSA also cautions that, “In specific cases, and
especially when exposure occurs mainly through solid and liquid foods, additional groups with food or
drinking water administration have to be included to determine whether hazards associated with the
nanomaterial are observed under realistic exposure scenarios” [emphasis added]. The use of food-grade
TiO2 as a constituent of food is almost certainly one of those specific cases, and the guidance from EFSA
is consistent with Health Canada’s approach of examining and evaluating the potential health risks of
nanomaterials in food products on a case-by-case basis. Both EFSA (2018a) as well as an expert Committee
commissioned by ANSES (2019) have also opined that sonicated particles may help in identifying certain
hazards associated with food-grade TiO2 in suspension but due to the disruption of agglomerate structure,
sonicated material is not fully representative of the substance as found in foodstuffs.
While it is again acknowledged that sonication is widely used to create stable dispersions of particles for
the testing of nanomaterials, in the case of food-grade TiO2 there is also the potential for this practice to
produce artifacts. By increasing collision frequency and decreasing the free energy of particles, sonication
may result in deagglomeration of larger particle clusters while simultaneously promoting the reagglomeration of previously fragmented clusters (Taurozzi et al. 2011). TiO2 is an abrasive material, and
high-power sonication may abrade the sonotrode, which is typically constructed of a Ti alloy, leading to a
fine fraction of exogenous nano-Ti material in the sample (Marín et al.2017). Ultrasonic disruption of TiO2
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agglomerates may also lead to the formation of highly reactive hydroxyl radicals in a process known as
“sonolysis”16 . This process is exploited in the area of water and wastewater purification, where sonolysis
of TiO2 particles results in the degradation of various water contaminants by hydroxyl radical attack.
Although sonication-induced radicals formed in aqueous environments are highly reactive and thus very
short-lived, they may still drive oxidative and other chemical transformations, such as changes in part icle
surface chemistry including oxidation or hydroxylation state, and may subsequently propagate further
radical chain reactions or recombine to form more stable (and thus longer-lived) peroxides and peroxyl
radicals (Taurozzi et al. 2011). Indeed, Taurozzi et al. (2011) state that “…it is unquestionable that
sonication-specific, radical-mediated changes have been observed as a result of sonication, …and can
significantly alter the suspension medium properties or the dispersed material’s surface chemistry, and
consequently influence its environmental and biological behavior.” Similarly, the NANOGENOTOX
dispersion protocol, which is widely used in toxicity studies, cautions that unanticipated side effects of the
particle dispersion process, such as particle alteration and consumed hydrochemical reactivity/radical
formation may occur and “could be mechanisms responsible for toxicological effects” (NANOGENOTOX
2013). The effect of sonication on TiO2 -NP toxicity was shown by Carrière et al. (2014). These authors
dispersed TiO2 -NPs by either ultrasonication or through ball milling 17 , which produced similar particle size
distributions. However, the sonicated dispersion produced more deleterious effects on cell membrane
integrity and led to intracellular accumulation of ROS in A549 cells. In foods, there are many other
molecules in the food matrix to which the energy of excited TiO2 can be transferred and the matrix can
effectively act to insulate the particle surface and prevent binding of O 2 , H2 O and OH-, reducing the
formation of highly reactive oxygen-centred radicals. Further, any radicals that may be formed would be
much less reactive carbon-centred radicals, with many acting as radical chain terminators, preventing
further increase in the concentration of highly reactive, oxidative species.
The dispersion medium may also exacerbate the extent and degree of formation of sonication-induced
reactive radicals, which may alter the toxicological properties of the dispersed suspension (Taurozzi et al.
2011). For example, BSA is widely used in NP dispersion protocols, and Wang et al. (2009) have shown
that even low-frequency sonication induces time-dependent, irreversible degradation in BSA structure
even in the absence of metal complexes. Prasad et al. (2013) compared the genotoxicity of TiO2 -NPs
dispersed by sonication in three different media with various BSA concentrations. No differences were
observed in the comet assay, although in the micronucleus assay chromosomal damage was observed at
the high concentration of BSA only. Fleischer and Payne (2014) investigated the relationship between BSA
secondary structure and NP adhesion in a series of cellular binding competition studies using various cell
types. These authors observed that when BSA retains its native structure, BSA-NP complexes are
recognized by the native albumin receptor and cellular binding of complexes is inhibited by excess BSA.
However, in the presence of denatured BSA, such as occurs during sonication, these protein-NP complexes
16

Ultrasonication refers to the application of sound energy at frequencies largely inaudible to the human ear (higher
than ≈ 20 kHz) (Taurozzi et al. 2011). Health Canada identified a number of studies that reported sonicating particles
at 60 Hz, which would represent an enormous difference relative to the ~20 - 40 kHz used in most studies, as acoustic
power is proportional to the square of the frequency. However, it appears that in these instances the authors are
erroneously reporting the frequency of the alternating current the device operates on (e.g. 120 V, 60 Hz) rather than
the operative frequency of the instrument.
17 Ball milling is a mechanical technique used to grind materials into fine particles. The material intended to be
reduced is placed in a rotating cylinder that is partially filled with balls and high-energy impacts between the balls
and the substrate homogenizes and disperses particles (see Bhagyaraj et al. 2018 for a more detailed description).
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interact with a different set of cell surface receptors (known as scavenger receptors) that have a greater
affinity for modified albumins, and excess denatured BSA enhances rather than inhibits cellular binding,
thus influencing cellular responses. Recently, Charles and colleagues (2018) undertook a review of in vitro
genotoxicity studies of TiO2 -NPs with a view to understand why, “even if judged of good quality, the 36
publications selected and analyzed did not lead to a clear picture” with respect to their genotoxic
potential. The authors noted that, among other factors, modifications induced by sonication may lead to
false in vitro genotoxic responses. Whether or not sonication-induced, radical-mediated changes also lead
to disparate results in in vivo studies of TiO2 toxicity has yet to be determined. However, given that
generation of ROS is often viewed as the initial key event in the adverse outcome pathway of TiO2 (Brand
et al. 2020; Braakhuis et al. 2021), the fact that sonication of particles may lead to ROS production adds
further uncertainty and could possibly be a confounder of the true dose response.
In addition, it is well established that TiO2 is a photocatalyst capable of producing highly oxidizing ROS
upon absorption of a photon with sufficient energy (Carp et al. 2004). TiO2 -NPs exposed to light can oxidize
hydroxide in water and produce ROS (Haynes et al. 2017), such that genotoxicity assays with TiO2 -NPs
have been shown to produce conflicting results when performed in the dark versus under laboratory light
(Gerloff et al. 2009; Woodruff et al. 2012; Di Bucchianico et al 2017). Ultrasonicated water may also
partially dissociate into hydrogen and hydroxyl radicals (Taurozzi et al 2011). It is perhaps not surprising,
therefore, that a synergistic effect on hydroxyl radical production has been observed between sonolysis
and photocatalysis (Selli 2008; Mrowetz et al 2003; Verma et al 2014) and care should be taken to ensure
toxicity tests that are sensitive to ROS synthesis are not conducted under conditions favouring
sonophotocatalysis. Photocatalytic activity requires light absorption, and as such the photoactivity of
particles varies as a function of their size/agglomeration state (Li et al. 2010; Pellegrino et al 2017). Larger
particles and agglomerates such as those found in food-grade TiO2 reflect and diffuse light, and therefore
have minimal photocatalytic activity relative to smaller particles (Bi and Westerhoff 2019). However,
when TiO2 is deagglomerated by sonication into smaller agglomerates or constituent particles there is a
rapid increase in surface area. The effect is that light scattering becomes less dominant and absorption
becomes more significant, hence photocatalytic activity increases (Pellegrino et al 2017). In addition, food
packaging provides a degree of protection from visible and higher energy UV light through light absorption
by the polymer packaging itself as well as any added UV blockers to prevent changes to the food product.
Furthermore, the food matrix (i.e., the other components of the food product such as proteins, lipids,
macromolecules, etc.) will also provide significant protection from visible and UV light by acting as an
internal filter and competing for light absorption. The protection from visible and UV light from food
packaging as well as the food matrix is generally not taken into consideration in studies that administer
food-grade TiO2 that has been dispersed via sonication in simple liquid matrices, such as pure water, and
in open containers or materials intended to be transparent to light-based detection methods (e.g., DLS).
Health Canada’s Food Directorate is aware that sonication is used by the food industry for certain
applications, such as the preparation of botanical extracts, inactivation of pathogenic organisms, the
removal of food allergens or pesticides, the modification of functional characteristics of lipids and proteins
as well as emulsification or homogenization, typically at smaller scales (Arvanitoyannis et al. 2017;
Mumtaz et al. 2019; Ranjha et al. 2021; Arruda et al. 2021). Food manufacturers also disperse and stabilize
TiO2 in food matrices although Health Canada’s Food Directorate is not aware of the use of high-energy
ultrasound for these purposes. Indeed, aside from not being readily scalable, such methods would
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presumably be counter-productive if sufficient energy is applied to break apart agglomerates, unless they
are very large (i.e., outside the ideal particle size range for its technical use). TiO2 -NPs in food-grade-TiO2
will contribute to the efficacy of the product as a whitening agent if they are agglomerated but not if they
are dispersed into primary particles or agglomerates that are too small to scatter light and impart opacity.
A variety of mechanical methods such as high-shear mixing, colloid and disk mills, and high-pressure
homogenizers may be used to disperse aggregates of TiO2 by food manufacturers. However, the shear
forces generated by these devices are orders of magnitude lower than those produced by sonication and
insufficient to separate agglomerates into their constituent particles. Hielscher (2011) states that
conventional devices such as high-shear mixers “do not deliver sufficient power to separate nanomaterial
into its individual particles. Particularly for substances in the range of a few nanometers to a few
micrometers, the use of high power ultrasound has been proven as a highly efficient and effective means
to destroy the agglomerates, aggregates and even primary particles." Similarly, Akpan et al. (2019) report
that the mechanical forces generated by high-shear mixing are “far less powerful compared with the highenergy ultrasonication”. Dispersion of agglomerates requires the application of shear stress that is greater
than the binding energy of the particles. Huang and Tarentjev (2012) state that mechanical high shear
mixing may produce a strain rate as high as 4,000 s-1 and shear stress of no more than 20 kPa in viscous
liquids such as epoxy resins; in low-viscosity liquids such as water, shear stress delivered “will drop to
below 50 Pa, offering very little hope of achieving dispersion”. In the case of sonication, however,
extremely high strain rates are produced during cavitation, up to 10 9 s-1 , leading to shear stress
approaching 100 MPa, or roughly 105 – 106 fold greater than the maximum stresses produced by high
shear mixing.
Health Canada’s Food Directorate requested additional information from stakeholders regarding food
industry practices in dispersing TiO2 and received notice that sonication or other intensive methods
intended to break down agglomerates into their constituent particles are not used to disperse TiO2 in food
or beverage manufacture (International Association of Color Manufacturers, pers. comm. 11 March 2022;
Titanium Dioxide Manufacturers Association, pers. comm. 13 May 2022). This is consistent with
information previously provided to Health Canada’s Food Directorate indicating that the production
process of food-grade TiO2 involves much greater forces than the methods used to incorporate the
material into any known end use application, including food manufacture (TDMA 2019).

6. Toxicokinetics
Oral intake via food, personal care products and medicines or natural health products is the primary route
of TiO2 exposure for those who are not occupationally exposed. A number of studies have investigated
the oral bioavailability, systemic distribution and elimination of TiO2 in both rodents and humans. In
general, all TiO2 particles are insoluble in aqueous solutions and only minimally degraded under conditions
representative of the gastrointestinal milieu (Winkler et al. 2018), with the vast majority of ingested TiO2
particles being eliminated unchanged in feces. However, the gastric epithelium is protected by the gutassociated lymphoid tissue (GALT), which immunologically surveils contents of the gut. In the small
intestine, this mucosal lymphatic tissue forms aggregates that are known as Peyer’s patches. The epithelial
layer of Peyer’s patches contains specialized cells called microfold (M) cells, with the unique ability to
violate the mucosal barrier and capture and transport particles from the intestinal lumen (Dillon and Lo
2019). While these cells typically traffic calcium phosphate particles, TiO 2 particles are also within the
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optimal size range of M cell uptake and thus may “hijack” this physiological pathway and gain entry into
the gut lymphatics (Barreto da Silva et al. 2020). Upon accessing the lymphatic system, small particles
may be translocated systemically whereas those greater than ~1 µm are effectively trapped in the Peyer’s
patches and persist undegraded (EFSA 2016). Particles may accumulate to the point of resembling tattoolike structures at the bases of Peyer’s patches, with the density of pigmentation observed to increase with
age in children/youth aged 1.6 to 18.1 years (mean 12.2 years) undergoing intestinal biopsies for
suspected inflammatory bowel disease, although particles were detected in less than half (42%) of the
biopsies conducted and were not confirmed to be TiO2 specifically (Hummel et al. 2014). Particles taken
up by M cells may also be transcytosed to adjacent dendritic cells located within Peyer’s patches, and
dendritic cells themselves may directly sample particles in the intestinal lumen via tight -junction like
structures with epithelial cells (Rescigno et al. 2001).
Studies in Rodents
Riedle et al. (2020) investigated whether a murine dietary model could be used to mimic human exposure
to TiO2 . The authors posited that in order to be considered successful, it must be demonstrated that
administration of food-grade TiO2 incorporated into diet results in the accumulation of particles in Peyer’s
patches, as occurs in humans. Male and female C57BL/6 mice were exposed to 1, 10, or 100 mg/kg bw/d
food-grade TiO2 in feed for 18 weeks (anatase D50 119 nm, range 50 – 350 nm), at which time they were
euthanized and the GITs harvested. Peyer’s patches were excised and examined via confocal microscopy
and SEM equipped with energy-dispersive X-ray spectroscopy (SEM-EDX). As observed in humans, dosedependent uptake of TiO2 particles in the base of Peyer’s patches was observed, leading the authors to
conclude that the dietary model is a physiologically relevant oral dosing approach for human health risk
assessment of food-grade TiO2 . The authors did not examine whether particles could be detected in
tissues other than those of the GIT. Additional endpoints examined in this study are described below in
the section on ‘Immunotoxicity, Inflammation and Effects on the GIT’.
The absorption, distribution and excretion of food-grade TiO2 incorporated into diet were assessed in a
GLP-compliant study in rats carried out in accordance with the OECD 417 (Toxicokinetics) test guidelines
(Farrell and Magnuson 2017). Food-grade TiO2 (anatase, D50 = 133 – 146 nm) was incorporated into feed
at a nominal concentration of 200 ppm and male and female Sprague Dawley rats (n = 10 per sex per
group; dose equivalent to 30 mg TiO2 /kg bw/d assuming daily consumption of 30 g diet/d by a 200 g rat)
received either TiO2 or a control diet (no TiO2 added, background concentration 7 – 9 ppm) for seven days.
After seven days, the TiO2 diet was withdrawn and three rats per sex were sacrificed at 1 h, 24 h and 72 h
following replacement of the TiO2 containing diet with the control diet. Animals were housed individually
in metabolic cages after withdrawal of the test diet and all excreta including cage washings were retained.
The Ti content in excreta, whole blood, liver, kidneys and muscle was determined by Inductively Coupled
Plasma - Atomic Emission Spectrometry (ICP-AES). The majority of Ti was excreted in feces with
concentrations in urine below the limit of quantification (LOQ; <0.04 mg/L; equivalent to <2% daily dose/L)
for all samples except the 0 to 24 h urine sample for one rat (0.05 mg/L); collection of urine and feces
began after withdrawal of the test diet and therefore no mass balance recovery was estimated. Whole
blood Ti concentrations were also below the limit of detection (LOD) in both treatment and control
groups. In tissues, Ti levels were below the LOD (0.1 to 0.2 mg/kg wet weight) in most rats at most time
points; of a total of 270 tissue samples (90 each from liver, kidney and muscle), 176 (65%) were below the
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LOD. Sporadic observations of levels above the LOD were in the range of 0.1 to 0.3 mg/kg wet weight, and
occurred at similar levels and frequency in TiO2 -exposed rats as those in the control group. The authors
conclude that food-grade TiO2 administered in diet is not appreciably absorbed and distributed in
mammalian tissues, and there is no evidence of accumulation in liver, kidney and muscle following
repeated oral exposure for 7 d.
A second GLP-compliant, multi-site toxicokinetics study of 5 different grades of TiO2 was carried out in
accordance with OECD 417 test guidelines and a summary report of this unpublished study was submitted
to Health Canada by industry (EBRC 2022). In this study, male and female CD rats (n not stated, although
the test guideline stipulates a minimum of four animals per sex per dose group) received either a vehicle
control or a single dose of 1,000 mg/kg bw of TiO2 administered by oral gavage and the total Ti content of
whole blood was measured for 96 h post-dosing. The relative oral bioavailability of the various grades of
TiO2 was compared to a soluble Ti reference substance (Titanium(IV) bis(ammonium lactato) dihydroxide
solution – 50 wt. % in H 2 O) that was administered orally (100 mg/kg bw) or intravenously (10 mg/kg bw).
The test articles included a food-grade form of TiO2 identified as E171-E which had a median particle
diameter (SD) of 99.9 ± 2.0 nm and contained approximately 50-51% of constituent particles in the
nanoscale (LNE 2020). The other four particles were identified as G6-3 (a rutile TiO2-NP coated with
alumina and hydrophobic organic, D50 = 9.2 ± 2.0 nm), G2-5 (uncoated anatase TiO2-NP, D50 = 5.5 ± 2.0
nm), G3-1 (uncoated pigmentary rutile TiO2 , D 50 = 146.9 ± 5.9 nm) and G4-19 (pigmentary rutile TiO2
coated with alumina and polyol, D 50 = 177.5 ± 3.9 nm). Details of the vehicle and the dispersion protocol
were not provided. Blood was collected at 0, 0.5, 1, 2, 4, 8, 12, 24, 48, 72 and 96 h post -dosing and Ti
concentrations measured by ICP-MS/MS following microwave-assisted acid digestion of whole-blood
samples using H 2 SO4 . This method accounts for the bioavailability of particulate TiO2 as well as any
dissolved Ti. Blood Ti concentrations of vehicle-control treated rats were highly variable with several
males considered statistical outliers and excluded from data processing. The mean blood Ti
concentrations of male and female rats were below 0.2 µg Ti/g blood following oral administration of all
test articles. Administration of the soluble Ti reference resulted in blood Ti concentrations up to 90 µg/g
blood and 0.9 µg/g blood following i.v. and oral dosing, respectively. The highest blood Ti concentrations
following oral dosing were observed in the group that received the food-grade TiO2 test item E171-E. The
resulting areas under the curve (AUC) were plotted for rats exposed to the reference substance ora lly or
by i.v. and compared to the AUC of rats that received E171-E by oral administration. The maximum relative
oral bioavailability of E171-E was determined to be 0.0013% (rounded to one significant figure for the
purpose of this report). The measured blood Ti levels of the other four forms of TiO2 were below the LOD
after background correction (LOD not stated). The authors concluded that oral bioavailability of all TiO2
grades tested was close to the LOD of the analytical system. They also stated that most reagents used in
the process contain low but measurable background concentrations of Ti, which makes analysis of low
levels challenging. In addition, the authors reported that the background level of blood Ti in controls rats
was highly variable, especially in males, which is consistent with time zero levels measured during dietary
studies.
As part of a series of experiments, Bettini et al. (2017) examined the fate of TiO2 in rats that were
administered ultrasonicated particles in water (NANOGENOTOX dispersion protocol). In the first
experiment, adult male Wistar rats (n = 10 per group) received a vehicle control (water) or 10 mg/kg bw/d
of food-grade TiO2 (E171) by intragastric gavage for 7 days. Confocal microscopy imaging using laser
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diffraction to detect light-diffracting TiO2 particles and cell autofluorescence to detect cellular structures
were used to examine the fate of TiO2 along the gut-liver axis. In an additional experiment, the
agglomeration state of particles recovered from the luminal contents of the jejunum and colon of rats (n
= 4 males) 4 h after receiving a single gavage dose of 10 mg/kg bw E171 were examined. The authors
report that light-diffracting TiO2 particles were found in the Peyer’s patches of the small intestine, the
colonic mucosa and the liver of rats receiving E171 for 7 days, but not in the controls. They also state that
in comparison with the initial bolus, the dispersed particles did not re-agglomerate in the gut or during
intestinal transit. In images reported from this experiment, a large number of laser-reflective particles are
observed in the TiO2 test suspension prior to gavage, as well as along the intestine in the luminal content
of the jejunum. A much lower number of laser-reflective particles are observed in the colon. Based on
other evidence reported in this study, it is likely that the observed laser-reflective particles are accurately
identified as TiO2 . However, it is noteworthy that the spatial resolution of the methodology used is
insufficient to demonstrate the agglomeration state of the imaged particles. TEM images of the colonic
mucosa show the presence of E171 aggregates (>200 nm in size), but do not clearly indicate the presence
of deagglomerated NPs. It is also worth noting the dispersed particles were stabilized with BSA, which is
known to induce changes in binding affinity both among particles and with other ligands, and thus may
not fully reflect particle disposition under typical conditions of dietary exposure.
Talamini and colleagues (2019) also investigated whether E171 administered to mice via the oral route
would lead to accumulation in tissues. Male mice were treated with either vehicle or E171 in water
(without deagglomeration to better simulate human exposure) at 5 mg/kg bw/d, three days per week for
three weeks. Following terminal sacrifice three days after the last dose was administered, total Ti
concentrations were measured in tissues of four mice from each group by triple quadrupole inductively
coupled plasma mass spectrometry (ICP-MS) and E171 and TiO2 particles from the large intestine were
also measured by single particle ICP-MS (sp-ICP-MS). In mice administered E171, significant increases in
Ti content in the liver and large intestine were observed (1.8 and 3.6 fold increases versus control,
respectively). In the large intestine, particles were determined to be primarily micro-scale although a
detectable proportion of TiO2 -NPs was also observed (single particle analysis was undertaken in large
intestine samples only). Additional details of this study are reported in the section on ‘Immunotoxicity,
Inflammation and Effects on the GIT’ below.
Coméra et al. (2020) also examined absorption kinetics after a single dose of 40 mg E171/kg bw (dispersed
in water following the NANOGENOTOX dispersion protocol) in fasted C57BL/6 mice (sex not specified).
The presence of TiO2 particles in segments of the gut (jejunum, ileum and colon) and in the blood were
measured by confocal microscopy or TEM following administration of the test article or vehicle control.
The authors estimate that approximately 0.007% of the administered dose was absorbed in jujenal and
ileal villi at the 4 h time point, although levels returned to baseline at 8 h and relatively little absorption
occurred in the colon. In Peyer’s patches, levels were undetectable at 4 h but significantly increased at 8
h. Laser-reflecting confocal microscopy was used to detect reflective particles in blood that were
presumed to be indicative of TiO2 particles; reflective particles were observed at baseline but were
significantly increased by 3.5- and 4.1-fold at 4 and 8 h, respectively. However, blood Ti as quantified by
ICP-MS remained below the LOD (< 0.02 mg Ti/kg) at both time points. In a second experiment by the
same authors, ex vivo jujenal loops of anaesthetized mice were pre-treated with a phosphate-buffered
saline (PBS) control or one of the following pharmacological inhibitors: 100 mM (2,4,632
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triaminopyrimidine) (TAP, an inhibitor of paracellular tight junction permeability); 100 μM of 5-(N-ethylN-isopropyl) amiloride (EIPA, to inhibit micropinocytosis); 30 μM Pitstop 2 (to block clathrin-mediated
endocytosis) or 17 μM methyl-β-cyclodextrin (MβCD, to inhibit raft-dependent endocytosis). After 30
minutes of incubation, the lumen contents were rinsed and replaced with PBS with or without 300 μg/ml
of sonicated E171 and further incubated for 30 minutes. Inhibition of the paracellular pathway by TAP
reduced absorption of E171 particles by 66% relative to controls, whereas inhibition of endocytosis
showed only slight but non-significant decreases, suggesting only a minor contribution of transcellular
transport. There are, however, some design issues with intestinal loop studies that complicate
interpretation of results. These include disruption of the gastrointestinal mucous barrier by multiple
rinsings and the lack of a food matrix.
Several studies have also investigated the fate of orally ingested TiO 2 -NPs. Cho and colleagues (2013)
investigated the absorption, distribution, and excretion of TiO2 -NPs in male and female Sprague Dawley
rats (n = 11/group). The particles (80% anatase/20% rutile phase TiO2 with a mean diameter of 21 nm)
used for testing appear to be similar to P25 (NM-105) and were suspended in distilled water (details of
the suspension protocol are not reported). Rats were treated by oral gavage with either a distilled water
control or TiO2 -NPs at doses of 260.4, 520.8, or 1041.5 mg/kg bw/d for 90 days. Five animals per group
were randomly selected and placed in metabolic cages immediately after gavage and urine and feces were
collected for 24 h. Upon terminal sacrifice, blood as well as tissue samples from the liver, spleen, kidney,
and brain were collected and analyzed for Ti content by ICP-MS (method detection limit = 0.1-1 ng/L).
Following 90 days of exposure there was no significant increase in the Ti content in sampled organs, even
at the highest dose tested, and no evidence of a dose response. Very high concentrations of TiO 2 were
detected in feces, with no significant increase in urine (levels in feces were approximately 4 orders of
magnitude higher than urinary levels). The authors concluded that TiO2 -NPs were minimally absorbed in
the rat, even after repeated dosing at levels up to several orders of magnitude higher than human
exposures, with no significant systemic translocation through the GIT.
Geraets et al. (2014) exposed male Wistar rats (n = 3/group) by oral gavage to one of 4 different TiO2 -NPs
for either 1 or 5 consecutive days at a dose of 2.3 mg/rat/d (corresponding to doses of 6.8-8.6 mg/kg
bw/d). The test articles were NM-101 (anatase; 6 nm primary particle size), NM-102 (anatase; 20 nm
primary particle size); NM-103 (rutile, 20 nm primary particle size, coated with Al 2 O3 and a polysiloxane
polymer layer) and NM-104 (rutile, 20 nm primary particle size, coated with Al 2 O3 ). The particles were
dispersed in ethanol and rat serum albumin by probe sonication and diluted to their final concentration
in 10% PBS; control males and females received vehicle only. The rats were sacrificed 24 h after the last
exposure (day 2 or day 6) and liver, spleen and mesenteric lymph nodes (MLN) were collected. Tissue
samples were analyzed for the presence of Ti by high-resolution ICP-MS. Of the 30 liver/spleen samples
of exposed animals, one liver sample (NM-102 group) was at the LOD and 1 liver sample (NM-103 group)
was above the LOD but below the LOQ; the LOD and LOQ were 0.03 μg Ti/g tissue and 0.09 μg Ti/g tissue,
respectively. No Ti levels above the LOD were detected in spleen of any exposed animals, although of the
three untreated controls, one had a Ti concentration at the LOD in both the spleen and liver. All MLN
samples contained Ti concentrations above the LOD although only in the NM-104 group were levels in
exposed animals greater than unexposed controls. In this group, the total MLN Ti content was estimated
to represent approximately 0.003% of the administered dose, which was considered a worst case
scenario, although it should be noted that this is a fine (~24 nm) coated cosmetic-grade rutile particle and
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thus not representative of TiO2 as used in food. Based on all nanomaterials and all organs tested, the
authors estimated approximately 0.02% of the administered dose was absorbed and therefore concluded
that TiO2 -NPs have very limited oral bioavailability in the rat. Similar results were reported by Janer et al.
(2014) and MacNicoll et al. (2015); the results of both these studies indicated that Ti content of blood,
tissues and internal organs were not significantly different from controls following oral administration of
TiO2 -NPs (additional details may be found in Appendix E).
Given their insolubility in biological matrices and lack of known excretory mechanisms for systemically
absorbed particles, concern has been raised that the absorbed fraction, while small, may persist and
accumulate in tissues following chronic exposure. However, high variability in TiO 2 intake and background
(basal) tissue levels of Ti in both humans and laboratory animals complicates accurate determination of
kinetic parameters such as the elimination half-life (EFSA 2021a). In their recent opinion, the EFSA FAF
Panel (2021a) identified the potential for TiO2 -NPs to accumulate in liver, lung and spleen with half-lives
ranging from 83 days in liver and lung, 350 days for spleen and 450 days for whole body. These estimates,
however, are based on intravenous injection of TiO2 -NPs in rats and are extrapolated from the last
sampling time point at 28 d. There is inherent uncertainty given the length of the sampling period relative
to the estimated half-lives and the fact that no experimental study could appropriately measure a 450day half-life in rodents. It has been recommended that the sampling scheme duration should be at least
4 times the average measured half-life in order to have confidence in the reported half-life values (Colucci
et al. 2011). In this case, however, the estimated half-life of 450 days is 16-fold greater than the sampling
duration of 28 days.
The biokinetics of orally and intravenously administered TiO 2 -NPs in female Wistar-Kyoto rats were
investigated by Kreyling and colleagues (2017a,b) in two vanadium (V) radiotracer studies. Following
dispersion, anatase NPs formed approximately spherical aggregated/agglomerated entities of roughly
50 nm in diameter that consisted of smaller primary particles with a diameter of 7 – 10 nm. Suspensions
of [48 V]TiO2 -NPs were administered to non-fasted rats in a single bolus by oral gavage in the range of 30–
80 μg/kg bw or in a single intravenous injection in the range of 40 to 400 µg/kg bw. Rats were housed
individually in metabolism cages for collection of urine and feces; at 1 h, 4 h, 24 h, and 7 days post -dose,
four rats per time point for each route of exposure were sacrificed and 48 V radioactivity was measured in
blood, organs, tissues and all excreta. An additional four rats were sacrificed at 28 days in the intravenous
experiment only. In the oral kinetics study (Kreyling et al. 2017a), almost all retained [48 V]TiO2 -NP beyond
the gut distributed to the organ free carcass, with only small and heterogeneous fractions observed in
organs such as liver and spleen, whereas the liver collected virtually all [ 48 V]TiO2 -NPs following intravenous
administration. The authors noted this is likely due to the observation that orally ingested TiO2 is taken up
and translocated via the lymphatics, where it may be retained in lymph nodes and only slowly released
into the blood (Kreying et al. 2017a). Assuming 48 V is a reliable surrogate marker for TiO2 -NPs,
approximately 0.6% of the administered dose was absorbed in the first hour after gavage, and the
concentration declined to 0.05% after 7 days. The rapid decline of the retained fraction from 0.6% after 1
h to 0.2% after 4 h indicates the existence of active early clearance mechanisms. However, low but
detectable levels persisted in organs such as the brain and uterus seven days after dosing, suggesting the
potential for bioaccumulation of TiOs-NPs under conditions of repeated exposure, assuming these
measures are not confounded by the leaching of soluble 48 V from 48 V-labelled TiO2 particles. The authors
note that studies on long-term biokinetics following repeated oral doses are still lacking. When comparing
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the oral and intravenous kinetics of TiO2 -NPs in the rat, strikingly different biokinetics were apparent,
leading the authors to conclude that “intravenous injection appears not to be an adequate surrogate for
assessing the biodistribution and potential health effects occurring after oral exposure to
TiO2 nanoparticles” (Kreyling et al. 2017a).
It should be noted that the majority of studies that investigated the toxicokinetics of TiO2 -NPs in rodents
administered particles by oral gavage. Gavage studies conducted with insoluble particles have several
issues that may complicate interpretation of the results, including disruption of the gastric mucus layer,
which may enhance systemic bioavailability of the administered dose. In addition, concentrated bolus
doses used in gavage may produce artifactual changes in particle size distribution which would not be
reflective of how humans are exposed through the diet; for example, higher bolus doses of TiO2 may lead
to greater agglomeration of particles and paradoxically lower exposure to primary particles. T he lack of
exposure to a food matrix prior to ingestion may also potentially affect toxicokinetic properties.
Studies in Humans
The JECFA (1969) evaluation of TiO2 references an unpublished report from the chemical industry in which
five male volunteers ingested 5 g of food-grade TiO2 suspended in milk for three consecutive days (West
and Wyzan 1963, as cited in JECFA 1969). Urine was collected for five days and no increases in urinary Ti
levels were detected, from which the Panel concluded that no significant absorption of Ti occurred.
However, significant technological advances have improved analytical capacity to detect Ti in biological
matrices since that time and urine does not appear to be a significant route of Ti excretion (Cho et al.
2013). Pele et al. (2015) more recently investigated the oral bioavailability of food-grade TiO2 . Healthy
volunteers with normal intestinal permeability (n = 7) ingested capsules containing 100 mg of food-grade
TiO2 (anatase, D 50 of 260 nm) in a fasted stated (participants were offered breakfast and lunch 1 h and 4
h post-dose, respectively, and although the Ti content of the meals was not quantified, they were reported
to be “free from added TiO2 ”). Blood samples were collected at baseline as well as at intervals up to 10 h
post-ingestion and analyzed for TiO2 particles semi-quantitatively using dark field microscopy as well as
for total Ti by ICP-MS. Findings from dark-field microscopy roughly mirrored Ti measurements by ICP-MS
in the same samples. Significant increases in blood Ti were observed from 2 h onwards, peaking at 6 h.
The highest blood Ti level observed at the 6 h time point was approximately 11 ng/ml, compared to an
average baseline level of roughly 2 ng/ml, although the size of particles absorbed was not quantified.
Jones et al. (2015) conducted a study in humans to compare the absorption of TiO 2 -NPs with that of larger
particles. Human volunteers (four adult males and five adult females) received single oral doses of 5 mg/kg
bw TiO2 (equivalent to 300 mg for a 60-kg individual) consisting of various particle sizes dispersed in water:
15 nm (anatase; ~ 100% by number < 50 nm), 100 nm (rutile; 95% by number between 48 and 154 nm)
and < 5000 nm (rutile; 100% by number > 100 nm). Doses were administered at least 4 weeks apart and
serial blood (baseline, 2, 4, 24 and 48 h post-dose) and urine samples (24 h baseline up to 72 h post-dose)
were collected. Titanium content in blood and urine was measured by ICP-MS. No significant differences
between pre- and post-dose biomarker levels were observed for any particle size, and neither blood nor
urine measurements yielded curves indicative of absorption and/or elimination. Interestingly, the average
baseline blood Ti level in the Jones et al. study was 13.7 ng/ml, which is greater than the peak level
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observed post-ingestion in Pele et al. (2015); whether or not TiO2 was administered in a fasted state in
the Jones et al. study is not stated. However, the baseline Ti levels in this study appear unusually high, as
recent investigations using high resolution ICP-MS consistently indicate basal Ti levels in serum and whole
blood are less than 1 ng/ml (Balcaen et al. 2014; Swiatkowska et al. 2019), suggesting the possibility of
contamination or interference(s). Swiatkowska et al. (2019) also cautioned that standard ICP-MS, which
was used by both Pele et al. (2015) and Jones et al. (2015) to quantify blood Ti, is not an appropriate
method to measure Ti in biological samples, due to a range of polyatomic and isobaric interferences.
The maternal-fetal transfer of TiO2 particles during pregnancy was investigated by Guillard et al. (2020)
by analyzing the Ti content of the placenta and meconium as well as through an ex vivo perfusion model
to study transplacental passage of food-grade TiO2 . In the first study, full-term placentae were collected
from 22 uncomplicated pregnancies in Toulouse, France. Meconium samples (n = 18) were also collected
in the first few days after birth, although these samples were not from the same infants associated with
placenta collection. Ti was detected in all placenta samples with concentrations ranging from 0.01 to 0.48
mg/kg tissue. The size distribution of Ti particles in the placenta (n = 2) was characterized using TEM with
Energy Dispersive X-ray analysis (TEM-EDX) and the majority of particles (17 of 26) were determined to
be below 100 nm. In meconium, Ti was detected by ICP-MS in nine of 18 samples, with concentrations
ranging from 0.02 to 1.50 mg/kg tissue. Size analysis by TEM-EDX of 33 particles from two meconium
samples determined 82% were in the nano-range (<100 nm), although this included particles of Si, Al, Fe
and Zn in addition to Ti. The EFSA FAF Panel (2021a) also noted that the authors did not control for the
possibility that Ti particles in meconium may have come from the diapers, diaper cream or from mother’s
milk as infants had nursed prior to collection. In the second experiment, the authors used an ex vivo
placental profusion model to characterize transplacental transfer of E171. Placentae were perfused with
(n = 13) or without (n = 2) E171 at a concentration of 15 µg/L for 1 h with samples collected from the fetal
flow every 5 minutes. Following perfusion, Ti was detected by ICP-MS in most fetal exudates (0.41 to 3.46
ng Ti/mL), although 92% were in the range of the blank level (0.33 to 1.92 ng Ti/mL). The method did not
allow for quantification of the total number of particles in fetal side exudate in which TiO2 particles
increased from 10 minutes after E171 perfusion, reaching a plateau at 20-30 minutes. Pooled liquid
fractions of placental exudate 20 – 30 minutes after perfusion with E171 were analyzed by SEM-EDX. A
total of 300 TiO2 particles were sampled and measured by taking the smallest dimension of each particle
within agglomerates. With the exception of three particles all had a diameter less than 200 nm and 70
and 100% were in the nanoscale in two perfusion experiments, respectively.
Taken together, evidence from rodent and human studies indicates very low and size-dependent oral
absorption of TiO2 particles may occur primarily via the GALT, with the absorbed material mainly being
retained in the intestines, liver and spleen (Winkler et al. 2018; Heringa et al. 2018). Heringa and
colleagues (2018) investigated the human organ burden of nano- and micro-scale TiO2 particles in 15 postmortem human livers and spleens (six men and nine women, aged 56 to 104 years). In the liver and spleen,
total-Ti content ranged from 0.02 to 0.09 mg Ti/kg tissue (mean 0.04 ± 0.02 mg/kg) and 0.02 to 0. 4 mg
Ti/kg tissue (mean 0.08 ± 0.1 mg Ti/kg), respectively. Ti content was below the blank-corrected LOD (0.01
mg/kg tissue) in eight of 15 liver samples and one of 15 spleen samples. Particle size ranged from 85-550
nm in the liver and 85-720 nm in the spleen, with 24% of TiO2 particles <100 nm, although this is likely an
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underestimate as the spICP-HRMS method used for particle size characterization had an LOD of 85 nm.
Using SEM-EDX, the authors determined that the larger particles consisted of agglomerates of smaller
primary particles in the 75-150 nm range. Based on total Ti concentrations and the maximum Ti
concentrations in particles, and taking into account the LOD size of 85 nm, it was assumed that all Ti was
present as particles. Within subjects, no correlation was observed between the Ti particle burden in liver
and spleen. Two subjects had Ti implants (type not stated) although these individuals did not have higher
Ti or TiO2 particle levels in tissues.
Systemic uptake of TiO2 was also evaluated in post-mortem tissue samples by Peters and colleagues
(2020). Samples of liver, spleen and kidney were obtained from seven men and eight women who died at
the age of 64–98 years; parts of the jejunum and ileum were also examined in a subset of 12 individuals.
Ti was below the LOD (0.01 mg/kg tissue) in four liver samples, two spleen samples, one kidney sample
and one jejunum sample. For tissues where Ti was present above the LOD, median values were: 0.02
(liver), 0.04 (spleen), 0.05 (kidney), 0.13 (jejunum), and 0.26 mg/kg tissue (ileum) of which particulate TiO2
accounted for about 80% of the total Ti concentration. Primary particles, aggregates and agglomerates
were identified that ranged in diameter from 50 – 500 nm, with a mode of approximately 100 – 160 nm;
approximately 17% of the detected TiO2 particles had a diameter <50 - 100 nm. The smallest detectable
TiO2 particle size was 50 nm in this spICP-HRMS method. Given the age of the subjects, it is reasonable to
assume that steady state levels had been achieved in organs, and no association of particle burden with
age was observed.
Additional details on studies that inform the toxicokinetics of TiO 2 in humans and experimental animals
may be found in Appendix E.

7. Toxicity
Acute Toxicity
TiO2 particles are of low acute oral toxicity in animal studies. Two OECD guideline-compliant studies were
identified in the published literature, one in mice (Wang et al. 2007; crystalline structure not specified,
25, 80 and 155 nm particles) and one in rats (Warheit et al. 2007; 79% rutile and 21% anatase, median
particle size 140 nm). Both studies estimated an LD50 effect level of greater than 5000 mg/kg bw, which
was the highest dose tested. An additional study that investigated the acute oral toxicity of TiO2 -NPs
(average size 28.3 ± 3.1 nm) according to the OECD Guideline 420 (Fixed Dose Method) observed no
mortality at the highest dose tested of 2000 mg/kg bw (studies summarized in Appendix F). Four
additional, unpublished study reports are also summarized in the European Chemicals Agency (ECHA)
dossier for TiO2 , although basic information on the test article (crystalline form, size, purity, surface
treatments, etc.) and dispersion methods is generally lacking. These reports consistently demonstrated
that the acute oral LD50 of TiO2 particles was greater than the highest dose tested in all cases, which
included a 1971 study in which male ChR-CD rats were administered TiO2 by oral gavage at doses up to
25,000 mg/kg bw. Under many classification schemes for acute toxicity (such as the GHS18 ), substances

18

The Globally Harmonized System of Classification and Labelling of Chemicals (GHS) is a system developed by the
United Nations to standardize the classification and labelling of chemicals on a global basis.
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with an acute oral LD 50 of greater than 5000 mg/kg bw are regarded as being practically non-toxic or of
low acute toxicity via the oral route.
Carcinogenicity and Chronic Toxicity
Most of the available carcinogenicity research on TiO2 pertains to exposure via the inhalation route in
occupational settings. The International Agency for Research on Cancer (IARC) classified TiO2 as possibly
carcinogenic to humans (Group 2B) based on sufficient evidence of carcinogenicity in experimental
animals (i.e., increased incidence of lung tumours in rodents following long-term inhalation exposure). At
the same time, IARC noted there was inadequate evidence in humans to assess the carcinogenicity of TiO2
(IARC 2010). While many other international reviews/regulations related to the carcinogenic potential of
TiO2 via the inhalation route have been published (e.g., most recently by the EU19 ), inhalation exposure to
food-grade TiO2 outside of occupational settings is not expected in the general population nor is it relevant
to dietary exposure and therefore, it will not be considered further in this document.
No oral carcinogenicity or chronic toxicity studies with food-grade TiO2 were identified in the published
literature. However, one oral cancer bioassay with Unitane® 0-220 (a test article consistent with the
current forms of food-grade TiO2 ) was identified (NCI 1979). Three different lots of Unitane® 0-220 were
used for this bioassay. According to the identity/purity reports obtained from the National Toxicology
Program (NTP), all three lots of Unitane® 0-220 were described by the manufacturer (American Cyanamid
Company, Wayne, New Jersey) as anatase with 98% minimum TiO2 and met the United States Food and
Drug Administration (FDA) food-grade specifications20 (MRI 1974; 1975a,b). The elemental analysis
conducted by the Midwest Research Institute (Kansas City, Missouri) confirmed all lots contained low
levels of impurities of the trace elements aluminum, phosphorous, and silicon in the 0.1-1.0% range (MRI
1974; 1975a,b), which is consistent with the elemental composition of food-grade TiO2 (Dudefoi et al.
2017a). Based on a draft report obtained from the chemical industry, Unitane 0-220 had a D50 by number
ranging from 113 to 135 nm when analyzed by SEM and 109 to 124 nm when analyzed TEM, a massspecific surface area ranging from 8.4 to 9 m2 /g, and was found to contain a significant portion of particles
on the nanoscale (20-40% and 26-44% of particles < 100 nm by number as determined by SEM and TEM,
respectively; TDMA 2022a), which is consistent with the D50 by number, specific surface area, and portion
of NPs in the current forms of food-grade TiO2 (Dudefoi et al. 2017a; EFSA 2019b; 2021a; Verleysen et al.
2020; 2021; Geiss et al. 2020; 2021). The EFSA ANS Panel (2016) reported a slightly higher arithmetic mean
diameter for Unitane® 0-220, which ranged from 180 to 320 nm, although no analytical method was
specified and this may be an inference based on its use as a white pigment. Similarly, Winkler et al. (2018)
inferred from the optical properties of Unitane® 0-220 that a significant portion of particles had a mean
diameter in the 200-300 nm range conferring a white colour. Overall, given that manufacturing methods
for food-grade TiO2 have not changed significantly over time, the information presented above supports
that Unitane® 0-220 is comparable to the current form of TiO2 added in food and therefore, it is considered
an appropriate test article for characterizing the potential health hazards associated with oral exposure
to food-grade TiO2 .

19
20

https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=OJ:L:2020:044:FULL&from=FR
FDA Regulation 8.316.
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Unitane® 0-220 was evaluated in a two-year cancer bioassay with male and female B6C3F1 mice and
Fischer 344 rats (NCI 1979), which was conducted according to the 1976 NCI guidelines for carcinogenicity
testing in small rodents (Sontag et al. 1976)21 . The dietary concentrations selected for the cancer bioassay
were based on a 13-week range-finding study in which male and female B6C3F1 mice and Fischer 344 rats
(n = 10 per sex per group) were exposed to Unitane® 0-220 at levels up to 100,000 ppm in the diet without
evidence of adverse effects22 . Based on these findings, the NCI set the highest dietary concentration at
50,000 ppm (5% w/w), which was the “maximum amount allowed for use in chronic bioassays in the
Carcinogenesis Testing Program”, and the lowest dietary concentration was set at 25,000 ppm (2.5%
w/w). Animals (n = 50 per sex per group) were exposed to Unitane® 0-220 incorporated in the diet for
103 weeks at concentrations of 0, 25,000 or 50,000 ppm (equivalent to doses of 0, 3250 or 6500 mg/kg
bw/d and 0, 4175 or 8350 mg TiO2 /kg bw/d for male and female mice, respectively, and doses of 0, 1125
or 2250 mg/kg bw/d and 0, 1450 or 2900 mg/kg bw/d for male and female rats, respectively)23 . Surviving
animals were euthanized on week 104 and a full histopathological evaluation of major tissues/organs as
well as all gross lesions was completed. In female mice, a statistically significant and dose-related trend in
mortality was observed, with 45/50 (90%) surviving to 104 weeks in the control group versus 39/50 (78%)
and 33/50 (66%) in the low- and high-dose groups, respectively. In treated animals, increased incidences
of several non-neoplastic lesions also occurred in both sexes of both species, but were not considered
treatment-related by the study directors, who concluded, “there was essentially no evidence of toxicity
of titanium dioxide in the dosed rats or dosed mice”.
An increased incidence of neoplastic lesions was observed in treated male (pheochromocytomas of the
adrenal medulla and fibromas of the subcutaneous tissue) and female rats (endometrial stromal polyps)
relative to concurrent controls, but was considered by the study directors to be within the range of
historical controls of the same strain and age (NCI 1979). A statistically significant Cochran-Armitage test
for a positive dose-related trend in the incidence of keratoacanthomas in male rats was also reported
(0/49, 0/50, 3/50); however, in a separate statistical analysis, the study directors noted that the increase
in the high-dose group did not achieve statistical significance and therefore, was not considered
treatment-related. A statistically significant Cochran-Armitage test for a positive dose-related trend in the
incidence of C-cell adenomas or carcinomas of the thyroid was also observed in female rats (1/48, 0/47,
6/44), but the incidence of these tumours was not statistically significant from concurrent controls and
the study directors did not consider the effect to be treatment-related. TiO2 is also poorly absorbed via
the oral route with very low levels of TiO2 particles detected systemically in experimental animals and
human cadavers (see ‘Toxicokinetics’ section above for details), and therefore, the biological plausibility
of neoplasia outside of the GIT in rats is not clear at this time. A slight increase in the incidence of
hepatocellular carcinomas was also observed in male mice in the high-dose group relative to concurrent
controls, but was considered by the study directors to be within the range of normal background lesions

21

Although the 1976 NCI guidelines for carcinogenicity predate the modern (OECD) and International Council for
Harmonisation (ICH) test guidelines, many elements are similar with the biggest difference being the
recommendation that studies are conducted with three dose groups instead of two dose groups (Hayes et al. 2011;
Hentz 2010).
22
13-week range-finding study described in NCI (1979).
23 Calculated by the EFSA ANS Panel (2016) according to guidance on converting chemical substance concentrations
in feed to daily doses in experimental animals (see EFSA 2012 for more details).
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recorded in mice of the same strain and age. The study directors reported no other treatment -related
differences in the incidence of neoplasia between treated mice of either sex and concurrent controls and
no dose-response relationship/trend was observed for any lesion, including neoplastic lesions in the
intestinal tract. Based on these findings, the study directors concluded that dietary exposure to Unitane®
0-220 was not carcinogenic to male or female B6C3F1 mice or Fischer 344 rats at concentrations up to
50,000 ppm diet (5% w/w), which was the highest dietary concentration tested24 . Since Unitane® 0-220 is
highly comparable to the current form of TiO2 found in food, the above findings also provide strong
support that chronic exposure to food-grade TiO2 is not carcinogenic in male and female mice and rats
when administered at very high concentrations in the diet (5% w/w), equivalent to doses of 2250 to 8359
mg/kg bw/d depending on sex and species.
Preneoplastic Lesions in the Colon
Six studies were identified in the published literature that investigated the potential for food-grade TiO2
to induce the formation of preneoplastic lesions in the GIT. Three of these studies were published by a
research group from the Universidad Nacional Autonoma de México and Maastricht University (UrrutiaOrtega et al. 2016; Medina-Reyes et al. 2020; Proquin et al. 2018a). These studies were not guidelinecompliant and evaluated the potential for subchronic exposure to E171 dispersed by sonication in drinking
water or by oral gavage to induce the formation of intestinal tumours and other markers of tumour
progression. However, due to limited reporting of study details as well as some identified limitations in
the study methodology and/or design, none were considered appropriate for inclusion in the present
assessment. The main concerns with Urrutia-Ortega et al. (2016) pertained to the lack of a vehicle control
for the gavage administration of E171, the administration of a single E171 dose level, the lack of individual
incidence data reported for the neoplastic findings, and uncertainty as to whether some of the
histopathological and molecular evaluations were standardized due to inadequate descriptions of study
methodology. For the Medina-Reyes et al. (2020) study, the evaluation of intestinal adenomas appeared
to have been conducted via gross observation, volume was used to measure adenoma size making it is
difficult to interpret these findings without subsequent histological or morphometric evaluations, the
incidence of intestinal adenomas in control mice fed a regular diet after 16 weeks of treatment was
significantly higher than those previously reported in mice of the same sex and strain at 24 months (38%
versus 4%; Brayton et al. 2012), and the observation of increased goblet cells in E171 treated animals
(which is evidence of an anti-tumorigenic effect) is inconsistent with the observation of intestinal tumours.
The results of the Proquin et al. (2018a) study were also difficult to interpret given the limited description
of alterations in crypt architecture at 7 days as well as the low number of mice in each experimental
condition (n = 2 per sex per group per time point).
Of the remaining three studies identified in the literature, two were non-guideline subchronic studies that
administered E171 to rodents either in drinking water (Bettini et al. 2017) or via the diet (Blevins et al.
24

A reviewer of the cancer bioassay noted the potential significance of the increased incidence of C-cell adenomas
or carcinomas of the thyroid in female rats and recommended revising the conclusion to reflect the “equivocal
findings in female rats”. A recommendation to revise the conclusion to state, “no firm conclusion can be reached
about the possible carcinogenicity of [Unitane® 0-220] to Fischer 344 rats” received no objection from the external
review panel, although it does not appear that the study directors modified their conclusion. It was noted by an NCI
staff member that the “incidence of C-cell tumors of the thyroid was not an unexpected finding in the Fischer rat”.
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2019) whereas the third was performed in accordance with OECD guideline 408 (repeated dose 90-day
oral toxicity study) in which E171 was administered to rats by oral gavage (Han et al. 2020). A seventh,
unpublished GLP- and OECD 443 guideline-compliant EOGRT study, which was commissioned by industry
to address endpoints of concern raised by the EFSA ANS Panel (2016; 2018a) and NVWA (2019),
investigated the potential initiating effects of undispersed E171 in the colon using a dietary model (LPT
2020 as cited in EFSA 2021a).
Bettini et al. (2017) investigated the potential for subchronic exposure to E171 when dispersed in drinking
water by ultrasonication to initiate and promote the formation of preneoplastic lesions in the colon of
adult male Wistar rats. Additional experiments were performed by Bettini et al. (2017) and are described
elsewhere in this report (see the ‘Toxicokinetics’, ‘Genotoxicity’ and ‘Immunotoxicity, Inflammation and
Effects on the GIT’ sections). To examine the potential promoting effects of E171, rats (n = 12 per group)
were pre-treated with 1,2-dimethylhydrazine (DMH; 180 mg/kg i.p. in 9 g/L NaCl) to initiate colon
carcinogenesis seven days prior to E171 exposure at nominal doses of 0, 200 μg or 10 mg/kg bw/d in
drinking water for 100 days. To evaluate the potential initiating effects of E171, a second group of rats
were exposed to nominal doses of 0 (control, n = 12) or 10 mg/kg bw/d E171 (n = 11) in drinking water for
100 days without pre-treatment with DMH. A French commercial supplier of food colouring provided the
samples of E171 used in the above experiments. The E171 sample was primarily composed of anatase,
had a median particle diameter of 118±53 nm (range 20 to 340 nm) with 44.7% of particles < 100 nm as
determined by TEM, and was “close to purity” based on TEM-EDX analysis. The E171 particles were
dispersed in drinking water by ultrasonication using the NANOGENOTOX dispersion protocol (i.e.,
sonication for 16 minutes at 20 kHz in a 0.05% w/v BSA). The E171 drinking water dispersions were
prepared two to three times per week and the water bottles were shaken by inversion three times per
day to avoid the sedimentation of E171 in the bottles (Dr. Houdeau, pers. comm. 15 February 2022). The
stability of the E171 drinking water dispersions and stock solutions were analyzed in triplicate by DLS over
an 8-day period and the hydrodynamic diameter of E171 was reported to be stable, ranging from 297.4
to 407.9 nm and 322.3 to 383.4 nm across drinking water and stock solution samples, respectively (Dr.
Houdeau, pers. comm. 15 February 2022). Control rats were exposed to drinking water mixed with ~5
ng/mL BSA to account for the addition of BSA in the E171 dispersions (Dr. Houdeau, pers. comm. 15
February 2022). For both experiments, rats from the same dose group were housed together in groups of
three and the E171 dose administered was approximated based on the mean body weights of the rats per
cage and the average water consumption over the 100-day period (~22-23 mL/day/rat; Dr. Houdeau, pers.
comm. 15 February 2022). The nominal concentration of E171 in drinking water for both E171 dose levels
was adjusted every 15 days to account for changes in the mean body weight per cage, ranging from 0.0036
to 0.0057 mg/mL (mean 0.0049 mg/mL) and 0.179 to 0.286 mg/mL (mean 0.247 mg/mL) for the 200 µg
and 10 mg/kg bw/d doses, respectively (Dr. Houdeau, pers. comm. 15 February 2022). The E171 doses
varied slightly over the course of the 100-day experiment with mean exposure doses of 225 µg/kg bw/d
(range 200 to 250 µg/kg bw/d) and 11.97 mg/kg bw/d (range 10.65 to 13.84 mg/kg bw/d) for the low- and
high-dose E171 groups, respectively (Dr. Houdeau, pers. comm. 15 February 2022). The low and high doses
used in both experiments were selected to approximate dietary exposure to E171 in adults and children,
respectively.
For both experiments, the colons were removed at the end of the 100-day treatment period, stained with
methylene blue (0.1%) for 6 minutes and the entire epithelial surface was examined for aberrant crypts
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(ABCs) and ACF at 40x magnification using a light microscope by two readers blinded to dose group (Dr.
Houdeau, pers. comm. 15 February 2022) based on the procedure outlined by Bird (1987)25 . ABCs/ACF
were first identified in mice by Bird (1987) as the earliest morphologic precursor lesion in the colon
following treatment with a colon carcinogen and they have since been identified in humans (e.g., Pretlow
et al. 1991); although the predictive value of ACF as a biomarker of colorectal cancer in rodents and
humans is controversial (see Appendix G for more information of ACF as a potential biomarker of
colorectal cancer). In rats pre-treated with the genotoxic carcinogen DMH and subsequently exposed to
dispersed E171, a statistically significant increase in the mean number of ABCs and large ACF per colon
(defined as >3 ABCs per ACF) were observed in the high-dose E171 group relative to DMH-only controls
(ABCs: ~540 versus ~460, respectively and large ACF: ~45 versus ~35, respectively). No statistically
significant differences in the mean number of ABCs or large ACF per colon were observed between the
low-dose E171 group and the DMH-only controls. The mean number of ACF per colon did not achieve
statistical significance, with all three treatments generating ~200 ACF per colon. Based on the above
results, Bettini et al. (2017) concluded E171 when dispersed in water by ultrasonication promoted the
development of preneoplastic lesions in the form of ABCs and ACF in the colon of carcinogen-treated rats.
However, the mean number of ACF per colon in the DMH-only controls was not different from the lowor high-dose E171 groups and while a statistically significant difference was observed between the mean
numbers of large ACF per colon in DMH-only controls compared to the high-dose E171 group (~35 versus
~45), this difference was small in magnitude. Since very few of these lesions progress to neoplasia, with
most lesions spontaneously regressing over time in rodents (Choi et al. 2015; Shpitz et al. 1996) and
humans (Schoen et al. 2008) and considering DMH pre-treatment in rodents can result in inter-individual
variability of approximately 20-40% in ACF formation (see Blevins et al. 2019; Rodrigues et al. 2002; Won
et al. 2012 for examples of inter-individual variability within DMH treatment groups), the slight increase
in large ACF per colon in the high-dose E171 group was not considered toxicologically significant.
In the absence of a colon carcinogenesis initiator, the spontaneous development of ACF was observed in
four of the 11 rats exposed to dispersed E171 in drinking water (Bettini et al. 2017). In these rats, one to
three ACF were observed per colon, of which no more than three ABCs were observed per ACF, with the
exception of one ACF with 12 ABCs. No ACF were observed in the remaining seven rats treated with
dispersed E171 or in controls. Based on these findings, Bettini et al. (2017) concluded that E171 when
dispersed in drinking water by ultrasonication initiated preneoplastic lesions in the colon. However, the
spontaneous formation of one to three ACF were only observed in the colon of approximately a third of
the E171-treated rats (4/11; ~36%) of which only one ACF had greater than three ABCs per focus and
therefore, met the authors’ definition of a large ACF. The spontaneous formation of ACF is not an
uncommon observation in control mice and rats in the absence of a colon carcinogenesis initiator despite
colon cancer in these species being exceedingly rare. For example, Furukawa et al. (2002) reported that
~42.5% of untreated, male and female F344 rats spontaneously developed ACF in the colon over a 16week period (~112 days), of which ~77% of ACF had 1-3 ABCs per focus and ~23% of ACF had ≥4 ABCs per
focus, but the spontaneous development of colorectal tumours was found to be ≤ 0.34%. In another study,
approximately 35 ACF spontaneously developed per colon in Wistar rats receiving saline by gavage for 90
days, with the majority of ACF comprised of ≤3 ABCs and only one or two ACF with ≥4 ABCs per focus; no
tumours were reported (Singh et al. 2022). However, neither of these studies were likely long enough to
25

ABCs were classified as larger and having a thicker epithelium compared to healthy colonic crypts, whereas ACF
are defined as an aberrant focus with two or more ABCs (Bird 1987).
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fully assess whether any of the ACF would progress to neoplasia nor were they directly comparable to the
findings reported in Bettini et al. (2017) due to the difference in rat strains and dosing paradigms. In the
Bettini et al. (2017) study, given that so few ACF were observed per colon (including only one large ACF
with >4 ABCs) and considering most ACF do not progress to neoplasia, particularly ACF with three or fewer
ABCs per focus (e.g., Alrawi et al. 2006a; Magnuson et al. 1993; Pretlow et al. 1992; Kristiansen 1996), the
finding of ACF in the colon of E171-treated rats in the absence of a colon carcinogenesis initiator was not
considered conclusive evidence of a potential toxicological hazard related to exposure to dispersed E171
in drinking water.
On the other hand, not all studies report finding ACF in control rodents in the absence of a colon
carcinogenesis initiator (e.g., Rodrigues et al. 2002) and in Bettini et al. (2017), more convincingly, no ACF
were observed in the concurrent control rats, which is considered the best comparison group. There is
also evidence that at least some ACF may progress to adenomas and cancer over time (e.g. Shpitz et al.
1996), with some arguing that the clinical significance of the potential for a single ACF to progress to
colorectal cancer must not be overlooked (Clapper et al. 2020); although, as mentioned above, the utility
of ACF as a biomarker of colorectal cancer risk or progression in rodents and humans is controversial.
Therefore, it is recognized that the Bettini et al. (2017) study provides evidence that subchronic oral
exposure to E171 particles when intentionally dispersed via ultrasonication to release primary particles
and reduce agglomerate size may initiate the formation of ACF in the rat colon; however, these
experimental conditions are not fully representative of human dietary exposure to TiO2 as a constituent
of food. TiO2 particles in solid and liquid food preparations are present in the form of larger agglomerates
that have not been dispersed to the same degree and the available evidence does not indicate that TiO2
in foodstuff deagglomerate or disassociate in the GIT (see the ‘Particle Dispersion’ and ‘Particle Corona,
Food Matrix and the Gastrointestinal Milieu’ sections for more details). Health Canada’s Food Directorate
has also received confirmation from industry that sonication is not used to disperse TiO2 in food or
beverage manufacture (International Association of Color Manufacturers, pers. comm. 11 March 2022;
Titanium Dioxide Manufacturers Association, pers. comm. 13 May 2022). Moreover, in Bettini et al. (2017),
E171 was administered to the rats in drinking water, which does not account for the contribution of the
food matrix. Proteins, sugars, and other macromolecules are present in both solid and liquid food
preparations, which can interact with food-grade TiO2 particles altering their physicochemical properties
and influencing their interactions in the GIT (see the ‘Particle Corona, Food Matrix and the Gastrointestinal
Milieu’ section for more details). As a result, the applicability of the sample preparation method and mode
of exposure in Bettini et al. (2017) to human exposure to TiO2 from foodstuff is uncertain and therefore,
this study was considered to have unclear relevance to the hazard characterization of TiO2 as a food
additive.
The above interpretation of the Bettini et al. (2017) study is consistent with previously published opinions
by other competent authorities, including ANSES (2017) and the EFSA ANS Panel (2018). The ANSES expert
committee considered the increase in large ACF in rats pre-treated with DMH and subsequently exposed
to E171 to be moderate, concluding that E171 may have a potential promoting effect in the colon (ANSES
2017). However, due to uncertainty in the predictive nature of ACF for colonic tumours and considering it
was the only biomarker evaluated and the presence of ACF does not guarantee these lesions would
progress to neoplasia, the expert committee recommended that the potential promoting effects of E171
be confirmed in experiments that evaluated additional biomarkers and/or had longer exposures to assess
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whether E171 induced tumours in the colon. Concerning the potential initiating effects of E171, the expert
committee considered the number of rats evaluated to be too low to determine the potential significance
of this finding. Overall the expert committee acknowledged that the Bettini et al. (2017) study could
identify potential hazards associated with E171, but questioned whether the experimental conditions
tested in the study (i.e., the administration of E171 particles dispersed in drinking water by
ultrasonication) were representative of E171 when used as a food additive and recommended additional
studies with E171 be conducted to confirm these findings in a dietary matrix before the study could be
used in risk assessment (ANSES 2017). Similarly, the EFSA ANS Panel (2018) noted that the use of a single
biomarker (ACF) by Bettini et al. (2017) to evaluate the potential for E171 to induce preneoplastic lesions
in the colon was a limitation and questioned the predictive nature of ACF for later tumour development.
The ANS Panel also considered the appearance of ACF in the colon of a few E171-treated rats in the
absence of a colon carcinogenesis initiator to be “unusual”; although, neither this finding nor the
observation of ACF in carcinogen-treated rats also exposed to E171 were considered sufficient to raise
concerns about the potential initiating or promoting effects of E171 on account of the negative two-year
cancer bioassay in mice and rats conducted by the NCI (1979). The ANS Panel also concluded “the
administration of TiO2 (E171) by gavage or drinking water is not fully representative of the use of the food
additive E171 in food” (EFSA 2018). Therefore, the relevance of the results of the Bettini et al. (2017) study
to the assessment of E171 as a food additive is uncertain, because interactions with the food matrix may
not have occurred.
The subchronic oral toxicity of E171 dispersed in an aqueous solution by ultrasonication was also
investigated in an OECD 408 guideline-compliant repeated dose 90-day study (Han et al. 2020). Five-weekold male and female Sprague Dawley rats (n = 10 per sex per group) were exposed to E171 via oral gavage
at doses of 0, 10, 100, or 1000 mg E171/kg bw/d in distilled water. The E171 particles (HOMBITAN® FG,
purity 99.5%) had a single anatase phase with a diameter of approximately 150 nm as measured by TEM.
E171 suspensions were prepared at least once per week by dispersing the particles in distilled water for
at least 10 minutes by sonication (energy not specified), which were reported to be stable for 7 days when
stored in a refrigerator (Dr. Yoon, pers. comm. 22 September 2021). Tissues and organs were collected
during necropsy, stained with hematoxylin and eosin, and examined for macroscopic and microscopic
abnormalities. No treatment-related abnormalities in organ weight, gross anatomy, or histopathology
(including the gastrointestinal tract) were observed in male or female rats exposed to 1000 mg E171/kg
bw/d compared to controls; although the authors reported E171 accumulated in the stomach walls of rats
at the highest dose. Based on the observation of E171 in the stomach walls, the authors concluded the
no-observed-adverse-effect level (NOAEL) for oral exposure to E171 was between 100 to 1000 mg/kg
bw/d. However, based on a review of the photomicrographs, E171 appeared to be present only on the
surface of the stomach and in the mucosa; therefore, the NOAEL for oral exposure to E171 was considered
to be 1000 mg/kg bw/d. The EFSA FAF Panel (2021a) also considered the highest dose administered in this
study (1000 mg/kg bw/d) to be the NOAEL. Nevertheless, due to the use of ultrasonication to disperse the
E171 particles in distilled water, which Health Canada has confirmed with industry does not reflect its use
in food manufacture (International Association of Color Manufacturers, pers. comm. 11 March 2022;
Titanium Dioxide Manufacturers Association, pers. comm. 13 May 2022), as well as the gavage
administration of E171 in distilled water, which does not take into account the impact of the food matrix,
this study was considered to have unclear relevance to the hazard characterization of TiO 2 as a food
additive.
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In recognition of the fact that different oral dosing paradigms can alter the properties of TiO 2 particles
and their interactions with biological substrates, Blevins et al. (2019) attempted to replicate the findings
of Bettini et al. (2017) using a dietary model. Six-week-old male Wistar Han IGS (Crl:WI (Han)) rats (n = 16
per group) were fed a diet containing E171 at nominal concentrations of 0, 40, 400 or 5000 ppm for 100
days (equivalent to 1.1-1.5 (basal diet), 3.0-4.1, 19.0-25.7 or 236-300 mg/kg bw/d based on food
consumption, measured Ti concentrations in the diet, and body weight data) in the presence or absence
of the colon carcinogenesis initiator DMH*2HCl (180 mg/kg i.p.). The E171 sample used in this study (E171E, anatase) was supplied by the Titanium Dioxide Manufacturers Association (TDMA) and was
characterized by two independent contract laboratories. Analysis by SEM indicated the E171-E particles
had an average diameter of 110-115 nm with approximately 36% of particles < 100 nm. The
physicochemical properties of E171-E have also been described extensively in several published reports
(see EFSA 2019b; Verleysen et al. 2020). The diets were analyzed in triplicate from the top, middle, and
bottom for homogeneity and E171 concentrations and were reported to be very homogeneous (ECHA
2022a). The E171 concentrations in the diets were approximately the anticipated concentrations with the
exception of the highest dose, which was approximately 10% less than the nominal 5000 ppm (Drs. Cohen
& Kaminski, pers. comm. 15 February 2022). At the end of the 100-day treatment period, tissue samples
from the colon and small intestine were evaluated for histopathological abnormalities, changes in mean
gland length and mean number of goblet cells per gland as well as the development of ABCs/ACF in a
blinded manner (except for gland length and goblet cell number) by an experienced, board-certified
pathologist. Additional experiments were performed by Blevins et al. (2019) and are described elsewhere
in this report (see ‘Immunotoxicity, Inflammation and Effects on the GIT’ section).
For the histopathological assessment, sections from the duodenum, jejunum, and ileum as well as a 1 cm
transverse segment from the distal colon was removed, fixed in 10% buffered formalin, and then paraffin
embedded. Tissue sections approximately 4-5 µm in thickness were stained with hematoxylin and eosin
and examined for histopathological abnormalities. The transverse segments of the distal colon were also
analyzed for changes in the number of goblet cells and gland length. An ocular micrometer was used to
measure the length of two randomly chosen glands from each colon (from epithelial luminal surface to
base of crypt) and the number of goblet cells in each measured gland was counted. For the ABC and ACF
evaluation, three 2 cm sections from the colon (one each from the proximal, mid, and distal colon) were
removed, fixed in 10% buffered formalin, and then stained with 0.5% toluidine blue in 0.5% sodium
borate. The location of the colon samples were standardized such that comparable locations in the
proximal, mid, and distal colon were examined for each rat (Drs. Cohen & Kaminski, pers. comm. 15
February 2022). Each colon sample was divided in approximately 4 mm 2 subsections and the number of
ABCs and ACF in each subsection was counted using a light microscope at 40x magnification. The
prolonged tissue preservation time required for standardization may have contributed to a technical
limitation (autolysis) that prevented the entire surface of the colon samples from being evaluated, with
approximately 25-50% of the surface area evaluated per rat (Drs. Cohen & Kaminski, pers. comm. 15
February 2022). The portion of the colon examined varied among rats, but was similar across groups (Drs.
Cohen & Kaminski, pers. comm. 15 February 2022). To normalize the surface area of the colon samples
that were analyzed, the number of ABCs and ACF per cm 2 was estimated for the observable colon with no
differences detected between groups with respect to the location of ABCs or ACF in the colon (Drs. Cohen
& Kaminski, pers. comm. 15 February 2022). In addition, the expected increase in the mean number of
ABCs and ACF per cm2 of colon was observed in the rats pre-treated with DMH compared to rats that were
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not pre-treated and the authors reported they were able to consistently identify the effects of DMH in a
blinded fashion (Drs. Cohen & Kaminski, pers. comm. 15 February 2022).
In rats pre-treated with DMH, a total of four intestinal tumours were observed; these included two
invasive adenocarcinomas in one rat treated with DMH-only, a single adenoma in one rat treated with
DMH + low-dose E171, and a single adenoma in one rat treated with DMH + mid-dose E171. No tumours
or histopathological abnormalities were observed in rats treated with DMH + high-dose E171 or in the
absence of DMH pre-treatment, with or without E171 exposure. Tumours in the intestinal tract of rats
treated with DMH, a potent genotoxic carcinogen, was not an unexpected finding at 100 days (e.g., Shetye
and Rubio, 2004) and considering tumour incidence in DMH-treated rats exposed to low- or mid-dose
E171 was not above background levels in concurrent DMH-only controls, this finding was not considered
treatment-related. No differences in the mean number of goblet cells per gland or in mean colonic gland
length across the E171 exposure groups, with or without DMH pre-treatment, with the exception of
increased colonic gland length in the DMH-only controls compared to negative controls. Dietary exposure
to E171 in the absence of DMH pre-treatment also had no effect on the mean number of ABCs or ACF per
cm2 of the colon compared to negative controls, with mean ABC/cm 2 for E171 exposure groups ranging
from 0.2-2.7/cm2 versus 1.9/cm2 for controls and mean ACF/cm2 for E171 exposure groups ranging from
0.1-0.9/cm2 versus 0.8/cm2 for controls. Similarly, dietary exposure to E171 had no effect on the mean
number of ABCs or ACF per cm2 of colon of DMH-treated rats compared to controls, with mean ABC/cm2
for E171 exposure groups ranging from 14.8-28.4/cm2 versus 17.1/cm2 for controls and mean ACF/cm2 for
E171 exposure groups ranging from 5.3-10.1/cm2 versus 5.4/cm2 for controls. Overall, the findings by
Blevins et al. (2019) indicate that when administered via the diet, E171 exposure at a dose ~24-30 times
greater than the highest dose administered by Bettini et al. (i.e., 236-300 versus 10 mg/kg bw/d,
respectively) did not initiate or promote the development of ABCs or ACF in the rat colon. Dietary
exposure to E171 at doses up to 236-300 mg/kg bw/d, with or without DMH pre-treatment, also did not
increase tumour incidence in the intestinal tract of rats (although this study was likely not long enough to
assess whether tumours would eventually form) and no treatment-related differences in mean colonic
gland length or number of goblet cells per gland in the colon were observed, with the exception of
significant gland lengthening in the DMH-only rats compared to negative controls. The difference in
findings between the Blevins et al. (2019) and Bettini et al. (2017) studies is likely attributable to mode of
exposure and/or sample preparation method, with dietary delivery of unsonicated particles being more
representative of human exposure to TiO2 as a constituent of food preparations.
An unpublished, GLP- and OECD 443 guideline-compliant EOGRT study with additional parameters was
commissioned by industry to address endpoints of concern raised by the EFSA ANS Panel (2016; 2018a)
and NVWA (2019), including an evaluation of whether E171 administered in the diet initiated the
formation of ACF in the colon (LPT 2020 as cited by EFSA 2021a and ECHA 2022b). For a summary of the
other endpoints examined in the EOGRT study please see Table 13 in Appendix K. For the ACF evaluation,
F0 satellite, male and female CD/Crl:CD Sprague Dawley rats (n = 10 per sex per group) were administered
an anatase form of E171 (E171-E) at nominal doses of 0, 100, 300, or 1000 mg/kg bw/d in the diet for 10
weeks prior to mating until weaning of the F1 generation (~18-19 weeks). Analyses of the basal diet
revealed low background levels of Ti ranging from 11 to 31 mg Ti/kg diet (mean: 17 mg Ti/kg diet) which
was estimated by the EFSA FAF Panel (2021a) to be equivalent to a dose of approximately 1.4 mg TiO2 /kg
bw/d. The pristine form of E171-E used in this study was supplied by the TDMA and had a median particle
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diameter (SD) of 99.9 ± 2.0 nm with approximately 50-51% of particles < 100 nm as determined by SEM
(LNE 2020). The number size distribution and median size of the constituent E171-E particles present in
samples from the top, middle, bottom, and leftover diet preparations were similar to the pristine form
with a median diameter (SD) ranging from 109.2 ± 1.4 to 113.7 ± 4.9 nm and approximately 31-43% of
particles < 100 nm as determined by SEM (LNE 2021a,b,c,d). Based on these results, the TDMA concluded
the primary particle sizes within the different parts of the diet were homogeneous and no significant
deaggregation, aggregation or particle segregation occurred (TDMA 2022b). The physicochemical
characteristics of E171-E have also been described previously in EFSA 2019b and Verleysen et al. 2020.
The F0 satellite animals were sacrificed at the same time as the F0 main study animals (after weaning of
the F1 animals) to allow for comparisons to be drawn between the ACF evaluation for the F0 satellite
animals and the histopathological analysis of the GIT for the F0 main study animals. The colons of the F0
satellite animals were removed, stained with 0.5% (w/v) methylene blue in water, and the entire epithelial
surface was examined for the presence of ACF under a stereomicroscope at 50x magnification in a blinded
fashion by the study pathologist based on the definition by Shwter et al. (2016)26 . No evidence of ACF
were observed in the colon of male or female E171-treated rats or controls. The morphological variability
of crypts in two caudal regions of the colon was slightly increased in a few rats, but did not meet the
Shwter et al. (2016) definition of an ACF and there were no significant differences in incidence of these
crypts across E171 treatment groups in males (1/10, 0/10, 1/10, 1/10) or females (1/10, 0/10, 1/10, 2/10).
Additional investigations of crypt morphology revealed similar incidences of mild increases in the
morphological variability of crypts in rats randomly selected from the control group (4/4 for males and
4/5 for females) and high-dose E171 group (3/3 for males and 3/5 for females). Consistent with the above
findings, no treatment-related histopathological changes were observed in male and female F0 main study
animals (n = 20 per sex per group) exposed to 0, 100, 300 or 1000 mg E171/kg bw/d in the diet, including
histopathological changes in the GIT. Overall, the results of the EOGRT study indicated E171 did not initiate
the development of ACF in the colon of male or female rats when administered at doses up to 1000 mg
E171/kg bw/d in the diet, which was 100 times greater than the highest dose used by Bettini et al. (10
mg/kg bw/d). The EOGRT study was also consistent with the study by Blevins et al. (2019) where
unsonicated E171 was administered via the diet and no evidence of ACF was observed in the absence of
a colon carcinogenesis initiator. The potential promoting effects of E171 were not evaluated in the EOGRT
study.
Summary
Overall, the study results suggesting oral exposure to food-grade TiO2 initiated or promoted the formation
of preneoplastic lesions in the colon, including ABCs and ACF, were limited to a single non-guideline study
in which E171 was administered after ultrasonication to disperse particles in simple matrices (Bettini et
al. 2017). In this study, male rats exposed to E171 dispersed in drinking water by ultrasonication
developed ABCs and ACF in the colon at doses of 10 mg/kg bw/d for 100 days, with and without DMH pretreatment. However, the magnitude of effect was small and considering most ACF do not progress to
neoplasia, the observation of ABCs and ACF in the presence and absence of a colon carcinogenesis initiator
was not considered conclusive scientific evidence of a potential adverse effect of E171. In a subsequent

26

ACF were defined as an aberrant focus with more than two ABCs (Shwter et al. 2016).
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study conducted in accordance with OECD 408 guidelines (Han et al. 2020), no histopathological
abnormalities were observed in the GIT in male or female rats at doses up to 1000 mg E171/kg bw/d for
90 days, which was 100-fold higher than the doses administered by Bettini et al. (2017). In the present
assessment, these findings have unclear relevance for the hazard characterization of TiO2 as a food
additive due to the administration of ultrasonicated E171 particles via drinking water, which did not take
into consideration how interactions with the dietary matrix and/or how the disruption of agglomerates in
the test article may have influenced the potential toxicity of these particles. Two dietary studies with E171
were conducted following the publication of the Bettini et al. (2017) study, neither of which found
evidence that E171 induced the formation of ACF in the colon (Blevins et al. 2019; LPT 2020 as cited in
EFSA 2021a). Blevins et al. (2019) was a non-guideline study conducted to replicate the findings of Bettini
et al. (2017) in a dietary model and found no evidence that dietary exposure to E171 for 100 days at the
highest dose tested (236-300 mg/kg bw/d) initiated or promoted the development of ABCs or ACF in the
colon of male rats. The highest dose tested in Blevins et al. in which no effects were reported was ~24-30
times greater than the dose at which effects were observed in Bettini et al. (236-300 versus 10 mg/kg
bw/d, respectively), which supports the notion that the dietary matrix and/or the disruption of
agglomerates in the test article may influence/mitigate the toxicity of food-grade TiO2 particles. The lack
of intestinal lesions observed in this study was consistent with results of a subsequent GLP- and guidelinecompliant EOGRT study with additional parameters evaluating ACF in the colon, which reported null
findings (LPT 2020 as cited in EFSA 2021a). In this study, no evidence of ACF were observed in male or
female rats following dietary exposure to E171 for ~18-19 weeks at the highest dose tested (1000 mg/kg
bw/d) in the absence of a colon carcinogenesis initiator. The highest dose tested in this study was 100fold higher than the dose at which effects were observed in Bettini et al. (10 mg/kg bw/d). There was also
no evidence of carcinogenicity (including intestinal lesions) in a two-year cancer bioassay when Unitane®
0-220 (a form of TiO2 highly comparable to the current form of TiO2 found in food) was administered at
dietary concentrations up to 50,000 ppm (5% w/w) to male and female mice and rats (equivalent to doses
of 2250 to 8359 mg/kg bw/d depending on sex and species; NCI 1979). Overall, the studies by Blevins et
al. (2019), LPT (2020 as cited by EFSA 2021a), and NCI (1979) suggest the food matrix may attenuate the
formation of intestinal lesions in the colon, including ACF. Since dietary studies are more representative
of human exposure to food-grade TiO2 , these studies were accorded greater weight in this hazard
characterization of TiO2 as a food additive. Based on the overall weight of evidence that was conducted
as part of this subject review, no consistent evidence of preneoplastic lesions in the colons of rodents
following exposure to food-grade TiO2 via the oral route was identified. There was also a low level of
concern for carcinogenicity and chronic toxicity based on the available information.
Genotoxicity
Previous safety assessments and opinions of food-grade TiO2 did not raise any concerns with respect to
genotoxicity (EFSA 2016; 2018a; 2019a,b). However, with the publication of new scientific results
suggesting TiO2 -NPs may be genotoxic along with new analytical research revealing food-grade TiO2 can
contain a higher percentage of primary particles within the nanoscale than previously believed, the
genotoxic potential of food-grade TiO2 has come into question. The EFSA FAF panel recently re-evaluated
the available genotoxicity database for TiO2 , including an assessment of genotoxicity studies with TiO 2 NPs, which were not previously considered relevant to the hazard characterization of E171 (EFSA 2021a).
While an immediate health concern was not identified by the FAF Panel, a number of genotoxicity studies
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reporting positive results when TiO2 particles were used as the test article were identified. As a result, the
FAF Panel concluded the genotoxicity of TiO2 particles that may be present in food-grade TiO2 could not
be ruled out and a cut-off value for genotoxicity in terms of particle size could not be determined. The FAF
Panel considered that several modes of action for genotoxicity may be acting in parallel, but indicated
there was uncertainty as to whether a threshold mode of action could be assumed (see ‘Mode of Action’
section below for discussion).
For the present assessment of the potential genotoxicity food-grade TiO2 , it was noted that the FAF Panel’s
2021a conclusion on genotoxicity was largely based on studies that used TiO2 -NPs (of which many used
TiO2 -NPs < 30 nm) to characterize the genotoxic potential of TiO2 added to food. However, less than 1%
of primary particles detected in pristine samples of food-grade TiO2 as well as food products with TiO2 on
the European market were smaller than 30 nm (Verleysen et al. 2020; 2021). In addition, due to significant
differences in physicochemical properties between food-grade TiO2 and TiO2 -NPs (e.g., mean particle
diameter, particle size distribution, surface area and composition, etc.), TiO 2 -NPs and in particular, TiO2 NPs < 30 nm, were not considered appropriate test articles for the hazard characterization of TiO 2 as a
food additive (see ‘Relevant Reference Materials for Studying Food-Grade TiO2 ’ section and Appendix D
for more details). Finally, given that food-grade TiO2 may already contain a percentage of TiO2 -NPs as high
as ~30% on a particle mass basis and ~70% on a particle number basis (Verleysen et al. 2020; 2021),
genotoxicity assays conducted with food-grade TiO2 will simultaneously evaluate the genotoxic potential
of any TiO2 -NPs that may be present and a separate assessment of studies with TiO2 -NPs is considered
unnecessary. Therefore, the current review focussed on in vivo genotoxicity studies involving food-grade
TiO2 . However, due to the limited number of in vivo genotoxicity studies with food-grade TiO2 available,
studies that used non-food-grade TiO2 particles with a mean diameter > 100 nm were also considered
relevant and included in the present assessment. Where possible, a determination was made about how
closely these test articles resembled food-grade TiO2 and those considered comparable (based on a similar
mean primary particle size, particle size distribution, % of nanoparticles, isoelectric point, mass-specific
surface area, surface composition, elemental composition, crystalline form, and purity) were given more
weight. In vivo genotoxicity studies with TiO2 -NPs were also reviewed (summarized in Table 10 of
Appendix H) since they formed the basis of the EFSA FAF Panel (2021a) opinion on genotoxicity, but were
not considered in the weight of evidence in the current assessment of food-grade TiO2 for the reasons
outlined above and in the ‘Relevant Reference Materials for Studying Food-Grade TiO2 ’ section. In vitro
genotoxicity studies with food-grade TiO2 were also reviewed. However, the known potential for false
positive in vitro results is high (see Kirkland et al. 2005; 2007) and therefore, in vivo genotoxicity studies
with food-grade TiO2 as well as the two-year cancer bioassay with Unitane® 0-220 were accorded greater
weight in the present assessment.
In Vitro Genotoxicity
The majority of in vitro genotoxicity studies identified in the published literature evaluated the potential
for E171 to induce DNA damage in an in vitro comet assay (Brown et al. 2019; Dorier et al. 2017; 2019;
Franz et al. 2020; Gea et al. 2019; Proquin et al. 2017) and have produced mixed results. In human Caco2 intestinal epithelial cells, positive results were reported following 24-hour exposure to a single, noncytotoxic concentration of E171 (0.143 µg/cm2 ; equivalent to 1 µg/ml) dispersed by sonication with and
without co-exposure to the genotoxicity carcinogen AOM (20 µg/ml) with similar levels of DNA damage
observed in E171 and E171+AOM conditions (Proquin et al. 2017). However, only a single E171
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concentration was tested in the comet assay and the cellular uptake of particles at this concentration was
not confirmed. In another study, acute exposure to E171 dispersed by sonication at concentrations of 10
or 50 µg/ml for 6, 24, and 48 hours did not produce DNA damage in Caco-2 cells in the presence or absence
of formamidopyrimidine DNA glycosylase (Fpg)27 , but repeated exposure to the same E171 concentrations
twice a week for three weeks led to a slight increase in Fpg-sensitive sites (but not DNA strand breaks) at
both doses (Dorier et al. 2017). No evidence of cytotoxicity was observed under acute or repeated
exposure conditions and the authors reported E171 accumulation in the cells. However, the method used
to determine Ti levels (ICP-MS of lysed cells) could not distinguish between Ti accumulation in cells and Ti
bound to the cell membrane. The TEM images of cells were also two dimensional making it difficult to
determine if the particles resided inside the cell or on the cell surface. Other issues were identified, namely
the exposure concentrations used in this study were reported by the authors to exceed the estimated
daily intake of TiO2 in humans by approximately 10,000-fold, the concentration was expressed in µg/ml
instead of µg/cm2 , and only the fold-change in % tail DNA from negative controls was reported (no
absolute values for the treatment groups or negative or positive controls were presented), which make
the results of this study difficult to interpret. In a third study with Caco-2 cells, acute exposure to E171
(dispersed by sonication) at non-cytotoxic concentrations of 3.9, 7.8 or 15.6 µg/cm2 (equivalent to 12.5,
25, 50 µg/ml) for 4 hours did not increase DNA strand breaks or Fpg-sensitive sites compared to negative
controls (Brown et al. 2019). A visual scoring method was used to assess the nuclei for DNA damage and
it was unclear if it was conducted in a blinded manner. The cellular uptake of E171 particles was also not
confirmed. In another intestinal cell line, no evidence of DNA strand breaks were observed in mucussecreting HT29-MTX-E12 cells when E171 was administered at non-cytotoxic concentrations of 0.5, 5, or
50 µg/ml for 48 hours (Franz et al. 2020). The E171 suspensions in this study were intentionally prepared
(bath sonicated for 10 minutes) to select for bigger agglomerates to resemble the particle size distribution
of E171 in the food matrix; however agglomeration status of the particles in the exposure media was not
confirmed. The cellular uptake of particles was also not evaluated.
Caco-2 and HT29-MTX-E12 cells are considered appropriate cell lines for evaluating the potential
genotoxicity of dietary exposure to food-grade TiO2 ; however, in vitro assays with only a single cell line
may not accurately represent the complex environment of the gastrointestinal system. Two studies from
the same group of authors evaluated the potential for E171 to induce DNA damage in co-cultures of Caco2/HT29-MTX cells. In the first study, the authors assessed the potential for acute and repeated exposure
to E171 (dispersed by sonication) at concentrations of 10 or 50 µg/ml to produce DNA damage in a monoculture of Caco-2 cells (results also described in previous paragraph) and co-culture of Caco-2/HT29-MTX
cells (Dorier et al. 2017). For the acute exposure experiment, the mono- and co-cultures produced
negative results at both E171 concentrations with and without Fpg. Similarly, no differences in DNA strand
breaks were reported in the mono- or co-cultures at either concentration following repeated exposure to
the same E171 concentrations twice a week for three weeks; however, a slight increase in Fpg -sensitive
sites was observed at 50 µg/ml in the co-culture, whereas both 10 and 50 µg/ml produced a slight increase
in Fpg-sensitive sites in the mono-culture. These findings suggest that the co-culture of Caco-2/HT29-MTX
cells may be less sensitive to E171 exposure compared to Caco-2 cells alone, which is consistent with
previous research indicating the presence of a mucus layer produced by HT29 cells was essential for
27

The alkaline comet assay detects strand breaks and alkali-labile sites; however, many DNA-damaging agents form
DNA adducts or base alterations as opposed to directly inducing strand breaks (Azqueta et al. 2013). The use of
certain DNA repair enzymes can overcome this limitation and enhance the sensitivity of the comet assay by
converting lesions to breaks. Fpg specifically is a DNA repair enzyme used for detecting oxidative DNA damage, as
the enzyme attacks 8-oxo-7,8-dihydroguanine (8-oxo-dGuo) and other purine oxidation products, removing the
damaged base which is then converted to a break (Collins 2014).
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decreasing cellular uptake of TiO2 -NPs in a complex in vitro intestinal epithelial model (Garcia-Rodriguez
et al. 2018). However, as mentioned previously, the study findings reported by Dorier et al. (2017) are
difficult to interpret. In a follow-up study by the same authors, no evidence of DNA double strand breaks
(as measured by 53BP1 immunostaining and 8-oxo-dGuo levels) was observed in co-culture of Caco2/HT29-MTX cells following 24-hour exposure to 50 µg/ml of E171 dispersed by sonication (Dorier et al.
2019). However, only a single concentration was tested in this study and as was the case in the previous
experiment, the concentration tested was 10,000-fold higher than anticipated human dietary exposure.
The cellular uptake of the E171 particles was also not evaluated.
Many of the in vitro studies described above used undifferentiated Caco-2 cells harvested after only a few
days of culture to evaluate the potential genotoxicity of E171. Caco-2 cells undergo spontaneous
differentiation after approximately two to three weeks in culture to resemble mature enterocyte-like cells
and therefore, differentiated Caco-2 cells are considered more representative of in vivo conditions (Ude
et al. 2017; Vila et al. 2018). The cellular uptake of TiO2 -NPs was reported to be increased in
undifferentiated Caco-2 cells with TiO2 -NPs aggregates observed within the cell and nucleus whereas TiO2 NPs were found primarily within the apical membrane of differentiated Caco-2 cells and only in low
numbers within the cell and none in the nucleus (Vila et al. 2018). The Caco-2 cells used by Proquin et al.
(2017) as well as those used in the mono- and co-cultures in the chronic exposure experiment by Dorier
et al. (2017) were undifferentiated and both studies produced positive results. In contrast, negative
results were reported in the acute exposure experiment by Dorier et al. (2017), which used differentiated
Caco-2 cells in both the mono- and co-cultures. However, in a follow-up experiment by Dorier et al. (2019),
a co-culture of undifferentiated Caco-2 cells and mucus-secreting HT29-MTX cells produced negative
results. Brown et al. (2019) also used undifferentiated Caco-2 cells and the levels of DNA damage in the
treatment groups were not statistically different from concurrent controls. Overall, no clear pattern was
observed regarding the potential genotoxic effects of E171 in differentiated and undifferentiated Caco-2
cells.
Other cell lines have also been used to investigate the potential for E171 to induce DNA damage in vitro.
In human HepG2 liver cells, DNA strand breaks and Fpg-sensitive sites were not significantly increased
compared to negative controls following acute exposure for 4 hours to E171 dispersed by sonication at
concentrations of 3.9, 7.8, or 15.6 µg/cm2 , equivalent to 12.5, 25, 50 µg/ml (Brown et al. 2019). Evidence
of cytotoxicity was also reported at the highest dose tested (15.6 µg/cm 2 ) and a visual scoring method
was used to analyze the nuclei for DNA damage (it is unclear if the scorer was blinded to the treatment
condition). The uptake of particles into the cell was not evaluated. In mouse embryonic stem cells (mES),
acute exposure to E171 (dispersed by sonication) for 4 hours at concentrations of 0.98, 1.95, 3.9, 7.8, or
15.6 µg/cm2 (equivalent to 3.13, 6.25, 12.5, 25, 50 µg/ml) increased the level of DNA strand breaks (but
not Fpg-sensitive sites) at the highest dose tested compared to negative controls, but with no obvious
dose-response relationship (Brown et al. 2019). Cells were randomly selected for analysis of DNA damage
by ImageJ software, but it is unclear if this was done in a blinded manner. In a separate ToxTracker
reporter cell assay with mES cells, 24-hour exposure to E171 at concentrations of 0.98, 1.95, 3.9, 7.8, or
15.6 µg/cm2 (equivalent to 3.13, 6.25, 12.5, 25, 50 µg/ml) did not result in any significant changes in DNA
damage, oxidative stress, p53-mediated cellular stress, or unfolded protein response compared to
negative controls (Brown et al. 2019); however, due to excessive levels of cytotoxicity observed
(approximately 25 to 75% of control), these findings were difficult to interpret. Positive results were also
reported in human BEAS-2B bronchial epithelial cells following exposure to E171 at concentrations up to
160 µg/ml (up to 41.6 µg/cm2 ; Gea et al. 2019), but this assay lacked a positive control group and the
relevance of E171 exposure to lung cells in vitro to human dietary exposure to food-grade TiO2 is
uncertain.
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Two in vitro micronucleus assays with E171 were also identified in the published literature. In human
colonic epithelial HCT116 cells, 24-hour exposure to E171 (dispersed by sonication) at concentrations of
5, 10, 50, or 100 µg/cm2 (equivalent to 50, 100, 500, 1000 µg/ml) resulted in a concentration-dependent
increase in the incidence of micronucleated binucleated cells per 1000 binucleated cells at 5, 10, and 50
µg/cm2 (Proquin et al. 2017). No evidence of cytotoxicity was reported under the test conditions, but the
cells exposed to the highest concentration (100 µg/cm 2 ) could not be assessed due to the presence of
agglomerated particles, which interfered with the identification of micronuclei. The authors also reported
“E171 [seemed] to interact with the centromere region of kinetochore poles during mitosis”; however,
based on the published photomicrographs, it is difficult to determine whether the particles were located
inside the cells or on the surface of the cells. This study also did not include a positive control group. In
the second study, no evidence of micronuclei or hypodiploid nuclei were observed in HT29-MTX-E12 cells
exposed to E171 (dispersed by sonication) at concentrations of 0.5, 5, or 50 µg/ml for 48 hours (Franz
2020). The concentrations tested were confirmed to be non-cytotoxic. As mentioned previously, the E171
suspensions used by Franz et al. (2020) were intentionally prepared to generate larger agglomerates that
more closely resembled the particle size distribution of E171 in the food matrix. However, the presence
of these agglomerates interfered with the detection of micronuclei in the flow cytometry-based scoring
method used in this study, making the null findings reported difficult to interpret. The cellular uptake of
particles was also not evaluated.
Four genotoxicity survey studies of multiple chemicals that evaluated the potential for TiO 2 to induce
bacterial and mammalian gene mutations, chromosomal aberrations, and sister chromatid exchanges in
vitro were also identified in the published literature (Dunkel et al. 1985; Ivett et al. 1989; Myhr and
Caspary 1991; Tennant et al. 1987). In these studies, the TiO2 material was sourced from the NTP28
repository of all chemicals tested in carcinogenicity bioassays (Radian Corporation) and therefore, it is
highly likely that this test article was the same material used in the NCI two-year cancer bioassay (i.e.,
Unitane® 0-220; anatase; 113-135 nm and 109-124 nm by SEM and TEM, respectively; up to 44% of
particles < 100 nm by number). Based on similarities in both elemental composition, median particle
diameter, mass-specific surface area, and percentage of particles < 100 nm by number, Unitane® 0-220
can be considered highly comparable to the current form of TiO 2 added to food (see ‘Carcinogenicity and
Chronic Toxicity’ section for more details). While all four studies reported negative results, these studies
were conducted with outdated protocols, did not include an assessment of cytotoxicity or particle uptake,
and some provided limited to no information about study methodology. In addition, the bacterial reverse
mutation test used by Dunkel et al. (1985) and Tennant et al. (1987) may not be suitable for the
assessment of nanomaterials (Unitane® 0-220 may contain up to 44% nanoparticles) or insoluble particles,
in general, since they may not be readily taken up by the bacterial cells used in this assay (Doak et al.
2012; OECD 2014; Kumari et al. 2010). TiO2 -NPs are also known to have antibacterial/bacteriostatic
properties (see Khashan et al. 2021; Lopez de Dicastillo et al. 2020), which further limits the suitability of
the bacterial reverse mutation test for the assessment of these materials. The in vitro sister chromatid
exchange assay in mammalian cells used by Ivett et al. (1989) and Tennant et al. (1987) was also deleted
by the OECD in 2014 due to “a lack of understanding of the mechanism(s) of action of the effect detected
by the test” (OECD 2017). As a result of these limitations, none of these studies were considered
appropriate for inclusion in the present review.
Three unpublished in vitro genotoxicity assays with E171 commissioned by the TDMA were also reviewed
(BioReliance 2021a,b,c). All three assays used E171-E as the test article (anatase, median particle diameter
28
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(SD) of 99.9 ± 2.0 nm with approximately 50-51% of particles <100 nm as determined by SEM; LNE 2020)
and were conducted in accordance with current OECD guidelines 471 (bacterial reverse mutation test),
476 (in vitro mammalian cell gene mutation test), and 487 (in vitro mammalian cell micronucleus test).
However, as mentioned above, the uptake of nanomaterials and insoluble particles by bacterial cells may
be limited and TiO2 -NPs are known to possess antibacterial/bacteriostatic properties; therefore, the
bacterial reverse mutation test may not be suitable for assessing the potential mutagenicity of
nanomaterials (Doak et al. 2012; OECD 2014; Kumari et al. 2010). Since E171-E is known to contain a
significant percentage of TiO2 particles within the nanoscale (50-51% < 100 nm), the results of the bacterial
reverse mutation test with E171-E (BioReliance 2021a) were not considered further in the present review.
For the in vitro mammalian cell forward gene mutation assay at the HPRT locus of Chinese hamster ovary
(CHO) cells, E171-E did not induce forward mutations at concentrations up to 30 µg/ml (suspended in
serum free medium by vortex mixing) in the presence or absence of metabolic activation (BioReliance
2021b). However, in a subsequent TEM imaging analysis, the cellular uptake of E171-E was not
demonstrated in CHO cells exposed to 30 µg/ml, with or without metabolic activation (Evans et al. 2021a)
and therefore, the negative result may be related to the lack of exposure to the test article. For the in
vitro mammalian cell micronucleus assay in human peripheral blood lymphocytes (HPBLs), E171-E did not
increase micronuclei induction at concentrations up to 30 µg/mL in the presence or absence of metabolic
activation (BioReliance 2021c). Cell samples were collected for electron microscopy imaging analysis to
confirm whether E171-E was taken up by HPBLs. The results of this analysis were not available at the time
of this review and therefore, it was unclear if the absence of genotoxicity was related to the lack of cellular
internalization of E171-E or a true negative result.
In summary, both positive and negative results were obtained from in vitro genotoxicity studies with foodgrade TiO2 . However, there was low confidence in the reliability and/or relevance of the findings in many
of these studies due to the use of inappropriate cell lines for assessing dietary exposure (e.g., lung cells),
the use of outdated or inappropriate genotoxicity assays (e.g., bacterial reverse mutation test, sister
chromatid exchange assay), uncertainty in the biological relevance of some positive results, poor
experimental design, and lack of compliance with OECD test guidelines. Three guideline-compliant in vitro
studies with E171-E commissioned by industry were submitted to Health Canada during the course of this
assessment. The bacterial reverse mutation assay may not be suitable for assessing the potential
mutagenicity of nanomaterials and therefore, was not considered in the weight of evidence. The in vitro
mammalian cell forward gene mutation assay in CHO cells and in vitro mammalian cell micronucleus assay
in HPBLs were both negative; however, the internalization of E171-E in CHO cells was not demonstrated
in a subsequent imaging analysis and the uptake of E171-E in HPBLs had not been confirmed at the time
of this review. Therefore, the lack of genotoxicity observed in both assays may be related to the lack of
E171-E exposure. Overall, the inconsistent or unclear findings observed along with the questionable
reliability/relevance of many of the available in vitro genotoxicity studies do not allow for a formal
conclusion to be drawn regarding the potential genotoxic effects of food-grade TiO2 in vitro. It is
recommended that additional, guideline-compliant studies that evaluate the potential for food-grade TiO2
to induce genotoxic effects in vitro are conducted, particularly studies that use complex in vitro intestinal
models that more closely resemble in vivo conditions.
Additional details on the in vitro genotoxicity studies with food-grade TiO2 discussed above may be found
in Table 7 of Appendix H.
In Vivo Genotoxicity
DNA Damage
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Two non-guideline studies that evaluated the potential for food-grade TiO2 to induce DNA damage in vivo
were identified in the published literature (Bettini et al. 2017; Jensen et al. 2019). Another two nonguideline studies that used non-food-grade TiO2 with a mean particle diameter > 100 nm were also
identified (Murugadoss et al. 2020; Sycheva et al. 2011). All four of these studies administered the test
article via the oral route and have been described in more detail below as well as in Tables 8 and 9 of
Appendix H.
Bettini et al. (2017) treated adult male Wistar rats (n = 10 per group) with E171 (anatase;D 50 118±53 nm,
range 20 to 340 nm, with 44.7% of particles < 100 nm as determined by TEM) purchased from a French
commercial supplier of food colouring by oral gavage at a dose of 10 mg/kg bw/d for 7 days 29 . Prior to
administration, the test article was dispersed in water following the NANOGENOTOX dispersion protocol
(i.e., sonication for 16 minutes at 20 kHz in a 0.05% w/v BSA). A concurrent negative control group was
administered water via oral gavage. No positive control group was included. Rats were euthanized (timing
not reported) and Peyer’s patch cells were collected and analyzed for DNA strand breaks and alkali-labile
sites using the alkaline comet assay (+/- Fpg). A total of 100 Peyer’s patch cells were analyzed and the
median % tail DNA was calculated, but it was unclear if the analysis was conducted in a blinded manner
and the method did not indicate if the authors controlled for ambient light during slide preparation, lysis
or electrophoresis. E171 particles were detected in Peyer’s patch cells of treated rats confirming exposure.
No evidence of DNA strand breaks or oxidative DNA damage was observed in Peyer’s patch cells in treated
or control rats with or without Fpg. The test article and tissue samples (i.e., Peyer’s patch cells) evaluated
in Bettini et al. (2017) were considered relevant to the assessment of TiO2 as a food additive; although it
was noted that the study deviated from OECD guideline 489 (in vivo mammalian alkaline comet assay)
due to the use of only one dose group and lack of a positive control. Overall, the in vivo alkaline comet
assay (+/- Fpg) was considered negative.
Jensen et al. (2019) investigated the potential for E171 (99.8% anatase, 0.2% rutile with three group sizes
(135±6, 305±61 and 900±247 nm as determined by TEM) purchased from Bolsjehuset (a supplier of candy
ingredients) to induce DNA strand breaks and oxidative DNA damage. Female lean Zucker (Crl:ZUC-Leprfa)
rats (n = 10 per group) were exposed to food-grade TiO2 at doses of 50 or 500 mg/kg bw/d by oral gavage
once a week for 10 weeks. Stock solutions of food-grade TiO2 were prepared the same day of use following
the ENPRA dispersion protocol (i.e., particles were sonicated at 20 kHz for 16 minutes in filtered sterile
water with 2% fetal bovine serum [FBS]) and used immediately. Negative controls were dosed with filtered
sterile water with 2% FBS by oral gavage. Rats were euthanized 24 hours after the last dose and liver and
lung tissue samples were analyzed in duplicate for DNA damage in an alkaline comet assay (+/- Fpg or
hOGG1). KBrO3 (5 mM) exposed THP-1 cells served as the positive control. The method did not indicate if
the authors controlled for ambient light during slide preparation, lysis or electrophoresis. Randomly
chosen nucleoids (100 per slide) were visually scored with a fluorescence microscope using a five-class
scoring system (score of 0-4 for each nucleoid) with reviewers blinded to dose groups to determine the
degree of DNA damage (arbitrary score range 0-400). The level of DNA damage in liver and lung tissue
(i.e., DNA strand breaks, Fpg- or hOGG1-sensitive sites) was not significantly elevated at any dose level
relative to control. In addition, E171 exposure did not affect the repair of KBrO3-induced oxidative DNA
29

Bettini et al. (2017) also evaluated a nano-sized TiO2 material with a mean particle size of 22 nm (P25; NM-105),
which is not representative of the particle size distribution of food-grade TiO 2 (see Table 10 in Appendix H for
summary).
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damage in lung tissue samples. However, systemic exposure to the test article in the liver and lung was
not confirmed and DNA damage was not evaluated in an appropriate target tissue (i.e., GIT). The study
protocol also deviated from OECD guideline 489 due to the use of only two dose groups, the analysis of
DNA damage 24 hours after last exposure instead of 2-6 hours after last dose (which may have allowed
DNA repair to occur), the use of an outdated dosing regime (once per week for 10 weeks instead of two
or more consecutive days) as well as the use of a visual scoring method to determine the level of DNA
damage (instead of using automated or semi-automated image analysis software). Overall, these
limitations raised some questions as to the reliability of the study findings and make the negative results
difficult to interpret.
Murugadoss et al. (2020) evaluated whether exposure to non-food-grade TiO2 (117 nm, anatase, JRC
NM10200a) induced DNA damage in peripheral blood cells from female C57BL/6JRj mice (n = 4-5 per
group) following a single dose of ~10, 50, or 250 µg TiO2 /mouse30 (equivalent to ~0.6, 2.9, 14.7 mg TiO2/kg
bw31 ) administered via oral gavage 32 . The TiO2 particles were ultrasonicated using a probe sonicator
(7056J) in suspension media designed to produce small or large agglomerates by using different pH
conditions (pH 7.5 and pH 2, respectively). Particle suspensions were immediately stabilized with 0.25%
BSA and the suspension dispersed at pH 2 was then readjusted to pH 7-7.5. The median equivalent circle
diameter of the small and large agglomerates (measured using TEM) were 122 and 352 nm, respectively.
Concurrent negative control groups were administered either the small or large agglomerates suspension
medium via oral gavage. Mice were euthanized three days post-dosing and blood samples were collected
and analyzed in an alkaline comet assay. Peripheral blood cells from untreated mice exposed to hydrogen
peroxide (100 μM) for 15 minutes served as the positive control. The method did not indicate if the
authors controlled for ambient light during slide preparation, lysis or electrophoresis. Fifty comets were
analyzed using Casplab software and the mean % tail DNA was calculated, but it was unclear if the
selection of comets for analysis was conducted in a blinded manner. A significant positive result was
observed starting at 10 µg (0.6 mg/kg bw) with large agglomerates, and 50 µg (2.9 mg/kg bw) with small
agglomerates, but there was no evidence of a dose-response. However, the TiO2 particles would have had
to be taken up by the cell nucleus to interact with the DNA to produce positive results and there is no
evidence this occurs for particles of this size (see ‘Mode of Action’ section for details). There was also no
reported change in blood Ti levels in response to TiO2 treatment (suggesting low bioavailability), the study
deviated from OECD guideline 489 due to the inclusion of only a single sampling time 72 hours post-dosing
(instead of multiple sampling times at both 2-6 hours and 16-26 hours as recommended for single
administration studies), and the positive control data was not reported, which raised some questions as
to the reliability of the study findings. The biological significance of the dose-response relationship was
also uncertain given that similar levels of DNA damage were observed at all doses for both sizes of
agglomerates. On account of these limitations and uncertainties, the results of this study were considered
equivocal. This study was also designed to evaluate the properties/behaviour of nanomaterials under
specific experimental conditions to generate small and large agglomerates of which the relevance to
30

Concentrations were estimated from graphical data (see Figure 4c,d in Murugadoss et al. 2020).
Assuming an average body weight of 17 grams for an 8-week-old female C57BL/6JRj mouse (https://www.janvierlabs.com/en/fiche_produit/2_c57bl-6jrj_mouse/#onglet__2).
32 A nano-sized TiO material (17 nm; JRCNM10202a) was also evaluated by Murugadoss et al. (2020), which is not
2
representative of the particle size distribution of food-grade TiO2 (see Table 10 in Appendix H for summary).
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human exposure to food-grade TiO2 through the diet is uncertain. In addition, the relevance of this study
for the assessment of TiO2 as a food additive is questionable due to insufficient characterization of the
test article administered (JRCNM10200a), which prevented reasonable comparison with food-grade TiO2.
Sycheva et al. (2011) examined the potential for a cosmetic grade of TiO 2 (anatase; 160±59.4 nm as
determined by electron microscopy) to induce DNA damage in liver, brain, and bone marrow cells 33 . Male
CBAxB6 mice were exposed to doses of 40 or 200 mg TiO2 /kg bw/d for 7 days via oral gavage (n = 5 per
group). The particles were dispersed in distilled water prior to administration. No other details were
reported about the particle dispersion protocol. A concurrent negative control group was administered
distilled water via oral gavage. No positive control group was included. Mice were euthanized 24 hours
after the last dose and bone marrow (femur), brain, and liver cells were collected and analyzed for DNA
damage (% tail DNA) in an alkaline comet assay. The authors noted that the preparation of the slides, lysis
and electrophoresis were conducted under yellow light to prevent additional DNA damage. For each
organ, 100 randomly chosen comets were analyzed using CASP software to determine mean % tail DNA,
but it was unclear if the selection of comets for analysis was conducted in a blinded manner. For bone
marrow cells, a statistically significant increase in mean % tail DNA was observed at both doses (3.66±0.84
in negative control versus 7.99±1.21 and 6.8±1.13 at 40 and 200 mg/kg bw/d). However, this increase had
uncertain biological significance since it was small in magnitude and there was no evidence of a dose
response. In addition, in order to produce positive results, the TiO 2 particles would have had to gain access
to the nucleus and interact with DNA; there is no evidence this occurs for particles of this size (see ‘Mode
of Action’ section for details). For liver and brain cells, no evidence of DNA damage was observed at either
dose compared to controls. No information on organ toxicity was reported and systemic exposure to the
test article in the bone marrow, liver, and brain was not confirmed. The study protocol also deviated from
OECD guideline 489 due to the use of only two dose groups, the analysis of DNA damage 24 hours after
last exposure instead of 2-6 hours after last dose (which may have allowed DNA repair to occur), as well
as the lack of a positive control. These limitations raised some questions as to the reliability of the study
findings and therefore, the results of this study were considered unclear. The relevance of this study for
the assessment of TiO2 as a food additive was also questionable since the test article administered was
not sufficiently characterized to allow for comparison with the form of TiO2 added to food. Sycheva et al.
(2011) also evaluated the same test article (160±59.4 nm anatase) in an in vivo micronucleus assay, which
has been summarized in the ‘Micronuclei/Chromosomal Aberrations’ section below.
In summary, a total of four non-guideline studies that assessed the potential for TiO2 particles > 100 nm
to induce DNA damage in vivo using the alkaline comet assay were identified in the published literature.
Two of these studies administered non-food-grade TiO2 particles > 100 nm to mice by oral gavage, with
positive results reported in peripheral blood cells (Murugadoss et al. 2020) and bone marrow cells, but
not liver or brain cells (Sycheva et al. 2011). However, not enough information was available to determine
how closely the test articles used in these studies (a JRC nanomaterial and a cosmetic grade) resembled
the current form of TiO2 added to food and therefore, it is unclear whether either study was appropriate
to evaluate the potential for food-grade TiO2 to induce DNA damage in vivo. In addition, it was unclear
whether the small and large agglomerates experimentally generated in Murugadoss et al. (2020) had
similar properties and/or behaved similarly to TiO2 agglomerates consumed as part of the diet and the
33
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biological significance of the small increase in mean % tail DNA reported in Sycheva et al. (2011) in bone
marrow of mice exposed to a cosmetic grade of TiO2 was uncertain, especially since this study also lacked
a positive control. Finally, to induce DNA damage, the TiO2 particles must first enter the cell nucleus to
gain access to the DNA and no convincing evidence exists indicating this occurs for particles of this size
(see ‘Mode of Action’ section for details). As a result of these uncertainties and limitations, neither study
was considered appropriate for the assessment of the in vivo genotoxicity of food-grade TiO2 in the
present review. The remaining two studies administered food-grade TiO2 to rats by oral gavage, with both
producing negative results (Bettini et al. 2017; Jensen et al. 2019). However, Jensen et al. (2019) did not
confirm systemic exposure of the test article in the liver and lung nor did they assess the level of DNA
damage in the GIT, which is the most appropriate target tissue given that exposure to food-grade TiO2
occurs via the diet. Therefore, the lack of genotoxic effects observed in Jensen et al. (2019) could be
related to the lack of systemic tissue exposure to the test article on account of its low oral bioavailability,
rather than a true negative finding. As a result, this study was not considered appropriate for the
assessment of the in vivo genotoxicity of food-grade TiO2 . A few limitations were also identified with the
Bettini et al. (2017) study (i.e., single dose test, lack of a positive control); however, a target tissue relevant
to dietary exposure to food-grade TiO2 was evaluated (i.e., Peyer’s patch cells) and exposure of this tissue
was confirmed. Therefore, the results of this study were considered valid.
Overall, the available evidence considered appropriate for evaluating the potential for food-grade TiO2 to
induce DNA damage in vivo was limited to a single, non-guideline comet assay (Bettini et al. 2017). While
this assay did not provide any indication that oral exposure to food-grade TiO2 induced DNA damage in
vivo, it should be noted that the comet assay is only an indicator test for DNA damage that may be repaired
or result in mutation or chromosomal damage. Additional guideline-compliant studies with food grade
TiO2 are recommended to confirm the negative results observed in Bettini et al. (2017).
Micronuclei/Chromosomal Aberrations
No studies addressing the potential for food-grade TiO2 to produce micronuclei/chromosomal aberrations
in vivo were identified in the published literature. However, two in vivo studies that used a form of TiO2
that is highly comparable to the current form of TiO2 found in food (Unitane® 0-220) as well as two in vivo
studies with non-food-grade TiO2 particles > 100 nm were identified. Three of the four studies investigated
the potential for TiO2 particles > 100 nm to induce micronuclei; two of which administered the test article
via the oral route (Donner et al. 2016; Sycheva et al. 2011) and the third by intraperitoneal injection
(Shelby et al. 1993). The fourth study evaluated the potential for TiO2 particles > 100 nm to produce
chromosomal aberrations administered via intraperitoneal injection (Shelby and Witt, 1995). Each of
these studies have been summarized below and in Tables 8 and 9 of Appendix H.
Donner et al. (2016) examined whether oral exposure to three pigment-grades of TiO2 (pg-1, pg-2, and
pg-3; source unknown) induced micronuclei in rat bone marrow using an in vivo micronucleus assay
conducted in compliance with GLP and OECD test guideline 474 (1997)34 . The pg-1 material was described
as anatase with a median particle diameter of 120 nm and 27% of particles < 100 nm by number as
determined by TEM. The mass-specific surface area was reported to be 8.1 m2 /g, the isoelectric point was

34

Donner et al. (2016) also evaluated three nano-sized TiO2 materials with a mean particle size of 43-47 nm, which
are not representative of the particle size distribution of food-grade TiO2 (see Table 10 in Appendix H for summary).
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around pH 4, and the whole particle and surface elemental compositions included K, P, and Nb. All of
these properties were consistent with food grade TiO2 and taken together, suggest that the anatase pg-1
material was highly comparable to food-grade TiO2 . The pg-2 and pg-3 materials were rutile with median
particle diameters of 165 nm (11% of particles < 100 nm by number; TEM) and 132 nm (26% of particles
< 100 nm by number; TEM), respectively, with pg-3 also reported to be coated (no additional information
provided about coating). The mass-specific surface areas were reported to be 7.1 and 17.1 m 2 /g with an
isoelectric point around pH 6 and 4, respectively for pg-2 and pg-3. The whole particle and surface
elemental compositions were reported to include Al for pg-2 and Al, Si, and Nb for pg-3. While both of
these test articles were well characterized, only a single commercial rutile form of food-grade TiO2 has
been characterized to date (see EFSA 2019b and Verleysen et al. 2020) and therefore, not enough data
was available on the current rutile forms of TiO2 added to food to determine if the pg-2 and pg-3 materials
used in this study were comparable to food-grade TiO2 . Male and female Crl:CD Sprague Dawley or Wistar
Crl:WI(Han) rats (n = 5 per sex per dose; n = 7 per sex in the highest dose group) were treated with a single
dose of 500, 1000, or 2000 mg/kg bw of one of the three test articles or negative control (sterile water)
via oral gavage. The test articles were dispersed in sterile water via sonication for 3 hours at 50W prior to
administration. A concurrent positive control group was administered 10 mg/kg bw of cyclophosphamide
(CY) via intraperitoneal injection. Peripheral blood samples were collected from all rats 48 and 72 hours
later and evaluated for the presence of micronuclei in peripheral blood reticulocytes (RETs) with at least
20,000 RETs analyzed per blood sample. Bone marrow toxicity was evaluated by comparing the frequency
of immature to total erythrocytes in the peripheral blood samples. The potential uptake of the pg -1
material from the GIT was also evaluated in the blood and liver. No increases in the frequency of
micronucleated RETs or changes in the ratio of immature to total erythrocytes were reported for any of
the TiO2 test articles. However, Ti concentrations measured in the blood (at 48 and 72 hours) and liver (at
72 hours) were consistently ≤1.14 µg/g blood and ≤0.316 µg/g liver, indicating low oral bioavailability of
the test article regardless of dose. There was also no evidence of a dose-response, with similar Ti
concentrations measured across all three pg-1 dose groups and negative controls. Therefore, the lack of
genotoxic effects observed for the three pigment-grades of TiO2 were considered to be related to the lack
of exposure to the test articles on account of their low oral bioavailability.
Sycheva et al. (2011) investigated micronuclei induction by cosmetic grade TiO 2 particles (anatase;
160±59.4 nm as determined by electron microscopy) via the oral route 35 . Male CBAxB6 mice were exposed
to doses of 40, 200, or 1000 mg TiO2 /kg bw/d for 7 days via oral gavage (n = 6 per group). The particles
were dispersed in distilled water prior to administration. No other details were reported about the particle
dispersion protocol. A concurrent negative control group was administered distilled water via oral gavage,
but no positive control group was included. Mice were euthanized 24 hours after the last dose; bone
marrow samples were collected from the femur and 1000 polychromatic erythrocytes (PCEs) were
analyzed for the presence of micronuclei. Bone marrow toxicity was evaluated by comparing the
frequency of PCEs among 200 erythrocytes. The forestomach and colon were also removed and 1000
epithelial cells in each tissue were analyzed for the presence of micronuclei, nuclear protrusions, and
atypical nuclei as well as evidence of cytotoxicity. One thousand spermatids from the right testis were
also analyzed for the presence of micronucleated cells and evidence of cytotoxicity. A statistically
significant increase in micronuclei formation in bone marrow PCEs was reported at the highest dose tested
35
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(1000 mg/kg bw/d) with average frequencies of 6.0 per 1000 PCEs versus 3.0 per 1000 PCEs for control
mice. However, it was noted that the analysis of micronuclei incidence in PCEs deviated from OECD test
guidelines (474; 1997), which recommends that at least 2000 immature erythrocytes be scored 36 . No
evidence of cytotoxicity was observed in bone marrow PCEs. In contrast, there was no evidence that the
test article induced micronuclei, nuclear protrusions or atypical nuclei in epithelial cells of the
forestomach or colon or induced micronuclei in spermatids. However, evidence of cytotoxicity was
reported in the forestomach and colon epithelia, but with no apparent dose-response relationship. There
was also evidence of cytotoxicity in spermatids at the highest dose tested. Overall, the increase in
micronuclei incidence in bone marrow PCEs was considered small in magnitude and given that the study
also lacked a positive control and deviated from OECD guidelines in the analysis of PCEs, the results of the
in vivo micronuclei assay were considered equivocal. In addition, systemic exposure to the bone marrow
was not confirmed and there was no evidence of genotoxic effects in the forestomach or colon, which are
considered more appropriate target tissues for assessing oral exposure to TiO 2 on account of its low
systemic oral bioavailability. The insufficient characterization of the test article administered also did not
allow for reasonable comparison with food-grade TiO2 , and therefore, the relevance of this study for the
assessment of TiO2 as a food additive was considered questionable. Sycheva et al. (2011) also evaluated
the same test article (160±59.4 nm anatase) in an in vivo alkaline comet assay, which has been
summarized in the previous section.
In two separate genotoxicity survey studies of multiple chemicals (Shelby et al. 1993; Shelby and Witt
1995), the potential for TiO2 to induce micronuclei and chromosomal aberrations was evaluated. The TiO2
material used in both studies was sourced from the NTP repository of all chemicals tested in
carcinogenicity bioassays (Radian Corporation). Therefore, it is likely that this test article was the same
material used in the NCI two-year cancer bioassay (i.e., Unitane® 0-220; anatase; 113-135 nm and 109124 nm by SEM and TEM, respectively; up to 44% of particles < 100 nm by number), which can be
considered highly comparable to the current form of TiO2 added to food (see ‘Carcinogenicity and Chronic
Toxicity’ section for more details).
In the first survey study, Shelby et al. (1993) evaluated the potential for TiO2 (Unitane® 0-220) to induce
micronuclei. B6C3F1 male mice (n = 5 per group) were exposed to TiO2 via intraperitoneal injection for
three days at doses of 0, 250, 500, or 1000 mg/kg bw/d in the first experiment and doses of 0, 500, 1000,
or 1500 mg/kg bw/d in the second experiment. All doses were prepared using corn oil as the test vehicle
and particles were suspended in solution using a Tek-Mar Tissumizer® homogenizer. It is unclear what
effect this instrument would have had on the agglomeration status of the test article.
Dimethylbenzanthracene (12.5 mg/kg in corn oil, presumably by intraperitoneal injection based on
previous descriptions of the testing protocol) was used as the positive control. Mice were euthanized 24
hours after the final dose and 2000 bone marrow and peripheral blood erythrocytes were analyzed for
micronuclei in the first experiment and 2000 bone marrow erythrocytes in the second experiment.
Cytotoxicity was evaluated by analyzing the percentage of PCEs among 200 erythrocytes. In the fir st
experiment, a statistically significant positive trend was observed for bone marrow erythrocytes, with the
highest dose tested (1000 mg/kg bw/d) showing a statistically significant increase in micronucleated cells
compared to controls (3.50 versus 1.70 per 1000 PCEs, respectively), but no clear dose-response. In the
36
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second experiment, a statistically significant increase in the frequency of micronuclei in bone marrow
erythrocytes of a similar magnitude was observed at the intermediate dose (1000 mg/kg bw/d) compared
to control (3.60 versus 1.50 per 1000 PCEs, respectively). Conversely, the levels of micronucleated bone
marrow erythrocytes were not elevated compared to controls at the lowest (500 mg/kg bw/d; 2.60 per
1000 PCEs) and highest doses tested (1500 mg/kg bw/d; 2.00 per 1000 PCEs) and no overall linear trend
was detected. The authors reported that when the highest dose group was removed from the trend
analysis, a significant linear trend was observed. However, the magnitude of effect with respect to the
increase in micronucleated bone marrow erythrocytes at the 1000 mg/kg bw/d dose level was small and
there was no evidence of dose-response in either experiment. Furthermore, the elevated test results at
the 1000 mg/kg bw/d dose level (i.e., 3.50 and 3.60 micronuclei per 1000 PCEs for experiments 1 and 2,
respectively) were within the range of control data for the same sex and strain reported by the same
authors (i.e., 1.10 to 3.70 micronuclei per 1000 PCEs; Shelby and Witt, 1995). For peripheral blood
erythrocytes, the overall trend was negative and no statistically significant differences were observed
between any of the treatment groups and controls. Therefore, the results of the in vivo micronucleus
assay were considered negative.
In the second survey study, Shelby and Witt (1995) evaluated the potential for TiO2 (Unitane® 0-220) to
produce chromosomal aberrations. B6C3F1 male mice (n = 8 per group) were administered a single
intraperitoneal injection of 0, 625, 1250, or 2500 mg TiO2 /kg bw in corn oil (no details were provided with
respect to the preparation of the TiO2 /corn oil solution). Based on previous descriptions of the testing
protocol, it was presumed that dimethylbenzanthracene (12.5 mg/kg in corn oil, intraperitoneal injection)
was used as the positive control, although these data were not presented. To select for first metaphase
cells for scoring, mice were subcutaneously implanted with a BrdU tablet 18 hours before tissue
harvesting. To arrest cells in metaphase, mice were injected (i.p.) with colchicine two hours prior to tissue
harvesting. Mice were euthanized at 17 and 36 hours post-dosing and bone marrow (femur) samples were
collected and analyzed for the presence of chromosome aberrations. The frequency of chromosomal
aberrations in bone marrow erythrocytes was not significantly elevated at any dose level relative to
control at either sampling time. Therefore, the results of the in vivo chromosomal aberration assay were
considered negative.
In summary, a total of four studies using five different test articles that evaluated the potential for TiO2
particles > 100 nm to induce micronuclei/chromosomal aberrations in vivo were identified in the
published literature. A cosmetic grade of TiO2 administered via the oral route increased micronuclei
formation in bone marrow PCEs at the highest dose tested (Sycheva et al. 2011); however, this increase
was small in magnitude and of questionable biological relevance, systemic exposure of the test article to
the bone marrow was not confirmed, and the study protocol deviated from OECD guideline 474 (i.e., not
enough PCEs were analyzed, no positive control). Therefore, this finding was considered equivocal.
Moreover, there was no evidence that the test article induced micronuclei, nuclear protrusions or atypical
nuclei in the forestomach and colon epithelia, which are more appropriate target tissues for evaluating
exposure to TiO2 particles via the diet. The cosmetic grade of TiO2 used in this study was also insufficiently
characterized to allow for reasonable comparison with food-grade TiO2 . As a result of these limitations
and uncertainties, this study was not considered appropriate for the assessment of the in vivo genotoxicity
of TiO2 as a food additive in the present review. In another study, which was conducted in accordance
with OECD guideline 474, three pigment grades of TiO2 (anatase pg-1, rutile pg-2, and rutile pg-3) also
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administered via the oral route did not induce micronuclei formation in bone marrow cells (Donner et al.
2016). While the physicochemical properties of the anatase pg-1 material was consistent with food-grade
TiO2 , not enough information was available on the rutile forms of TiO 2 added to food to determine if the
rutile pg-2 and pg-3 materials were comparable to food-grade TiO2 . However, the lack of genotoxic effects
observed in this study was likely attributable to the lack of systemic exposure of the test articles at the
target tissue and therefore, this study was not considered suitable for the assessment of the in vivo
genotoxicity of food-grade TiO2 . The two remaining studies administered Unitane® 0-220 (which is highly
comparable to the current form of TiO2 added to food) via intraperitoneal injection and reported negative
results in an in vivo micronucleus assay (Shelby et al. 1993) and an in vivo chromosomal aberration assay
(Shelby and Witt, 1995). The administration of Unitane® 0-220 by intraperitoneal injection ensured target
tissues were sufficiently exposed increasing the potential of identifying a genotoxic effect; however, some
have argued that the intraperitoneal route does not always result in increased systemic exposure
compared to the oral route, particularly for less soluble compounds (see Kirkland et al. 2019).
Furthermore, the intraperitoneal administration of Unitane® 0-220 would have also resulted in the
formation of a different particle corona when compared to particles administered orally, which may have
affected the physicochemical properties and activity of this compound in vivo. Therefore, in the present
review, due to the limited number of in vivo genotoxicity studies conducted with relevant test articles,
studies that administered food-grade TiO2 or test articles comparable to food-grade TiO2 by
intraperitoneal injection were still considered in the overall weight of evidence, but were accorded less
weight compared to more physiologically relevant routes (i.e. oral).
Overall, only two of the four studies identified (Shelby et al. 1993; Shelby and Witt 1995) were considered
relevant for evaluating the potential of food grade TiO2 to induce micronuclei or chromosomal aberrations
in vivo. These studies administered a test article highly comparable to the form of TiO2 found in food
(Unitane® 0-220) via intraperitoneal injection and both produced negative results. While there is some
question as to the physiological relevance of exposure to TiO 2 particles via intraperitoneal injection,
neither study provided any indication that food-grade TiO2 induced micronuclei or chromosomal
aberrations in vivo. Additional research is recommended to confirm these findings, specifically guidelinecompliant studies that administer food grade TiO2 via the oral route and examine appropriate target
tissues for evaluating exposure to TiO2 particles via the diet (e.g., colon epithelia).
Mutagenicity
No in vivo mutagenicity studies with food-grade TiO2 or non-food-grade TiO2 particles > 100 nm were
identified in the published literature. Of the five in vivo mutagenicity studies that were identified, all used
TiO2 –NPs with a mean particle diameter ranging from 12.1 to 22 nm (Louro et al. 2014; Sadiq et al. 2012;
Suzuki et al. 2016; 2020; Trouiller et al. 2009) and all produced negative results (see Table 10 of Appendix
H). However, none of these test articles were considered appropriate reference materials for investigating
the potential mutagenicity of food-grade TiO2 due to significant differences in their physicochemical
properties. Therefore, no conclusions can be drawn regarding the potential for food-grade TiO2 to induce
gene mutations in vivo. Additional research is recommended to confirm whether food-grade TiO2 is
mutagenic in vivo.
Summary
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Some positive genotoxicity results with food-grade TiO2 have been observed in vitro; however, confidence
in the reliability and relevance of these findings was low due to poor study design, non-compliance with
OECD test guidelines, the use of inappropriate cell lines, and excessively high exposure concentrations
tested, among other deficiencies. The potential for false positive results in in vitro genotoxicity studies is
also known to be high (Kirkland et al. 2005; 2007), which underlines the importance of considering the
results of in vivo genotoxicity and carcinogenicity studies when evaluating the genotoxic potential of TiO2
used as a food additive. A review of the in vivo genotoxicity literature identified a few studies with nonfood-grade TiO2 particles > 100 nm that produced positive results (Murugadoss et al. 2020; Sycheva et al.
2011); however, the relevance of these studies was uncertain due to the insufficient characterization of
the test articles administered, which prevented reasonable comparison to the form of TiO2 added to food.
There was also low confidence in the reliability of these results due to the lack of adherence to OECD test
guidelines, poor experimental design, low systemic exposure to the test article, and questionable
biological relevance of the positive genotoxic effects. The remaining in vivo genotoxicity studies identified
in the literature produced negative results: two with food-grade TiO2 (Bettini et al. 2017; Jensen et al.
2019), two with Unitane® 0-220 – a test article highly comparable to the current form of TiO2 added to
food (Shelby et al. 1993; Shelby and Witt, 1995), and one that tested both food- and pigment-grades of
TiO2 (Donner et al. 2016). The null findings reported by Donner et al. (2016) and Jensen et al. (2019) were
considered dubious given that tissue exposure to the test article was not demonstrated and therefore,
these studies were not considered in the overall weight of evidence assessment of genotoxicity. The
remaining three studies were considered appropriate to inform on the potential genotoxicity of the forms
of TiO2 added to food. Based on the studies by Shelby et al. (1993) and Shelby and Witt (1995), there was
no indication that food-grade TiO2 induced micronuclei/chromosomal aberrations in vivo; however, the
test article in these studies was administered by intraperitoneal injection, which was considered to be a
less physiologically relevant route of exposure. There was also no indication that oral exposure to foodgrade TiO2 induced DNA damage in vivo based on the results of a single, non-guideline study (Bettini et al.
2017). Finally, there was no evidence genotoxicity was expressed in the form of an apical endpoint for
food-grade TiO2 . A two-year cancer bioassay in mice and rats using very high dietary concentrations of
Unitane® 0-220 (50,000 ppm or 5% w/w) did not show any evidence of carcinogenicity (NCI 1979).
Similarly, a recent GLP- and OECD 443 guideline-compliant EOGRT study commissioned by industry to
address endpoints of concern37 , found no evidence of ACF (which some consider a preneoplastic lesion
for colorectal cancer38 ) in the colon of male or female rats exposed to food-grade TiO2 (LPT 2020 as cited
in EFSA 2021a). When taken together, the above findings indicate there is no immediate concern for the
genotoxicity of the current form of TiO2 added to food. However, due to the limited number of available
studies with food-grade TiO2 or test articles comparable to food-grade TiO2 , additional research is
recommended, particularly well-conducted studies that adhere to modern OECD test guidelines for
genotoxicity.
Immunotoxicity, Inflammation and Effects on the GIT
It is evident from both human and animal studies that TiO2 particles are taken up in the intestinal lymphoid
follicles known as Peyer’s patches. However, as noted by Barreto da Silva et al. (2020), the cells in Peyer’s
patches appear to be “both immunologically and metabolically sluggish,” and therefore despite

37

For a summary of the other endpoints examined in the EOGRT study please see Appendix K.
I nformation on the use of ACF as a potential biomarker of colorectal cancer in laboratory animals and humans can
be found in Appendix G.
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substantial particle burdens in these tissues there is no evidence of pro-inflammatory or otherwise
undesirable signalling by affected cells. Less clear is the potential for TiO2 particles to induce other local
adverse effects in the gut, including effects mediated by dendritic cells or other components of the
intestinal inflammasome, as well as those on or by gut microbiota. Various subpopulations of dendritic
cells are present throughout the intestinal epithelium and play a key role in the first line of defence against
enteric pathogens (Coombes and Powrie 2008). These specialized cells constitutively express class II major
histocompatibility (MHC) complexes, which stimulate T-helper cells, but also have the ability to secrete
inflammatory cytokines, thus bridging the innate and adaptive immune systems (Banchereau and
Steinman 1998). They are also capable of capturing both nano- and microparticles (Manolova et al. 2008)
and in vitro studies have shown that murine dendritic cells produce pro-inflammatory cytokines when
incubated with dispersed TiO2 -NPs (Winter et al. 2011). Several studies have demonstrated that TiO2
particles, including food-grade TiO2 , may influence cytokine production as well as alterations in T-cell
subsets in the GIT, especially when dispersed in simple matrices (e.g. Bettini et al. 2017; Talamini et al.
2019). However, these are considered to be intermediate effects and they were not replicated in studies
where E171 was administered via the diet (Blevins et al. 2019; Riedle et al. 2020; LPT 2020 as cited in EFSA
2021a).
In their recent assessment, the EFSA FAF Panel concluded that “some findings regarding immunotoxicity
and inflammation with E171 …may be indicative of adverse effects” (EFSA 2021a). The FAF Panel identified
30 studies considered relevant to the assessment of inflammation and immunotoxicity, of which nine
were of sufficient quality and relevant for hazard characterization of E171 while several others provided
supporting evidence (the criteria used to establish quality and relevance are described in Appendix C of
the EFSA FAF Panel 2021a assessment and relevant studies are summarized in Appendix I of this review).
Notably, just three studies used E171 in a dietary dosing paradigm, which reflects the mode of human
exposure to this substance and were given the highest weight. No adverse effects on inflammation or
immunotoxicity were observed in any of these dietary studies where E171 was administered (Riedle et al.
2020; Blevins et al. 2019; LPT 2020 as cited in EFSA 2021a). Six additional studies administered food-grade
TiO2 well dispersed in water, two of which were drinking water studies (Pinget et al. 2019; Bettini et al.
2017), three were gavage studies (Urrutia-Ortega et al. 2016, Han et al. 2020; Mortensen et al. 2021) and
one in which the suspended particles were dripped into the mouth with a pipette to be swallowed
(Talamini et al. 2019).
Pinget et al. (2019) exposed male C67Bl/6JAusb mice (n = 5-6 per group) to E171 via drinking water at
doses of 0, 2, 10 or 50 mg/kg bw/d for 4 weeks. TiO2 was dispersed in drinking water using sonication (no
further details provided) and the dose was calculated based on water intake measured per cage. TiO2 was
found to have a minor impact on gut microbiota composition at the highest dose tested and alterations
in bacterial metabolites were observed from 10 mg/kg bw/d. Decreased Muc2 gene expression, a key
component of the intestinal mucus layer, and increased expression of Defb3, a gene associated with
antimicrobial defense, were also observed at doses of 10 mg/kg bw/d and above, suggesting TiO2
exposure is associated with alterations in gut homeostasis, although these changes were not associated
with any histopathological alterations and expression of other antimicrobial peptides such as granzyme
B, cathelin-related antimicrobial peptide (CRAMP), regenerating islet-derived protein 3 gamma (REG3
gamma) and p-lysozyme (PLYz) were unchanged. The changes in Muc2 and Defb3 expression were
reported to be accompanied by a reduction in colonic crypt length, an increase in colon macrophages and
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CD8+ T cells, as well as increases in mRNA transcripts for the cytokines interleukin (IL)-10, tumor necrosis
factor (TNF)-α, and IL-6, suggestive of an adaptive immune response to E171 exposure, although no
consistent dose-response relationships were apparent.
Talamini et al. (2019) also exposed mice to food-grade TiO2 in water (E171, anatase, D 50 = 201.2 ± 8.5 nm)
without sonication or other de-agglomeration methods to better simulate realistic conditions of exposure.
In this study, 8 week-old male NFR mice (4 per group) were dosed 3 days/week for 3 weeks with E171
freshly dispersed in water, with the test article slowly dripped into the mouth via pipette. Mice received
either 0 or 5 mg/kg bw/d (equivalent to an average daily dose of ~2 mg/kg bw/d) and were euthanized on
day 21 (3 days after last dose). Based on quantitative real-time polymerase chain reaction (qRT-PCR), a
statistically significant increase in IL-1b (but not TNF-α or IL-10) mRNA transcripts were reported in
stomach (~ 75%) and whole intestine tissues (~ 75%), but not liver tissues. A statistically significant
reduction in liver IL-10 mRNA transcript expression was observed (~40%). The study was limited to one
dose and in the opinion of the EFSA FAF Panel (2021a) these changes are indicative of an adaptive
response to oxidative stress and not evidence of adversity.
In addition to the 100-day studies described above, Bettini and colleagues (2017) exposed adult male
Wistar rats (n=10) to 10 mg/kg bw/d E171 via gavage for 7 days to investigate acute immunotoxicity. The
test article was obtained from an unspecified French commercial supplier and was primarily composed of
TiO2 anatase with a particle size distribution ranging from 20 to 340 nm (D50 118±53 nm by TEM-EDX);
44.7% of particles by number were <100 nm in diameter. The dose was selected to correspond to a level
that humans may be exposed to through the diet. After 7 days of treatment with E171 only via oral gavage,
a decrease in regulatory T cells (Tregs) was observed that was concomitant with a decrease in T helper
(Th) cells; the same findings were also observed after 100 days of E171 administration via drinking water.
An increase in the frequency of GI resident CD103 + dendritic cells (DC) was also observed after 7 days,
however effects on DC cells were transient and not observed after 100 days of treatment. The aut hors
suggested the increase in GI resident DC populations may be compensatory to the local inflammation
induced by TiO2 exposure, although this is difficult to reconcile with the decreases in anti-inflammatory
Tregs and inflammatory Th cells reported. The effects of E171 treatment for 7 days on mucosal
inflammation and immune cell responses in Peyer’s patches and the spleen were also investigated.
Relative to control rats, E171 treatment did not induce changes in myeloperoxidase activity (a marker of
neutrophil infiltration) or in cytokine levels (i.e., TNF-α, IL-10, IL-1β, interferon-γ (IFN-γ) and IL-17) in
mucosa of the small and large intestine. In addition, cells were isolated from Peyer’s patches and spleen
and cultured with anti-CD3/CD28 antibodies to induce cytokine secretion in order to examine ex vivo
immune cell responses. In cells cultured from rats exposed to E171 IFN-γ secretion decreased in cells
isolated from Peyer’s patches and increased in those from the spleen; an increase in the pro-inflammatory
cytokine IL-17 was also reported in the spleen cells, which was interpreted as indicative of systemic effects
on immune regulation. However, the variations in these parameters were small in magnitude and in the
opinion of an expert panel convened by ANSES (2017) not sufficient to affirm an impairment of immune
homeostasis. These findings also diverge somewhat from a previous report of TiO 2 -induced inflammation
in the small intestines (Nogueira et al. 2012) that observed increases in pro-inflammatory cytokines in the
small intestine as well as increases in CD4+ Tregs and Th cells, although it is acknowledged that both
studies are suggestive of an inflammatory response in the GIT as a result of TiO 2 exposure.
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Blevins et al. (2019) attempted to replicate the findings of Bettini et al. (2017) using a dietary model. Male
Wistar Han IGS (Crl:WI (Han)) rats (n = 15 per group) were fed a diet containing E171 at nominal
concentrations of 0, 40, 400 or 5000 ppm for 7 and 100 days. Based on food consumption, measured Ti
concentration in diet and body weight data, these concentrations corresponded to doses of 1.81 (basal
diet), 4.76, 31.43 or 373.86 mg/kg bw/d for the 7 day study and doses of 1.1-1.5 (basal diet), 3.0-4.1, 19.025.7, or 236-300 mg/kg bw/d for the 100 day study. Actual TiO2 concentration as well as homogeneity of
particle distribution in the diet were measured by spICP-MS. In the 100 day study, as in Bettini et al. (2017),
E171 was administered alone or following pretreatment with 1,2-dimethylhydrazine (DMH) to initiate
colon carcinogenesis. In contrast to Bettini et al. (2017), dietary E171 exposure did not significantly alter
CD4+ Th cells or activated Th cells (CD4+, CD25+) in Peyer’s patches, spleen or peripheral blood
mononuclear cells (PBMC), or systemic or GIT resident CD103 + dendritic cell populations after either
period of exposure, suggesting an absence of increased local inflammation. Similarly, neither acute nor
subchronic dietary E171 exposure had an effect on Treg cell populations in these tissues nor did it
significantly alter inflammatory cytokine levels in plasma, GIT tissue or in lymphocytes isolated from
peripheral blood, spleen and Peyer’s patches. The authors suggest their failure to replicate the findings of
Bettini et al. (2017) is likely attributable to the mode of exposure, with dietary delivery being more typical
of human exposure to E171 as a constituent of food preparations.
The oral repeated dose toxicity of E171 was also investigated in male and female SD rats in a study
conducted according to OECD TG 408 (Han et al. 2020). Animals (10 per sex per group) received E171 by
oral gavage at doses of 0, 10, 100 or 1000 mg/kg bw/d for 90 d. Particles were dispersed in distilled water
by at least 10 minutes of sonication and dose formulations were prepared at least once per week, with
homogeneity determined by sampling from the top, middle and bottom of all preparations (Dr. Seokjoo
Yoon, pers. comm. 09 September 2021). No mortality or effects on body weight, clinical chemistry,
urinalysis, organ weights or gross or histopathological endpoints were observed. Gene profile analysis
indicated that changes in immune-response associated microRNAs were associated with E171 exposure.
A slight but statistically significant decrease in relative lymphocyte count (~8%) was observed in high and
low dose males and alterations in granulocyte-macrophage colony-stimulating factor (GM-CSF) in females
and plasma IgM (both sexes) were observed at the highest dose tested, but given the lack of a doseresponse and the natural variability in these parameters, it is unclear if these changes can be considered
adverse; notably, the EFSA FAF Panel (2021a) considered the highest dose tested in this study to be the
NOAEL.
Urrutia-Ortega et al. (2016) also evaluated the effects of food-grade TiO2 on biomarkers of immunity (IL2, TNF-α, IFN-γ, IL-10 and GM-CSF) in colonic tissue. Male BALB/c mice were divided into 4 groups (n = 6
per group): (i) an untreated control group; (ii) an E171 only group; (iii) a carcinogen-induced colitisassociated cancer (CAC) model and (iv) a CAC + E171 group. In the CAC model, azoxymethane
(AOM)/dextran sulfate sodium (DSS) was used to chemically induce colon carcinogenesis (single
intraperitoneal injection of 12.5 mg/kg bw AOM on week 1 + 2% DSS in drinking water on weeks 1, 5, and
8); the control group received a single intraperitoneal injection of saline solution on week 1. Mice in the
E171 group received 5 mg/kg bw/d TiO2 (dispersed in water by sonication) via gavage five days per week
for 10 weeks; the control group does not appear to have received a vehicle control via gavage. No changes
were observed between the E171 only group and the untreated controls for any of these markers.
However, the CAC group displayed a trend towards lower levels of all cytokines relative to controls which
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was statistically significant in the CAC + E171 group for all markers except GM-CSF. This result is difficult
to interpret, as mice in the CAC group showed perianal blood and purulent material discharge as well as
behavioral indicators of systemic toxicity (body curvature, raised hackles) as a result of treatment with
the genotoxic initiator. Although it appears E171 had an anti-inflammatory effect in the CAC model, this
could potentially be explained by increased cytotoxicity in GI-resident cytokine-producing immune cells
leading to immunosuppression. In the opinion of the EFSA FAF Panel (2021a), these changes are likely to
be secondary to colon tissue damage produced by the initiator. This study was also reviewed previously
by the EFSA ANS Panel (2016), who concluded that “the study cannot be used for risk assessment of TiO2
(E 171) as a food additive” without further elaborating. Health Canada’s Food Directorate agrees that
changes in markers of inflammation in a CAC model only appear to be of limited relevance for risk
assessment, particularly in consideration of the fact that only a single dose was administered in this study.
The effects of oral exposure to food-grade TiO2 on inflammation and immunity in the GIT of male and
female rat pups was investigated by Mortensen et al. (2021). Lactating Sprague Dawley rats with
standardized litters of five male and five female pups at PND 2-3 were acclimated for 4-5 days prior to
dosing. Between PND 7-10, pups received a daily dose of either 10 mg/kg bw/d of E171 (purchased from
Pronto Foods Co., Chicago, IL, USA) dispersed in water or an equivalent volume of water by oral gavage
(three litters per dose group for a total of 15 male and 15 female pups per group). Particles were dispersed
by ultrasonication in deionized water and DLS was used to measure the hydrodynamic diameter every 25 minutes until the change in diameter was less than 5% (the critical delivered energy was determined to
be 1690 J/ml); dosing solutions were prepared fresh each day. One male and one female from each group
was sacrificed 4 h after the fourth and last dose on PND 10 and the duodenum, jejunum, ileum, and colon
were harvested for histopathology. The remaining pups were sacrificed on PND 21 and the liver and brain
were collected. The study also included a three-phase in vitro digestion model to investigate the stability
of E171 during simulated digestion. DLS measurements of E171 showed increased hydrodynamic diameter
and polydispersity index during simulated digestion, which was confirmed by SEM. Enhanced darkfield
microscopy with hyperspectral imaging (EDM-HSI) was used to evaluate intestinal uptake of particles. The
majority of particles were present in the lumen, although some particles were also detected in the gast ric
mucus and a smaller number still in the underlying epithelial tissue; the percentage of E171 in all areas of
intestinal tissues was higher in female pups than in male pups. There was no increase in liver Ti
concentration based on ICP-MS. Histopathological analyses included an evaluation of changes in the
number of intraepithelial lymphocytes (IEL) and granulocytes in the duodenum and colon. Following E171
administration, a significant increase in the number of IEL was observed in the duodenum but not the
colon in both sexes, while the number of granulocytes increased in both the duodenum and the colon. No
sign of active inflammation was observed. The authors concluded that oral exposure to E171 welldispersed in water leads to the recruitment of immune cells in young rats, with the strongest effect
observed in the small intestine, although whether this early life exposure is associated with long -term
effects on intestinal homeostasis is unknown.
In a previous assessment of TiO2 as a food additive, the EFSA ANS Panel (2016) identified concerns related
to a lack of data on reproductive and developmental toxicity and recommended that a multigeneration
or EOGRT study be conducted according to the current OECD guidelines. A GLP- and OECD 443 guidelinecompliant EOGRT study (LPT 2020 as cited in EFSA 2021a) was therefore commissioned by industry with
slight modifications to the protocol to accommodate the investigation of immunotoxicity (additional
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details of this study are described in Table 13 in Appendix K). The material tested was a commercial
formulation of E171 that was administered in the diet. The F0 generation was exposed to E171 via the
diet at doses of 0, 100, 300 or 1000 mg/kg bw/d for 10 weeks prior to mating until the F1 generation was
weaned. The F1 generation received the same diets until PND 4 or 8 of the F2 generation. Effects on
developmental immunity in the F1 cohort (10/sex per group) were assessed by measuring the primary
IgM antibody response following exposure to a sensitizing antigen, keyhole limpet haemocyanin (KLH). A
small but statistically significant decrease in the antigen specific IgM level (–9%) was measured at the
highest dose tested (1000 mg/kg bw/d) in males only with no apparent trend towards a decrease at
intermediate doses. Satellite animals of the F1 cohort (10/sex) were KLH-immunised and also exposed to
a known immunosuppressant (cyclophosphamide) to serve as a positive control for the KLH assay.
However, the assay was not performed at the same time as the F1 cohort and there was no separate
control for the cyclophosphamide response; therefore, in the view of the EFSA FAF Panel (2021a) the
positive control was not considered valid and the sensitivity of the assay was not adequately
demonstrated. This result, however, should be viewed in the context of an absence of treatment-related
differences in weight or histopathology of spleen, thymus, and lymph nodes, as well as no changes in bone
marrow histopathology, total and differential peripheral WBC count, or splenic lymphocyte subpopulation
distribution in this same F1 cohort. In the splenic lymphocyte subpopulation analysis, there were no
significant differences in the percentage of T cells, T helper cells, T suppressor/cytotoxic cells, NK cells and
B cells in any of the treated groups relative to controls of both sexes and thus the deficiency identified in
the KLH assay is considered to be of marginal significance in the present assessment.
The influence of dietary exposure to TiO2 -NPs was investigated in a mouse model by Huang et al. (2017).
In this study C57BL/6J mice (n = 4–6; sex not specified) were administered either a control diet or one
containing TiO2 -NPs at a concentration of 0.1% for approximately one month. The TiO2 -NPs are described
as anatase with primary particle diameters of 10 or 50 nm (purchased from DK Nanotechnology Co.,
Beijing, China; method of manufacture not stated). Following exposure via the diet for one month,
peritoneal macrophages were isolated and their activation state assessed by flow cytometry. In animals
exposed to either of the TiO2 -NPs, pro-inflammatory cytokines (IL-1β, IL-6, IL-12α, TNF-α, and nitric oxide
synthase-2) were elevated and anti-inflammatory cytokines (IL-4 and IL-10) were reduced relative to
controls. The authors suggest these alterations may lead to impairments in host immune defense,
although cytokine changes alone are considered an intermediate biomarker of effect that may be an
adaptive response to ROS production and may or may not be of prognostic significance for toxicity as
expressed in the form of an apical endpoint. It should also be noted that the dose of 0.1% in diet was
selected to correspond to human dietary intake of 10–20 mg TiO2 /kg bw/d. However, as the test articles
were wholly in the nanoscale, the equivalent dose on a mass basis would greatly exceed human exposure
by any other metric (e.g. surface area, particle number).
Warheit et al. (2015) reported the outcomes of two repeated-dose studies of TiO2 in rats. The first study
was a subchronic 90-day study conducted in accordance with OECD TG 408. Male and female Crl:CD(SD)
rats (10 per sex per group) were administered pigment-grade TiO2 by oral gavage at doses of 0, 100, 300,
or 1000 mg/kg bw/d for 92 (males) or 93 (females) days. The particles were suspended in 0.5% aqueous
methylcellulose and fresh suspensions were prepared daily by ultrasonication at 20 kHz. The test article
was a rutile-type TiO2 particulate sample with an alumina surface coating that contained 21% NPs (< 100
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nm) by particle number (D50 of 224 nm by mass and 145 nm by number39 ) which is comparable in size to
food-grade TiO2 . Test-substance related findings were limited to the detection of TiO 2 particles within the
digestive tract, draining lymph tissues and the nose, although there was no evidence of an adverse tissue
response. There were no test article-related adverse effects on any parameter measured and the highest
dose of 1000 mg/kg bw/d was determined to be the NOAEL. The second study conducted by this group
was a 28-day repeated-dose oral toxicity study (OECD TG 407) in male rats (4-5 per group), presumably of
the same strain. In this study, either vehicle control or one of two test articles was administered by oral
gavage at a dose of 24,000 mg/kg bw/d for 29 days. The test articles were uncoated rutile (D50 = 173 nm)
of two different purities, one considered “research-grade” and the other “commercial-grade”, although
the authors note that the two grades “were virtually identical in their physicochemical composition”.
Similar to the 90-d study, the test article was observed in intestinal lymphoid tissue although no
treatment-related adverse effects on any endpoint were observed. The NOAEL for the 28-d study was
determined to be 24,000 mg/kg bw/d.
Duan et al. (2021) exposed male ICR mice (n = 6 per group) to two different forms of TiO2 via the diet for
1, 3 or 6 months. The particles are described as “food-grade” and were incorporated into a commercial
pelleted diet at a concentration of 1% by mass; control animals received the basal diet (Ti content not
reported). Based on JECFA conversion factors (JECFA 2000), a concentration of 1% w/w in food is
equivalent to a dose of 1500 mg/kg bw/d in mice. The first particle type was a nano-sized anatase form
with an average primary particle diameter of 38.3 ± 9.3 nm. The second particle type was a micro-sized
rutile form with an average primary particle diameter of 128.0 ± 33.4 nm and both particle types were
reported to be nearly spherical in shape based on TEM imaging. After receiving control or TiO 2 -mixed feed
for one, three or six months, animals were euthanized and blood and organs (liver, spleen, and kidney)
were collected for histological and elemental analyses. Ti content in blood was higher in animals fed a
TiO2 -containing diet for 6 months than those fed for 1 or 3 months, although the Ti content of organs was
not significantly different from controls40 . The authors evaluated the influence of TiO2 exposure on the
homeostasis of 22 trace elements in blood, liver, kidney and spleen (17 of which were above the LOD).
The results are reported as ratios of these elements relative to controls and a number of minor alterations
were observed that are of unclear toxicological significance. Moreover, the number of statistical
comparisons was large (4 tissues x 17 elements x 3 dosing conditions x 3 time points = 612 comparisons)
and the authors do not appear to have controlled for the familywise error rate (i.e., Bonferroni correction
or similar); with an alpha level for significance of 0.05, the approximately 18 statistically significant
observations reported does not exceed that which would be expected based on chance alone.
Histopathological examination revealed that after six months of feeding, mice exposed to the micro-sized
particles showed occasional protein casts in kidney canaliculus but no significant effects in liver or spleen.
Mice exposed to the nanoform showed some liver pathology, described as punctate cell necrosis and
infiltration of mononuclear lymphocytes, as well as macrophages engulfing particle aggregates in the
spleen, the latter of which could be viewed as an adaptive response. It should be noted that the equivalent
dose on a mass basis would result in far greater exposure on a particle number basis to those animals
39

Apparent discrepancies between the text and table 1a were noted with respect to particle size. The values in the
table are reported here.
40 The reliability of this finding is uncertain. The authors measured Ti in tissues using quadrupole ICP-MS. However,
according to Swiatkowska et al. (2019), this method cannot reliably quantify Ti in biological samples due to a range
of polyatomic and isobaric interferences.
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receiving the nanoform. As only one dose was tested, no indications of a dose-response could be gleaned
from this study.
Kampfer and colleagues (2021) also exposed male and female mice C57BL6/J to TiO2 -NPs via the diet in
order to evaluate effects on intestinal tissue. The particles were P25 (a mixed phase catalytic material
consisting of spherical particles ~85% anatase/15% rutile, average primary diameter 21 nm) and were
incorporated into pelleted diet at either 0.2% or 1% TiO2 by mass, corresponding to an estimated dose of
400 or 2000 mg/kg bw/d. Mice (n = 10 per sex per group) were exposed to a control diet (basal Ti content
not stated) or one of the two TiO2 -enriched diets for 28 days. Following exposure, intestinal tissue was
harvested and analyzed for DNA damage via the alkaline comet assay in freshly isolated colonocytes as
well as for markers of inflammation and gene expression analysis. No increase in DNA damage was
observed in animals exposed to TiO2 -NPs, there was no enhancement in proinflammatory cytokines and
none of the investigated genes related to DNA repair, oxidative stress or inflammation were differentially
expressed. The authors concluded there is an absence of major local adverse effects in the intestines of
mice following repeated exposure to TiO2 -NPs via the diet. They note that incorporating TiO2 -NPs in the
feed allows for a highly realistic manner of exposure that mimics human exposure via the diet, although
the results may not be consistent with studies that employ bolus dosing by gavage.
Gao and colleagues (2020) exposed male Sprague Dawley rats (n = 10 per group) to two types of uncoated
anatase TiO2 , a nano-sized form or a micro-sized form, intended to represent the two fractions of foodgrade TiO2 . The nano-sized particles had a mean primary particle diameter of 24 ± 5 nm, whereas the
micro-sized particles averaged 120 ± 30 nm in diameter. The particles were dispersed in water by
ultrasonication and administered via oral gavage at doses of 2, 10, or 50 mg/kg bw/d for 30 consecutive
days; control rats were treated with an equal volume of ultrapure water. Following exposure for 30 days,
rats were fasted overnight and anesthetized in order to examine the influence of TiO2 particles on nutrient
absorption and metabolism through an in situ intestinal loop experiment. Blood samples were collected
at baseline as well as at 1 and 2 h following the introduction of a mixed nutrient solution to the closed
intestinal loop. Following the in situ closed-loop experiment, animals were euthanized for
histopathological examination of the small intestine and the ultrastructure of the small intestine mucosa
was further analyzed by TEM. Sparse and short microvilli and inflammation of the small intestine was
observed in the 50 mg/kg bw/d groups exposed to either nano- or micro-sized particles, although the
effects were more pronounced in the nano-sized group. In the intestinal absorption experiment, six amino
acids (Thr, Met, Val, His, Lys, and Trp), three metal elements (Mg, Mn, Zn), and glucose were injected into
the in situ intestinal loop. Some inhibition of added histidine absorption was observed, particularly in the
groups exposed to TiO2 -NPs, although there was no clear indication of a dose-response relationship. There
was no influence on the remaining amino acids, glucose levels or metal elements. Ti levels were elevated
in blood after exposure to TiO2 -NPs but not microscale particles.
The effect of food-grade TiO2 on digestion was also investigated by Dudefoi et al. (2021) in an in vitro
static digestion model that consisted of three steps representing salivary, gastric and intestinal
compartments. Simulated digestion was performed at 37 oC under agitation and in the dark. Food-grade
TiO2 particles were found to be chemically stable and insoluble following in vitro digestion, with no
significant change in oxidation state although the presence of proteins and ions in the simulated fluids
induced large agglomerates. The enzymes α-amylase (from the salivary phase) and pepsin (from the
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gastric phase) were the first enzymes to adsorb to TiO2 particles; structural changes in these enzymes
were also observed suggesting that the presence of TiO2 could potentially alter their activities. No effects
of amylase activity were observed in the presence of TiO 2 particles at a concentration of 0.5 mg/ml.
However, when the amylase concentration was increased, a dose-dependent decrease in activity was
observed at 0.7 mg/ml (20%) and 1.0 mg/ml (34%) at pH 7 but not at pH 3, suggesting food-grade TiO2
may have a concentration-dependent inhibitory effect on carbohydrate metabolism in the mouth but not
the stomach. The activity of pepsin was not modified in the presence of TiO 2 particles. The authors noted
that these results need to be confirmed with a human salivary α-amylase and under realistic consumption
conditions.
The potential for oral exposure to food-grade TiO2 to produce systemic oxidative stress outside the GIT
was also examined by Jensen and colleagues (2018). These authors first conducted an ex vivo study in
which aorta rings from naïve female Sprague Dawley rats (n = 11) were exposed for 30 minutes to foodgrade TiO2 (E171) at concentrations of 14 μg/ml or 140 μg/ml and vasomotor function assessed using wire
myographs. Particles were dispersed in either 0.45 μm filtered sterile water with 2% added FBS or in cell
culture medium at a concentration of 1.4 mg/ml by continuous sonication at 20 kHz for 16 minutes. The
stock solutions were used immediately after sonication and dilution to the final concentrations. Following
exposure to E171, the vessel rings were exposed to various concentrations of vasoactive compounds to
assess vasorelaxative and vasoconstrictive responses. A slight increase in the maximal effect value of
acetylcholine (ACh)-induced endothelium-dependent vasorelaxation was observed in aorta rings exposed
to E171 (56.3%, 95% CI: 52.5–61.3%) compared to controls (42.9% (95% CI: 38.7–48.6%). No difference in
endothelium-independent vasorelaxation was observed and co-incubation with a nitrous oxide synthase
inhibitor abolished the ACh-mediated response, confirming the endothelium-dependence of the result.
Incubation with E171 also increased the maximal effect value of tryptophan-mediated vasocontraction.
In a second experiment, female lean Zucker rats (n = 10 per group) were exposed to either a low-dose
(50 mg/kg bw/wk) or high-dose (500 mg/kg bw/wk) of E171 by oral gavage once per week for 10 weeks;
the control group received an equivalent volume of sonicated dispersion media. Plasma levels of systemic
oxidative stress and imbalances of nitrous oxide bioavailability demonstrated no changes between
particle-exposed and control rats. The effects on vasomotor function observed following the in vivo
exposure were generally consistent with those observed in the ex vivo experiment, although they were
limited to the proximal left anterior descending artery and there was no response in the aorta. The effects
on vasomotor function did not occur in a dose-dependent fashion. Although statistically significant, the
effects on the coronary arteries were considered by the authors to be modest in magnitude, and without
evidence of systemic oxidative stress.
Effects of TiO2 particles on gut microbiota that may potentially be associated with adverse outcomes have
also been reported (see Appendix J for a non-exhaustive list of studies; for review see Baranowska-Wójcik
2021; Rinninella et al. 2021). However, Health Canada’s Food Directorate concurs with the EFSA FAF
Panel’s statement (2021a) that, “there is currently no consensus on when changes in GIT microbiota
should be considered adverse”. Moreover, Dudefoi et al. (2017b) point out that the gut environment may
attenuate the toxicity of food-grade TiO2 particles to human gut microbiota and overall the potential
impact of dietary TiO2 on the gut microbiome remains controversial (Ghebretatios et al. 2021). Regardless,
this remains an area of active investigation and further research is required to fully elucidate the
relationship between insoluble TiO2 particles in contact with or residing in intestinal mucosa or lymphatic
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tissue and the role of the food matrix in mediating particle-induced inflammation and/or alterations in
gut flora.
Several studies have evaluated the disposition of insoluble particles in the human GIT. Hummel et al.
(2014) investigated the fate of endogenous pigments in the GIT of children who were suspected of having
inflammatory bowel disease (IBD). A total of 151 children underwent both ileocolonoscopy and upper
gastrointestinal tract endoscopy: 62 were diagnosed with Crohn’s disease, 26 with ulcerative colitis, and
63 were non-IBD. Only children in whom the terminal ileum was intubated were included in the study and
at least one but typically two or more biopsies were taken from each segment of the colon, small intestine,
stomach and esophagus. Biopsy specimens were assessed by light microscopy and the amount of pigment
was scored on a semiquantitative scale by a pathologist who was blinded to the clinical condition. In 63
children (42%), fine black pigment was observed in the Peyer’s patches, although pigmented cells were
not observed in lymphoid follicles of the duodenum, colon or elsewhere in the GIT. A significant
correlation was observed between age and relative pigment density. The authors suggest the particles
primarily consist of aluminosilicates, TiO2 , and a small proportion of nonaluminum-containing silicate
although this was not analytically determined. Pigment cells were observed in just 26% of patients with
Crohn’s disease, compared to 62% of patients with ulcerative colitis and 49% with non-IBD. As Peyer’s
patches in the terminal ileum are the “classical” site of inflammation in Crohn’s disease, the authors
hypothesize that pigment cells may be involved in the inflammatory process. However, any potential
contribution of TiO2 cannot be surmised as the identity and relative proportion of particles was not
established; the authors do note that dietary intake of aluminosilicates is an order of magnitude higher
than TiO2 intake in the United Kingdom.
Shepherd et al. (1987) also examined tissue sections from intestinal resections of 35 patients (ages 2 days
to 75 years) with various gastrointestinal disorders and seven post-mortem samples (56 – 75 years) with
no clinical, radiologic nor pathological evidence of gastrointestinal disease (total n = 42, 21 males and 21
females). The presence of dark brown, granular pigment was reported in macrophages found in the
Peyer’s patches in all patients and cadaveric donors greater than six years of age (n = 34), but in no patients
below that age (n = 8). As was the case of Hummel et al. (2014), pigment deposits were observed at the
base of Peyer’s patches but not in the GALT of other parts of the GIT. SEM with secondary and
backscattered electron imaging and x-ray energy spectroscopy was performed on routine histologic
sections and the pigmented sections were observed to contain aluminum and silicon diffusely scattered
throughout the cytoplasm as well as discrete foci of Ti. However, no obvious correlation was observed
between the degree of pigmentation and the presence or type of gastrointestinal pathology. Similarly,
Thoree et al. (2008) examined pigment cells of the human Peyer’s patch in ilieal sections obtained from
patients with adenocarcinoma (n = 10), colonic Crohn’s disease (n = 23) or non-Crohn’s disease colitis (n=
10). Pigment cells were identified by darkfield microscopy and tissue sections were scored for
inflammation by a histopathologist. The identity of the particles was not established but they were
assumed by the authors to consist of silicates and TiO2 . The authors note that particles were mainly found
in mature macrophages in Peyer’s patches that are of low metabolic and immunological activity, and likely
represent inert “storage sites” for those particles that are taken up by Peyer’s patches. There was no
evidence of differential cell phenotype or activation and no apparent association between the presence
of particles and inflammation or disease state. The authors conclude it is unlikely that particles have a role
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in Crohn’s disease, which is consistent with previous observations that a reduced microparticle diet
offered no advantage in the resolution of Crohn’s disease (Lomer et al. 2005).
Summary
The evidence suggests that TiO2 particles when well dispersed in simple matrices can produce
inflammation and immunological perturbations and may alter gut microbiota and met abolism in ways
that may potentially be adverse. In studies using food-grade TiO2 specifically, some effects on
inflammation and immune dysregulation were observed when the substance was administered in water
in stable dispersions; however, these findings could not be replicated when TiO2 was administered via the
dietary route. Therefore, it is concluded that concerns that food-grade TiO2 may produce inflammation or
immunotoxicity appear to a great extent contingent on the oral dosing paradigm. Liu et al. (2020) have
pointed out that specific absorption of biomolecules (i.e. the particle corona) can also alter the
immunological identity of particles and may either enhance or diminish their immunogenicity. Studies in
humans have consistently demonstrated accumulation of pigment including TiO2 in macrophages in the
base of Peyer’s patches of the terminal ileum but not elsewhere in the GIT. However, no association
between the presence of particles and immune activation or pathological state has been observed.
Further information is required in order to investigate the potential mitigating effects of the food matrix
on local toxicity in the GIT to determine whether studies involving stably dispersed food-grade TiO2 in
simple matrices are relevant to the hazard characterization of this substance when used as a food additive.
Allergenicity
Food allergy is an umbrella term for several clinical entities that bear in common a breakdown in the
acquired immunological tolerance to food antigens (Renz et al. 2018). Cow’s milk protein allergy is the
most common food allergy in young children, with an estimated prevalence of 2–7.5% (Castillo and
Cassola 2017). Protein conformation is an important determinant of the allergenicity of milk proteins
(Madsen et al. 2014) and binding to TiO2 particles is known to cause conformational changes in protein
structure. As TiO2 is permitted in dairy products, Phue and colleagues (2022) hypothesized that interaction
of cow’s milk proteins with TiO2 particles may alter their antigenic and allergenic properties by either
destroying certain epitopes, creating novel ones or changing their accessibility. The authors obtained two
forms of food-grade TiO2 ; the first test article was described as “food grade titanium dioxide
nanoparticles” and was purchased from CNMI industrial corporation, China (primary particle size ~120 nm
by TEM, crystalline form not stated), whereas the second test article was described as E171 and obtained
from Minerals-Water, UK (primary particles 50 – 300 nm by TEM, crystalline form not stated). Particles
were dispersed in deionized water at 10 mg/ml (dispersion protocol not stated) and aliquots of particles
were incubated with either skim milk or in 20 mM PBS (pH 6.5) as a control. After 1 h of incubation, the
suspensions were centrifuged and the supernatant discarded to remove the loosely bound proteins that
form the soft corona. The antigenicity of milk proteins in the presence of dietary particles was identified
using an indirect-ELISA assay. The authors reported that the antigenicity of the milk proteins βlactoglobulin and casein increased in the presence of E171 in comparison with non-interacted proteins
but decreased in the case of the 120 nm particles. A human mast cell degranulation assay (LAD2) was used
as a proxy for allergenicity, and interaction of either TiO2 particle with milk caused a statistically significant
increase in LAD2 degranulation, as indicated by the release of β-hexosaminidase. This result held true
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when milk in the presence of particles was first passed through a 3-compartment in vitro simulated
digestive system prior to use in the mast cell degranulation assay. The authors concluded that TiO2
particle-mediated alterations in protein structure may enhance the allergenicity of milk proteins.
The study by Phue et al. (2022) clearly demonstrated that TiO2 particles bind to milk proteins and modify
their structure to some extent. While the changes in antigenicity based on the ELISA experiment could be
the result of new epitopes being created or existing epitopes being either masked or unmasked due to
conformational changes in protein structure, it is difficult to draw inferences given that the response to
the two food-grade test articles differed in direction. With regards to allergenicity, the mast cell
degranulation assay does not appear to have a particle-only control for β-hexosaminidase release and as
only a single concentration was tested, no evidence of a dose-response could be established. Although
the changes in allergenicity were consistent in direction between the two forms of TiO2 , the magnitude is
relatively small and the biological significance is unclear. Extrapolation of the results from in vitro studies
of NP allergenicity to toxicological responses in vivo is complex and Health Canada’s Food Directorate
agrees with the conclusion of the study authors that additional studies using animal models are warranted
to better understand any potential implications of these findings to food allergy. For example, Lefebvre
and colleagues (2014) demonstrated that carbon black NPs displayed adjuvant-like properties41 in vitro by
significantly increasing allergy-related (T helper 2) pathways during the immune cell response to a model
allergen (ovalbumin). However, when the same particles were administered to a strain of allergen-prone
mice (D011.10) by oral gavage in a follow-up study, no significant changes in the development of allergy
markers in response to the allergen were observed (Fine et al. 2016).
Summary
TiO2 does not appear to be intrinsically immunogenic but may modulate immune responses to allergenic
proteins due to adjuvant-like properties in vitro. The potential human relevance of these results are
unclear at this time, and further research is required to elucidate the relevance of these findings to the
prevalence of food allergy in humans.
Reproductive and Developmental Toxicity
Exposure to TiO2 -NPs has been associated with various adverse effects on steroidogenesis,
spermatogenesis and fertility in male rodents, with toxicity inversely related to particle size (for review
see Souza et al. 2021). In a previous review of TiO2 as a food additive, the EFSA ANS Panel (2016) was
unable to establish an acceptable daily intake due in part to the lack of an extended 90-day study,
multigenerational or EOGRT study with food-grade TiO2 . In response, a GLP- and OECD 443 guidelinecompliant EOGRT study in CD/Crl:CD(SD) rats was commissioned by industry with slight modifications to
the protocol in order to accommodate the investigation of additional endpoints of concern raised by the
EFSA ANS Panel (2016; 2018a) and NVWA (2019), notably induction of ACF (LPT 2020 as cited in EFSA
2021a). The material tested was a commercial formulation of E171 that was administered in the diet
(anatase, D50 = 100 nm, 50% of the individual particles at the nanoscale). The F0 generation was exposed
to E171 via the diet at doses of 0, 100, 300 or 1000 mg/kg bw/d for 10 weeks prior to mating until the F1
41

Adjuvants accelerate, prolong, or enhance immune responsiveness but do not necessarily provide any specific
antigenic stimulus (Dodds 2016).
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generation was weaned (20/sex/dose with 30/sex/dose in a F0 satellite group). The F1 generation
received the same diets until PND 4 or 8 of the F2 generation. There was no evidence of adverse effects
on reproduction or development up to the highest dose tested, and a NOAEL of 1000 mg/kg bw/d can be
established for reproductive and developmental effects on the basis of this study. The recent EOGRT study
is considered the most reliable study found in the literature that addresses reproductive and
developmental effects of E171 exposure; additional details of the results of the EOGRT study may be found
in Appendix K.
One study was identified in which E171 administered via the diet was reported to produce testicular
toxicity in mice (Rodríguez‐Escamilla et al. 2019). Male BALB/c mice (n = 4 per group) were administered
a basal diet, or a diet containing E171 at concentrations of 0.1, 0.5 and 1% (equivalent to 100, 680 or 1300
mg/kg bw/d) for 7 weeks. In order to evaluate the effect of the food matrix, two additional groups of 4
mice were administered either a vehicle control or E171 suspended in water at a dose of 5 mg/kg bw/d
by oral gavage for 10 weeks. The authors noted that similar effects, which included an increase in germ
cell sloughing and the infiltration of inflammatory cells in seminiferous tubules, together with disruption
of the Sertoli cell barrier (often referred to as the “blood‐testis barrier”), were observed among mice
receiving E171 at a dose of 5 mg/kg bw/d in liquid suspension and those administered E171 via the diet
at doses of 860 or 1300 mg/kg bw/d (i.e. 136- to 260-fold higher doses), suggesting the food matrix
attenuates the toxicity associated with TiO2 when exposure occurs via the diet. The adverse effects on the
testes observed in this study, however, were not replicated when the same authors administered a similar
dose (5 mg/kg bw/d) of E171 suspended in drinking water to male C57BL/6 mice for 16 weeks (MedinaReyes et al. 2020). These findings were also not observed in the larger, guideline-compliant EOGRT study
nor in any of a number of subchronic studies (several of which were OECD guideline-compliant) that
administered similar or higher doses of food-grade TiO2 in drinking water, by oral gavage or via the diet.
Neurotoxicity
In their recent opinion, the EFSA FAF Panel (2021a) raised concerns regarding observations of potential
neurotoxicity of TiO2 -NPs. The majority of studies with indications of neurotoxicity were performed using
TiO2 -NPs < 30 nm, and there is convincing evidence from rodent studies that TiO2 -NPs as well as other NPs
in this size range can produce various neurotoxic effects (for review see Prüst et al. 2020). These findings,
however, are considered to be of limited relevance to human exposure via the diet given that < 1% of
particles by number in food-grade TiO2 are smaller than 30 nm, most of which are bound in aggregates.
In the study of Kandeil et al. (2020), TiO2 particles obtained from Sigma (size, crystalline form not stated)
were prepared using the high-energy ball mill (HEBM) technique, which is a mechanical deformation
process that grinds solids to obtain NPs via high-energy collisions. According to Yang (2015), this technique
“has been successfully used to produce metals with minimum particle sizes from 4 to 26 nm” although
contamination from the milling media (balls and vial) is considered a serious limitation. The authors report
that the characterization of TiO2 -NPs was done using TEM, and the average particle size was 90 nm (range
40–140 nm), although no mention of sample preparation is made (e.g. dispersion protocols). Male albino
rats (n = 20 per group, strain and age not reported) were exposed by oral gavage to either vehicle control
or 500 mg/kg bw/d TiO2 -NPs freshly dispersed in distilled water by ultrasonic vibration (15 minutes, power
and frequency not stated) once daily for 14 days. It is uncertain whether the particle size distribution of
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the ultrasonically dispersed test article corresponded to that of the raw material characterized following
HEBM. Exposure to TiO2 -NPs induced lipid peroxidation in brain tissues and a dramatic increase in markers
of ROS production, inflammation and apoptosis as well as a decrease in antioxidant parameters in the
brain, histopathological alterations in the cerebellum and DNA damage, which was ameliorated by prior
treatment with a botanically-derived antioxidant (Moringa seed extract). Unfortunately, as the TiO2 -NPs
were prepared in the laboratory by ball milling of presumably bulk material, they are likely to have
characteristics that are distinct from food-grade TiO2, which precludes extrapolation of these findings to
E171.
A second neurotoxicity study is referenced by the FAF EFSA Panel (2021a) in their recent assessment
(Ebrahimzadeh Bideskan et al. 2017), in which female Wistar rats (n = 6 per group) were exposed to vehicle
control or 100 mg/kg bw/d of suspended TiO2 -NPs in water (anatase, particle size less than 100 nm, SA
>150 m2 /g, dispersion method not stated) via oral gavage during gestation (GD 2 to 21) or lactation (PND
2 to 21). Following treatment, two male pups from each litter were randomly sampled and one pup was
used for histological examination while the other was used for evaluating the expression of Bax and Bcl-2
(pro- and anti-apoptotic markers, respectively) in the hippocampus by RT-PCR. Results of a TUNEL assay
indicted that both exposure protocols resulted in an increase in apoptotic cells and a reduction in
neurogenesis in the hippocampus of male offspring (female offspring were not examined). Increased and
decreased expression of Bax and Bcl-2 transcripts, respectively, were also observed in hippocampus of
offspring of treated dams. However, the TiO2 -NPs used are described as anatase with a particle size of
“less than 100 nm” and a surface area of >150 m2 /g, as compared to E171 with a surface area of
approximately 8 to 10 m2 /g (Dudefoi et al. 2017; Geiss et al. 2020). It has been shown that anatase NPs
with a surface area as high as 150 m2 /g have an average particle size of 12 nm or less (Kubiak et al. 2011);
therefore, it is highly unlikely the average particle size of the test article was greater than 30 nm in this
study and the relevance to human exposure to food-grade TiO2 is unclear.
Zhang and colleagues (2020) studied the effects of TiO2 particles on the microbiota–gut–brain axis. Thirty
male C57BL/6J mice were treated with either vehicle control or 150 mg/kg bw/d TiO2 NPs (reported
primary particle size 21 nm, crystalline form not stated) for 30 days by oral gavage (group sizes not
reported but presumably n = 15 per group). Particles were dispersed by sonication in 2% heat-inactivated
mouse serum and controls were dosed with sonicated vehicle. The endpoints examined included small
intestine and brain histopathology, effects on gut microbiota, gut and cerebral cortex transcriptomics, as
well as locomotor activity (open field test) and spatial learning and memory ability (Morris water maze).
Significant perturbations in gut microbial community composition were observed in the TiO2 -treated
group that were not accompanied by histopathological changes. Oral exposure to TiO 2 -NPs was also
associated with enteric nervous system activation, as well as markers of serotonergic activity in the gut
but not the brain. Levels of inflammatory cytokines, neurotransmitters and neuropeptides were not
changed significantly in TiO2 NPs-treated group. Treatment was reported to reduce centre field activity in
the open field test that was indicative of anxiety-like behaviour, although spatial learning and memory
were not affected. The open field test, however, was only conducted for 5 minutes, which may have been
an insufficient test duration to reliably distinguish a true effect from normal background variability.
Only one study was identified in which neurobehavioral endpoints were assessed following administration
of food-grade TiO2 (Medina-Reyes et al. 2020). In this study, E171 (purchased from Mark Al Chemical de
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Mexico) was administered in drinking water to six-week-old male C57BL/6 mice (n = 9/group) at a dose of
5 mg/kg bw/d for 16 weeks. In order to achieve a dose of 5 mg/kg bw/d, E171 was formulated in drinking
water at a concentration of 23 μg/ml, based on the mean of water consumption (5 ml/mouse/d) and the
body weight at the first week (23 g/mouse). Particles were dispersed by sonication and administered in
drinking water “to avoid protein corona formation” which can “modify the E171 absorption, distribution,
and biological effects.” Mice were fed either a regular or a high fat diet, with or without E171, and anxiety
was measured via the elevated plus maze test as described by Komada et al. (2008) in weeks 1, 8 and 16.
Both the high-fat diet alone as well as the regular diet plus E171 produced similar increases in anxiety-like
behaviour in mice, as indicated by reduced entries into open arms and less time spent in open arms.
However, the addition of E171 to the high-fat diet appeared to attenuate anxiety. While Medina-Reyes et
al. (2020) report that a high fat diet significantly increased anxiety in male C57BL/6 mice as measured in
an elevated plus maze test, others have shown the opposite (e.g. Yoshizaki et al. 2020). Moreover, in the
study by Medina-Reyes et al. (2020), animals in the regular diet group spent nearly half of their time in
open arms of the maze at baseline, versus approximately 15% observed by Yoshizaki et al. (2020) for this
sex and strain, which is similar to the 17-23% reported by Tucker and McCabe (2017). These factors,
combined with the observation that E171 increased anxiety in mice on a regular diet but had a seemingly
anxiolytic effect in mice on a high fat diet, makes it difficult to draw inferences from this study.
Subsequent to the EFSA FAF Panel (2021a) opinion, an OECD guideline-compliant study (424; 1997) of the
neurotoxic effects of TiO2 in mice was published (Sofranko et al. 2021). Male and female C57Bl/6J mice (n
= 10 per sex per group) were fed ad libitum with 1% TiO2 (JRC reference nanomaterial NM105, mean
particle size of 26.2 nm ± 10.7) incorporated into the feed pellets for 28 days, with or without a 14 day
recovery period. Based on a body weight of 20 g and an estimated daily food consumption of 4 g this
corresponds to a daily dose of approximately 2000 mg/kg bw/d. In the last week of the exposure period
and second week of the recovery period, a battery of behavioral tests were conducted to evaluate any
effects of TiO2 on motor function, anxiety, learning and memory. In addition to the behavioural tests,
following terminal sacrifice the effects of TiO2 exposure on neuroinflammation, oxidative stress in the
brain, kinase activity in cortical tissues and blood brain barrier (BBB) integrity were examined and ICP-MS
was used to quantify Ti in the small intestine, blood, brain, liver, kidney and spleen. No neurological effects
of TiO2 exposure were identified in the behavioral battery. Similarly, there were no significant treatmentrelated neuropathological changes and no effect of TiO2 on markers of oxidative
stress, neuroinflammation, kinase activity or BBB disruption. The authors conclude that subacute dietary
exposure to foodborne TiO2 does not produce neurotoxicity in mice.
Summary
The concerns pertaining to potential neurotoxicity associated with TiO2 -NPs in E171 appear to be based
predominantly on studies which used test articles that did not correspond to food-grade TiO2 and/or
dosing paradigms that are considered to be of limited relevance to human dietary exposure. In an EOGRT
study where developmental neurotoxicity was investigated in rats exposed to E171 at doses up to 1000
mg/kg bw/d via the diet, no adverse effects on neurodevelopmental or neurofunctional endpoints were
observed. Endpoints examined included auditory startle response as well as a functional battery that
included grip strength and locomotor activity. No treatment-related changes were observed in any of
these endpoints and there were no notable histopathological findings in the brain or peripheral nerves.
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Similarly, in the only available study in which TiO2 -NPs were administered via the diet (Sofranko et al.
2021), no neurotoxicity was observed.
Mode of Action
TiO2 has been classified as possibly carcinogenic to humans (IARC Group 2B) via the inhalation route (IARC,
2010), based on sufficient evidence in animal studies and insufficient evidence in human epidemiological
studies. Most of the available evidence is consistent with lung tumours arising via a secondary genotoxic
mechanism involving particle overload that results in an inflammation-dependent increase in cell
proliferation and oxidative stress (Schins and Knaapen 2007; ECETOC 2013; Warheit et al.2016; Bevan et
al. 2018). In studies of poorly soluble low toxicity particles including TiO2 , the particle surface area dose
was most predictive of pulmonary inflammation and tumour response in rats (Driscoll 1997; Dankovic et
al. 2007). As noted previously, the inhalation route of exposure is not the focus of the state of the science
on TiO2 as a food additive and therefore, the mode of action for lung carcinogenicity will not be discussed
further.
The biological mechanism(s) by which TiO2 particles may produce toxicity via the oral route are less well
understood. Several rodent studies in which food-grade TiO2 was administered in liquid dispersions (in
drinking water or by gavage) have reported that TiO2 particles generate ROS and inflammatory responses
in the GIT (e.g. Bettini et al. 2017; Pinget et al. 2019; Mortensen et al. 2021); although these findings could
not be replicated in dietary studies (Blevins et al. 2019; Riedle et al. 2020; LPT 2020 as cited in EFSA 2021a).
Evidence of altered patterns of gene expression in the distal colon of mice following gavage administration
of dispersed food-grade TiO2 in water have also been reported, including changes in the expression of
genes involved in immune responses, oxidative stress, the development of colorectal cancer, and DNA
repair, among others (Urrutia-Ortega et al. 2016; Proquin et al. 2018a,b). However, due to limitations in
study design (e.g., low sample size and use of a dosing paradigm with unclear relevance to human dietary
exposure to TiO2 ); it is uncertain whether similar changes in differentially expressed genes and/or their
products would be observed in colonic tissue following dietary exposure to food-grade TiO2 .
The potential adverse outcome pathways following TiO2 exposure via the oral route were recently
evaluated by Brand et al. (2020) and Braakhuis et al. (2021). For effects in the GIT (neoplastic changes in
intestinal epithelia), it was postulated that following cellular uptake, TiO2 particles produce ROS, oxidative
stress and chronic inflammation leading to tissue damage, DNA damage and regenerative hyperplasia. In
addition to intestinal tissue, Brand et al. (2020) investigated potential mechanisms of TiO2 toxicity on
human liver after oral exposure, although these hypothesized effects were also based on similar key
events (ROS, oxidative stress, inflammation). These authors also noted inconsistent results among studies
and suggested that formulation of test article (liquid dispersions versus diet) and protein corona formation
greatly affect the toxicity of TiO2 particles and may explain the discrepancies. The association of chronic
inflammation with neoplastic transformation is well-established and considered to be a threshold
mechanism. Braakhuis et al. (2021) noted that the available data show inconsistent results with respect
to induction of intestinal epithelial hyperplasia following TiO2 ingestion and that tumour formation was
not observed in the two-year rodent bioassay (NCI 1979).
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The EFSA FAF Panel (2021a) suggested there is “evidence for several modes of action for genotoxicity that
may operate in parallel” as TiO2 -NPs may directly interact with DNA or directly generate ROS on account
of their intrinsic properties. Although there are no studies that indicate E171 directly binds DNA and/or
interferes with the mitotic apparatus (ANSES 2019), the EU Scientific Committee on Consumer Safety
(SCCS 2018) observed that TiO2 -NPs have been reported to have been localised within the nucleus in
several studies (citing Andersson et al. 2011; Lankoff et al. 2012; Ahlinder et al. 2013) and therefore a
primary genotoxic mechanism by direct interaction with DNA cannot be excluded. The Committee stated
that very small particles (<10 nm) may enter the nucleus through a receptor-regulated nuclear pore
transport mechanism, whereas larger particles could gain access during cell division when the nuclear
membrane is dissolved (SCCS 2018). All three studies referenced were conducted in vitro using A549 cells,
which is an immortalized cell line derived from human adenocarcinomic alveolar. In the first study cited
(Andersson et al. 2011), TiO2 -NPs (anatase and rutile, varying diameters ranging from 5 to 60 nm) were
taken up by A549 cells when added to culture media at concentrations ranging from 5 to 200 µg/ml. While
TiO2 -NPs were found in the vicinity of the nucleus, they were not found within the nucleus using Raman
microspectroscopy and TEM. In the study by Lankoff et al. (2012), single silver (Ag) NPs (20 nm diameter)
were found inside the nucleus of A549 cells but not HepG2 (liver-derived) or THP-1 cells (monocytic cell
line); TiOs-NPs (anatase/rutile, 21 nm) were not found in the nucleus of any cells by TEM or SEM. In the
study by Ahlinder et al. (2013), which was conducted by the same authors as Andersson et al. (2011),
A549 cells were exposed to TiO2 -NPs (anatase, 21 nm primary particle size) in culture media at a
concentration of 10 µg/ml. After 4 or 48 h of incubation, particle uptake was assessed using Raman
spectroscopy. In contrast to the previous study by the same group and despite using a similar
methodology, a “remarkably high fraction” of the voxels classified as belonging to the cell nucleus were
observed with hyperspectral Raman image analysis (37%, or 21 out of 57 observations). Using TEM,
however, TiO2 -NPs “seemed to have entered the cell nucleus” in just 2 of 30 images studied. The authors
recommended that further TEM studies employ EDX in order to resolve this discrepancy.
Although not cited by SCCS (2018), Singh et al. (2007) also examined the distribution of “fine” (40 – 300
nm) and “ultrafine” (20 – 80 nm) TiO2 particles in A549 cells. Similar to the results of Andersson et al.
(2011), particles “were often observed next to the nucleus but never inside the nucleus”. Hackenberg et
al. (2011) exposed human peripheral blood lymphocytes from 10 male donors to TiO 2 -NPs (anatase, 1530 nm diameter) at concentrations ranging from 20 to 200 µg/ml for 24 h. Out of 100 cells analyzed by
TEM, intranuclear particle deposition was reportedly observed in one cell. However it is not stated how
intranuclear deposition was distinguished from perinuclear deposition. In an in vivo study where male
WKY/NCrl BR rats (n = 10) were exposed via endotracheal intubation to an aerosol containing ultrafine
TiO2 -NPs (the material consisted mainly of agglomerates with a median diameter of 22 nm and estimated
primary particle size 4 nm, crystalline form not stated) at a mass concentration of 0.11 mg/m 3 for one
hour, particle localization by TEM coupled with parallel electron energy-loss spectroscopy (parallel-EELS),
electron spectroscopic imaging, and image-EELS was performed 24 h following exposure (Geiser et al.
2005). The authors report that particles were mainly localized in the cytoplasm and only rarely within the
nucleus. Notably, any particles administered in this study that are not present in the form of agglomerates
are within the size range that the SCCS (2018) reported may pass through nuclear membrane pores.
The in vitro cellular uptake of TiO2 particles in Caco‐2 cells was investigated by Vila et al. (2018). Although
derived from a human colon adenocarcinoma, the Caco-2 cell line retains the ability to differentiate into
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a monolayer with many of the properties typical of absorptive enterocytes of the small intestine (Leah
2015). In this study, NM-100 (anatase D 50 = 104.01 ± 39.42 nm) particles were dispersed in 0.05% BSA
according to the NANOGENOTOX dispersion protocol and Caco-2 cells were incubated with 100 μg/ml
TiO2 for 24 hours. After exposure, cells were stained and particles visualized using confocal laser scanning
microscopy. The authors report that undifferentiated Caco-2 cells internalized a great number of TiO2
aggregates within cells, including within the nucleus. In differentiated cells, however, much less uptake
was observed and particles were found mainly in the apical cell membrane but not associated with or
inside the nucleus. In a follow-up study, these authors used a tri-culture of Caco-2/HT29/Raji-B cells to
generate a more realistic three-dimensional model, with the HT29 cells being goblet cell clones and the
Raji-B cells differentiating into M-like cells that are capable of transcytosing particles. The co-culture was
seeded and allowed to establish for 21 days, at which time 100 μg/ml TiO2 was introduced and cells were
incubated for 24 hours prior to confocal microscopy analysis. In this test system, particles were again
observed within cells and although shown to be associated with the nucleus, they do not appear to have
gained entry to the nucleus.
Several other studies have also reported observations of TiO 2 -NPs within the nucleus of cells. The in vitro
toxicity of uncoated anatase particles (D50 = 25 nm) was investigated by Chan et al. (2011) in HaCaT cells,
which are derived from an immortalized keratinocyte cell line established from adult human skin cells.
TiO2 -NPs were sonicated for 30 minutes before adding to cells at concentrations of 10, 50, 100, 200 or
300 μg/ml. After 4 h of incubation, cells were washed and fixed before being dehydrated, embedded in
Epon812 epoxy resin and microtomed into 60 nm sections. Intracellular accumulation and distribution of
TiO2 -NPs was assessed using TEM and the majority of particles were observed to be present in the
cytoplasm in the form of agglomerates. At the highest concentration of 300 μg/ml, however, particles
were reported to be present in the nucleus of cells. Shukla et al. (2011) also exposed human epidermoid
carcinoma cells (A431 cells) to TiO2 -NPs, specifically a non-spherical anatase with an average primary
particle size by TEM of ~ 50 nm (source and method of manufacture not reported) and examined
subcellular distribution using TEM. Particles were dispersed in culture media by sonication and applied to
cells at concentrations ranging from 0.0025 - 25 μg/cm2 (volume not reported for comparison with the
concentrations used by Chan et al. 2011). Cells were incubated along with particles for 6 h prior to being
harvested, fixed and prepped for TEM analysis. The authors reported that TiO 2 -NPs 30-100 nm were
mostly in the cytoplasm but some were also found within the nucleus, while agglomerates > 500 nm
remained outside cells (no details on the effects of concentration were reported).
In both Chan et al. (2011) and Shukla et al. (2011), the particles applied to cells are too large to have
gained access to the interior of the nucleus by transport through receptor-regulated nuclear pores, a route
the SCCS (2018) suggests may be applicable to particles < 10 nm in diameter. Therefore, these particles
could presumably only gain access to the nucleus by accidental enclosure when the nuclear envelope
disassembles and then reassembles in the course of mitosis. The doubling time for immortalized cell lines
varies as a function of culture conditions but for HaCaT and A431 cells is typically on the order of 24 h.
The cells were unlikely to be confluent under the conditions of the assay and thus were likely to be
proliferating, although the exposure periods (4 and 6 hours for Chan et al. (2011) and Shukla et al. (2011),
respectively) are well below the cell cycle time of the cell lines used. Moreover, both these studies
determined that particles were inside the nucleus through the use of TEM imaging. TEM images are twodimensional projections and therefore it may be difficult to discern with confidence whether a particle is
79
State of the Science of Titanium Dioxide (TiO2 ) as a Food Additive

Food Directorate, Health Canada

June 2022

within the nucleus as opposed to being associated with the nuclear envelope on the basis of standard
TEM imaging alone (i.e. without the use of a tilt series or similar specialized methods to render three dimensional images or examine multiple focal planes). Particles may also be situated in nuclear folds,
which can result in misleading images in which it appears they are inside the nucleus when they are not,
as described by Pan et al. (2009).
Recently, the in vitro cellular uptake of 5 types of TiO2 including E171 was investigated in TK6 (human
lymphoblasts) and A549 cells (Evans et al. 2021b). The E171 was identified as E171-E, which had a median
particle diameter (SD) of 99.9 ± 2.0 nm contained approximately 50-51% of constituent particles in the
nanoscale (LNE 2020). The other four particles were identified as G6-3 (a rutile TiO2-NP coated with
alumina and hydrophobic organic, D50 = 9.2 ± 2.0 nm), G2-5 (uncoated anatase TiO2-NP, D50 = 5.5 ± 2.0
nm), G3-1 (uncoated pigmentary rutile TiO2 , D 50 = 146.9 ± 5.9 nm) and G4-19 (pigmentary rutile TiO2
coated with alumina and polyol, D 50 = 177.5 ± 3.9 nm). All particles were ultrasonically dispersed according
to the NANOGENOTOX dispersion protocol. A cytotoxicity assessment was undertaken in order to
determine the most appropriate concentration for cellular internalization assessment by TEM. Cell
viability was assessed following exposure of cells to the test materials at concentrations ranging from 1 –
100 µg/cm2 for 24 or 72 h. No statistical significant decrease in cell viability was observed for any of the
test materials at any concentration over 24 or 72 h of exposure. Based on these results, the highest dose
was initially selected for cellular uptake analysis but it was subsequently determined that the high
concentration of particles resulted in structural abnormalities when cells were sectioned for TEM. To
reduce this artifact, a concentration of 10 µg/cm2 was used. In the A549 cell line, all test materials were
identified in the cytoplasm but no nuclear uptake of any material was observed. In the TK6 cell line, only
G3-1 was observed to have been internalized and was always localized in the cytoplasm. The authors
noted that some TEM images suggested possible cell nucleus uptake of particles but upon defocusing the
sample it was evident they were on different focal planes. The authors sugg est that the sample
preparation, such as sectioning by ultramicrotomy, may also produce artifacts by transferring particles
from the resin and depositing them on the top or bottom of sections. The in vitro cellular uptake of E171
was also investigated in CHO cells by TEM imaging (Evans et al. 2021a). No evidence of cellular
internalization was observed in CHO cells treated with E171-E (properties described above) at a
concentration of 30 µg/ml, with or without metabolic activation.
Summary
Taken together, the available evidence suggests that even ultrafine TiO 2 -NPs (< 30 nm) are not readily
taken up by the cell nucleus in in vitro studies, and no convincing evidence exists for larger particles or for
TiO2 -NPs in a food matrix. Therefore, there is only very limited evidence to support the biological
plausibility of an alternative genotoxic hypothesis involving direct interaction of TiO 2 -NPs with DNA, and
no evidence to suggest a direct genotoxic mechanism is relevant to food-grade TiO2 exposure via the oral
route. The preponderance of evidence is consistent with secondary genotoxicity as a result of ROS
generation and persistent inflammation.
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8. Knowledge Gaps and Considerations for Future Research
Several knowledge gaps were identified in the process of conducting this review and are outlined below
with the objective of encouraging further research.
Health Canada’s Food Directorate requested additional information from stakeholders regarding food
industry practices in dispersing TiO2 and were informed that sonication or other intensive methods that
break down agglomerates into their constituent particles are not used to disperse TiO 2 in food or beverage
manufacture (International Association of Color Manufacturers, pers. comm. 11 March 2022; Titanium
Dioxide Manufacturers Association, pers. comm. 13 May 2022). However, in order to characterize the
human health risk associated with exposure to TiO2 as used as a food colour additive in Canada, it will be
important to determine how closely the TiO2 test articles used in future research studies (in terms of
particle size distribution, sample preparation techniques, concentrations, etc.) resemble the form(s) of
food-grade TiO2 that Canadians are exposed to. In addition, well-designed studies intended to examine
the fate of TiO2 particles in the GIT and the role of the food matrix in attenuating potential site-of-contact
effects such as inflammation under biologically-relevant conditions are needed.
Studies that disperse food-grade TiO2 in simple liquid matrices have unclear relevance to the hazard
characterization of non-dispersed TiO2 as a constituent of food. These dispersion methods are intended
for hazard identification of the material’s constituent particles (both primary particles and reduced
agglomerates) and are considered to represent a “worst case scenario” as realistically humans are
exposed to these constituent particles in the form of larger agglomerates and in the presence of a food
matrix. Under certain conditions, the methods used to break up agglomerates and form homogeneous
dispersions may also produce unintended alterations in the test article and/or dispersion vehicle, such
that the material used in test systems may possess properties not found in the pristine, non-sonicated
form. Therefore, the extent to which sample preparation contributes to the elicitation of biological
responses represents a gap in interpreting the evidence base concerning the safety of TiO2 in food.
No immediate concerns for the genotoxicity of the current form of TiO2 added to food were identified in
this review. However, given the limited number of available in vivo genotoxicity studies conducted with
food-grade TiO2 , more research is recommended to confirm these findings. Specifically there is a need for
GLP- and OECD-guideline-compliant in vivo genotoxicity assays to confirm food-grade TiO2 lacks the
potential to induce gene mutations, chromosomal aberrations, micronucleus formation, and DNA damage
at site of contact (i.e., GIT tissue).
There were also no immediate concerns that food-grade TiO2 may be intrinsically immunogenic, but it
may modulate immune responses to allergenic proteins by acting as an adjuvant in vitro. A recent
publication by Phue et al. (2020) demonstrated that food-grade TiO2 particles are capable of binding to
milk proteins and modifying their structure to some extent in vitro; although, the magnitude is relatively
small and the biological significance is unclear. More research is required to confirm any potential
significance of this finding in vivo.
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9. Summary of Findings
The evidence base upon which the hazard characterization of TiO 2 depends is complex; a range of factors
collectively contribute to the poor reproducibility of test results and may account for the existence of
contradictory findings for virtually all endpoints examined. Among these, high variability among test
articles has resulted in substances with vastly different physicochemical properties, bioavailability and
inherent toxicity all having been evaluated under the mantle of TiO2 42 . For example, engineered TiO2 -NPs
are often used as surrogates in toxicity tests to represent the fraction of particles in the nanoscale in foodgrade TiO2 . However, unlike food-grade TiO2 , these particles have a distribution wholly in the nanoscale,
generally have a substantial fraction of particles <30 nm in size, and may be manufactured by various
processes that lead to different surface properties and are thus not representative of the food-grade
material. Adding further complexity is the fact that in many studies, the test article is not adequately
characterized or is poorly described if at all, making it difficult to determine the similarity or relevance to
food-grade TiO2 . It is also well established that TiO2 particles are prone to form agglomerates, with smaller
particles having a greater propensity to aggregate than larger particles (Zhou et al. 2013). Moreover, TiO2
particles avidly and rapidly bind other macromolecules such as proteins to their surface, which alters their
size, agglomeration state and bioaccessibility (Winkler et al. 2018). Therefore, the dose formulation and
dosing paradigm are perhaps as significant as the identity of the test article in determining outcomes in
both in vivo and in vitro toxicity assays.
Potential toxicity concerns of food-grade TiO2 appear to be largely driven by studies that were designed
for hazard identification of the material’s constituent particles (both primary particles and reduced
agglomerates) as opposed to the intact material as encountered in the diet. As dietary studies best reflect
how humans are exposed to TiO2 in food and given evidence of a significant food matrix effect, the results
of dietary studies were accorded the greatest weight in this review. Food-grade TiO2 also contains a
significant fraction of particles in the nanoscale and therefore, studies conducted with food-grade TiO2
will simultaneously evaluate the toxicity of any TiO2 -NPs that may be present. In addition, GLP- and OECD
guideline-compliant studies were deemed the most reliable and of the highest quality; therefore, these
studies were provided the highest weight in this review.
Overall, Health Canada’s Food Directorate found:


Evidence of very low and size-dependent oral absorption of TiO2 particles in rodents and humans
that may occur primarily via the GALT, with the absorbed material mainly being retained in the
intestines, liver, spleen, and kidneys (Bettini et al. 2017; Coméra et al. 2020; Farrell and Magnuson
2017; Heringa et al. 2018; Hummel et al. 2014; Peters et al. 2020; Riedle et al. 2020; Talamini et
al. 2019; EBRC 2022). Only one GLP- and OECD guideline-compliant toxicokinetics study with foodgrade TiO2 was identified in the literature (Farrell and Magnuson 2017). In this study, repeated
exposure to food-grade TiO2 in the diet at concentrations of 200 ppm (equivalent to 30 mg/kg
bw/d) for 7 days resulted in no appreciable absorption or distribution to tissues or organs and no
evidence of accumulation in the liver, kidney, or muscle of male or female rats. A second

42

These variabilities include but are not limited to particle size and size distribution, agglomeration state,
morphology, crystalline structure, coatings and functionalization.
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unpublished multi-site toxicokinetics study conducted according to OECD and GLP guidelines was
submitted to Health Canada by industry (EBRC 2022). In this study, the maximum relative
bioavailability of 5 different TiO2 grades was approximately 0.001% following a single oral dose of
1000 mg/kg bw in CD rats.
Evidence of low Ti concentrations detected in human term placentas and meconium of neonates
and ex vivo studies demonstrated E171 particles were capable of crossing the placental barrier to
a small extent (Guillard et al. 2020).
TiO2 particles had a very low acute oral toxicity in mice and rats, with an estimated acute oral LD 50
of greater than 5000 mg/kg bw based on two OECD guideline-compliant studies (Wang et al. 2007;
Warheit et al. 2007).
No consistent evidence of preneoplastic lesions in the colons of rodents exposed to food-grade
TiO2 via the oral route. While evidence of ABCs and ACF were identified in a single non-guideline
study in which rats were exposed to food-grade TiO2 dispersed in drinking water at doses of ~10
mg/kg bw/d for 100 days (Bettini et al.2017), these results could not be replicated in any
subsequent dietary studies when considerably higher doses were administered, up to ~236-300
mg/kg bw/d for 100 days in a non-guideline study (Blevins et al. 2019) and up to 1000 mg/kg bw/d
for ~18-19 weeks in a GLP- and OECD guideline-compliant study (LPT 2020 as cited in EFSA 2021a).
In addition, an OECD guideline-compliant study that administered food-grade TiO2 dispersed in
water to rats via oral gavage at doses up to 1000 mg/kg for 90 days demonstrated no treatmentrelated effects in gross or histopathological endpoints, including histopathological changes in the
GIT (Han et al. 2020).
No evidence of carcinogenicity, chronic toxicity, or other non-neoplastic lesions of the GIT in a
well-conducted, two-year cancer bioassay in male and female mice and rats using very high
dietary concentrations (up to 50,000 ppm or 5% w/w) of a form of TiO 2 that is highly comparable
to TiO2 currently used in food (NCI 1979). This study was conducted in accordance with the 1976
NCI guidance for chronic toxicity and carcinogenicity in small rodents, which is very similar to
current recommendations and therefore, this study is considered reliable.
No immediate concern for the genotoxicity of food-grade TiO2 was identified, with the three
studies considered the most reliable and relevant producing negative results in vivo (Bettini et al.
2017; Shelby et al. 1993; Shelby and Witt 1995). While some positive genotoxicity results with
food-grade TiO2 and non-food-grade TiO2 materials have been reported both in vitro and in vivo,
there was low confidence in the reliability and relevance of these findings due to poor study
design, non-compliance with OECD test guidelines, the use of inappropriate cell lines or test
articles, as well as uncertainty in the biological relevance of the positive genotoxic effects, among
other deficiencies. There was also no evidence that genotoxicity was expressed in the form of an
apical endpoint based on the absence of carcinogenicity in a two-year cancer bioassay with mice
and rats exposed to very high dietary concentrations (50,000 ppm or 5% w/w) of a test article
highly comparable to food-grade TiO2 .
No consistent evidence of inflammation or immunotoxicity in the GIT of rodents exposed to foodgrade TiO2 via the oral route. While a few non-guideline studies suggest food-grade TiO2 when
administered in water may produce inflammation or immune dysregulation in male mice and rats
at doses up to 50 mg/kg bw/d (e.g. Pinget et al,. 2020; Bettini et al. 2017, Talamini et al. 2019),
these findings were not observed when food-grade TiO2 was administered in the diet in a nonguideline study in male rats at doses up to ~236-300 mg/kg bw/d (Blevins et al. 2019), in male and
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female mice at doses up to 100 mg/kg bw/d for 18 weeks (Riedle et al. 2020), in a GLP- and OECDguideline-compliant EOGRT study in male and female rats at doses up to 1000 mg/kg bw/d (LPT
2020 as cited in EFSA 2021a), or a two-year chronic bioassay with a form of TiO2 highly comparable
to the form of TiO2 added to food at concentrations up to 5% w/w in male and female mice and
rats (NCI 1979). In addition, no treatment-related histopathological abnormalities were observed
in the spleen, thymus, lymph nodes and bone marrow and no abnormal hematological findings
were reported for any immune-related parameters in the EOGRT (LPT 2020 as cited in EFSA 2021a)
or chronic bioassay (NCI 1979). Similarly, no treatment-related changes in hematology or gross or
histopathological abnormalities in lymphoid organs were observed in rats following the gavage
administration of food-grade TiO2 dispersed in water at doses up to 1000 mg/kg for 90 days in
another OECD guideline-compliant study (Han et al. 2020).
No evidence that food-grade TiO2 was intrinsically immunogenic in vitro; however, it may
modulate immune responses to allergenic proteins by acting as an adjuvant in vitro (Phue et al.
2022). More research is require to confirm any potential significance of this finding in vivo.
No evidence of reproductive or developmental toxicity or gross or histopathological abnormalities
in male or female reproductive organs in a recent GLP- and OECD guideline-compliant EOGRT
study in rats following dietary exposure to food-grade TiO2 at doses up to 1000 mg/kg bw/d (LPT
2020 as cited in EFSA 2021a). No other reliable studies with food-grade TiO2 were identified in the
literature.
No evidence of neurotoxicity, developmental neurotoxicity, or behavioural changes in rodents
exposed to food-grade TiO2 in the diet. Concerns related to the potential neurotoxicity of TiO2
particles pertain to non-guideline studies that administered test articles that do not correspond
to food-grade TiO2 and used oral dosing paradigms that do not represent human dietary exposure.
In a recent GLP- and OECD guideline-compliant EOGRT study, no treatment-related effects were
observed in any neurodevelopmental or neurofunctional endpoint and no gross or
histopathological abnormalities were detected in the brain or peripheral nerves in male and
female rats exposed to food-grade TiO2 at doses up to 1000 mg/kg bw/d (LPT 2020 as cited in
EFSA 2021a). Notably, when non-food grade TiO2 -NPs were administered via the diet in an OECD
guideline-compliant study, no evidence of neurotoxicity, behavioural abnormalities, or
neuropathological changes in the brain were observed in male and female mice at doses up to
~2000 mg/kg bw/d for 28 days (Sofranko et al. 2020).

In summary, based on a review of the available scientific data relevant to food uses of TiO2 , Health Canada
Food Directorate’s position is that there is no conclusive scientific evidence that the food additive TiO 2 is
a concern for human health. While some uncertainties in the database were identified that would benefit
from further research, the weight of available evidence suggests these data gaps are not significant
enough to warrant a more precautionary approach at present. As is the case for food additives generally,
Health Canada’s Food Directorate will continue to monitor the emerging science concerning the safety of
TiO2 as a food additive and these conclusions may be revisited should new scientific information become
available.
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Appendix A – Literature Search Strategy
EMBASE
Database(s): Embase 1974 to 2021 June 29
Search Strategy:
#

Searches

Results

1

*titanium dioxide nanoparticle/ or *titanium dioxide/

16285

(T itanium dioxide or 13463-67-7 or E171 or E 171 or Pigment White 6 or T itanium oxide or 1385RN 59 or
1700 White or 234DA or 500HD or 63B1 White or "A 200 (pigment)" or "A 330 (pigment)" or A -Fil or A-Fil
Cream or A-FN 3Aerolyst 7710 or Aerosil P 25 or Aerosil P 25S6 or Aerosil P 27 or Aerosil T 805 or AI3 01334 or "AK 15 (pigment)" or "Amperit 780.0" or AMT 100 or AMT 600 or Anatase or Atlas white titanium
dioxide or AUF 0015S or Austiox R-CR 3 or "B 101 (pigment)" or Bayer R-FD 1 or Bayertitan A or
Bayertitan AN 3 or Bayertitan R-FD 1 or Bayertitan R-FK 21 or Bayertitan R-FK-D or Bayertitan R-KB 2 or
Bayertitan R-KB 3 or Bayertitan R-KB 4 or Bayertitan R-KB 5 or Bayertitan R-KB 6 or Bayertitan R-U 2 or
Bayertitan R-U-F or Bayertitan R-V-SE 20 or Bayertitan T or Bistrater L-NSC 200C or Blend White 9202 or
BR 29-7-2 or Brookite or "C 97 (oxide)" or C-Weiss 7 or "C.I. 77891" or "C.I. Pigment White" or Cab-O-T i
or Calcotone White T or CG-T or CI 77891 or CI Pigment white 6 or CL 310 or Cosmetic Hydrophobic
9428 or Cosmetic Micro Blend
2

TiO2

TiO2 9228 or Cosmetic White C47-5175 or Cosmetic White C47-9623 or

Hombitan or Hombitan R 101D or Hombitan R 610K or Horse head a-410 or Horse Head A-410 or Horse

18317

head a-420 or Horse Head A-420 or Horse head r-710 or Horse Head R-710 or KH 360 or Kronos 2073 or
Kronos cl 220 or Kronos RN 40P or Kronos RN 56 or Kronos titanium dioxide or Levanox White RKB or
NCI-C04240 or NCI-C0424O or NSC 15204 or Orgasol 1002D White 10 Extra Cos or "P 25 (oxide)" or
Pigment White 6 or Rayox or Rutile or Runa ARH 20 or Runa ARH 200 or Runa RH20 or Rutiox CR or T iPure or T i-pure R 900 or T i-Pure R 901 or T ichlor or T in dioxide dust or T iofine or "T iona T.D." or Tiona td
or T ioxide or T ioxide A-DM or T ioxide AD-M or T ioxide R XL or T ioxide R-CR or T ioxide R-SM or
"T ioxide R.XL" or T ioxide RHD or T ioxide RSM or T ipaque or T ipaque R 820 or T itafrance or T itan White
or T itandioxid or T itania or T itanic anhydride or T itanic oxide or T itanium dioxide or T itanium oxide or
T itanium peroxide or T itanium White or "Titanium(IV) oxide" or T itanox or Titanox 2010 or T itanox ranc or
"T rioxide(s)" or T ronox or Unitane or Uniwhite AO or Uniwhite KO or Zopaque or Zopaque or

TiO2 13463-

67-7 or 15FIX9V2JP).tw,kw.
3
4

5

1 or 2 [T itanium dioxide]
*Food dye/ or *food additive/ or exp *food/ or exp *beverage/ or *food intake/ or exp *diet/ or *dietary
exposure/ or *food contamination/ or exp *infant feeding/
(food or foods or feed or eat or eaten or diet or diets or dietary or drink* or consume or consumed or
consuming).tw,kw.

25095
629558

1508666
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(bakery or beer? or breast feed* or breastfeed* or cereal? or cider? or dairy or dietary or foodborne* or
6

foodstuff* or grape? or ((infant or baby) adj2 formula*) or fruit? or juice* or meat? or milk or mushroom* or

886601

poultry or puree* or rice or spice? or vegetable* or wine?).tw,kw.
7

(oral* adj4 (dos* or intak* or administ* or expos*)).tw,kw.

242759

8

((intravenous* or iv) adj4 (dos* or intak* or administ* or expos*)).tw,kw.

170415

*maternal exposure/ or *prenatal exposure/ or *meconium/ or (f?etal* or f?etus* or infant? or intrauterine or
9

"in uter*" or maternal* or neonat* or "neo nat*" or newborn* or "new born*" or "peri natal" or perinatal or

1769881

pregnan* or "pre natal" or prenatal or placenta* or meconium?).tw,kw.
10 or/4-9

4046735

11 3 and 10

1911

12

exp *pharmacokinetics/ or exp *pharmacokinetic parameters/ or *pharmacodynamics/ or exp *drug

541702

mechanism/ or exp *drug response/ or exp *pharmacodynamic parameters/ or *toxicokinetics/
((T itanium dioxide or 13463-67-7 or E171 or E 171 or Pigment White 6 or T itanium oxide or 1385RN 59 or
1700 White or 234DA or 500HD or 63B1 White or "A 200 (pigment)" or "A 330 (pigment)" or A-Fil or A-Fil
Cream or A-FN 3Aerolyst 7710 or Aerosil P 25 or Aerosil P 25S6 or Aerosil P 27 or Aerosil T 805 or AI3 01334 or "AK 15 (pigment)" or "Amperit 780.0" or AMT 100 or AMT 600 or Anatase or Atlas white titanium
dioxide or AUF 0015S or Austiox R-CR 3 or "B 101 (pigment)" or Bayer R-FD 1 or Bayertitan A or
Bayertitan AN 3 or Bayertitan R-FD 1 or Bayertitan R-FK 21 or Bayertitan R-FK-D or Bayertitan R-KB 2 or
Bayertitan R-KB 3 or Bayertitan R-KB 4 or Bayertitan R-KB 5 or Bayertitan R-KB 6 or Bayertitan R-U 2 or
Bayertitan R-U-F or Bayertitan R-V-SE 20 or Bayertitan T or Bistrater L-NSC 200C or Blend White 9202 or
BR 29-7-2 or Brookite or "C 97 (oxide)" or C-Weiss 7 or "C.I. 77891" or "C.I. Pigment White" or Cab-O-T i
or Calcotone White T or CG-T or CI 77891 or CI Pigment white 6 or CL 310 or Cosmetic Hydrophobic

13

9428 or Cosmetic Micro Blend

TiO2

TiO2 9228 or Cosmetic White C47-5175 or Cosmetic White C47-9623 or

Hombitan or Hombitan R 101D or Hombitan R 610K or Horse head a-410 or Horse Head A-410 or Horse

817

head a-420 or Horse Head A-420 or Horse head r-710 or Horse Head R-710 or KH 360 or Kronos 2073 or
Kronos cl 220 or Kronos RN 40P or Kronos RN 56 or Kronos titanium dioxide or Levanox White RKB or
NCI-C04240 or NCI-C0424O or NSC 15204 or Orgasol 1002D White 10 Extra Cos or "P 25 (oxide)" or
Pigment White 6 or Rayox or Rutile or Runa ARH 20 or Runa ARH 200 or Runa RH20 or Rutiox CR or T i Pure or T i-pure R 900 or T i-Pure R 901 or T ichlor or T in dioxide dust or T iofine or "T iona T.D." or Tiona td
or T ioxide or T ioxide A-DM or T ioxide AD-M or T ioxide R XL or T ioxide R-CR or T ioxide R-SM or
"T ioxide R.XL" or T ioxide RHD or T ioxide RSM or T ipaque or T ipaque R 820 or T itafrance or T itan White
or T itandioxid or T itania or T itanic anhydride or T itanic oxide or T itanium dioxide or T itanium oxide or
T itanium peroxide or T itanium White or "Titanium(IV) oxide" or T itanox or Titanox 2010 or T itanox ranc or
"T rioxide(s)" or T ronox or Unitane or Uniwhite AO or Uniwhite KO or Zopaque or Zopaque or

TiO2 13463105
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67-7 or 15FIX9V2JP) and (absorb* or absorp* or adsorp* or bioavailab* or biotransform* or eliminat* or half
life or metabolis* or metaboliz* or plasma or accumulat* or activat* or clearance* or diffus* or distribut* or
excret* or inactivat* or kinet ic* or penetrat* or releas* or retention* or retain* or chronopharmacokinetic* or
pharmacodynamic* or pharmacokinet* or neuropharmacol* or neuropharmacodynamic* or pharmacolo* or
toxicokinet*)).ti.
(absorb* or absorp* or adsorp* or bioavailab* or biotransform* or eliminat* or half life or metabolis* or
metaboliz* or plasma or accumulat* or activat* or clearance* or diffus* or distribut* or excret* or inactivat*
14 or kinetic* or penetrat* or releas* or retention* or retain* or chronopharmacokinetic* or pharmacodynamic*

3903441

or pharmacokinet* or neuropharmacol* or neuropharmacodynamic* or pharmacolo* or toxicokinet*).ab.
/freq=2
15 (((mode or modes or mechanism*) adj3 action*) or MoA).tw,kw.

225913

16 or/12-15 [pharmacokinetics pharmacodynamics]

4431039

17 11 and 16 [ TiO2 pharmacokinetics]

592

exp adverse drug reaction/ or exp death/ or drug safety/ or drug tolerance/ or drug interaction/ or food drug
18 interaction/ or herb drug interaction/ or exp postmarketing surveillance/ or exp risk assessment/ or safety/ or

5047290

exp side effect/ or case report/
19

exp toxicity/ or developmental toxicity/ or exp allergenicity/ or exp carcinogenicity/ or clastogen/ or exp
genetic damage/ or exp hypersensitivity/ or exp mutagenicity/ or exp mutagenesis/

20 reproductive success/ or reproductive health/ or exp pregnancy complication/ or exp pregnancy disorder/

1609096
580014

(adverse* or allerg* or death? or fatal* or harm or harms or harmful or hypersensitiv* or interaction* or
lethal* or risk or risks or safety or ((side* or acute or chronic) adj2 (effect* or event*)) or tolera* or toxic* or
21 poison* or cardiotox* or cytotox* or dermatotox* or dermotox* or embryotox* or fetotox* or genotox* or

4909498

hepatotox* or hepatox*or immunotox* or maternotox* or nephrotox* or neurotox* or ototoxic* or iatrogen*
or teratogen* or mutagen* or cancer* or carcin* or malign* or tumor* or tumour* or case? report*).ti.
(adverse* or allerg* or death? or fatal* or harm or harms or harmful or hypersensitiv* or interac tion* or
lethal* or (risk? adj2 assess*) or safety or tolera* or toxic* or poison* or cardiotox* or cytotox* or
22 dermatotox* or dermotox* or embryotox* or fetotox* or genotox* or hepatotox* or hepatox*or immunotox*

5368138

or maternotox* or nephrotox* or neurotox* or ototoxic* or iatrogen* or teratogen* or mutagen* or cancer* or
carcin* or malign* or tumor* or tumour* or case? report*).ab. /freq=2
23

24

(((gene* or genomic* or dna or chromosom*) adj3 (damag* or repair* or adduct? or aberrat* or break* or
fragment*)) or clastogen* or micronucleus or mutation?).tw.
((reproduc* or pregnan* or gestat* or antenatal* or antepartum*) adj4 (tox* or fail* or disorder* or
complicat* or health or aberrat* or success* or unsuccessful* or loss* or resorp*)) .tw.

1163683

158261
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((fetal or fetus or foetal or foetus or litter* or neonat* or offspring*) adj4 (complicat* or losing or loss* or lost
or malform* or prematur* or resorp*)).tw.

43320

26 or/18-25

11888683

27 3 and (4 or 5 or 6 or 7) [ TiO2 food]

1684

28 26 and 27 [ TiO2 AE]

603

29 limit 28 to yr="2016-Current"

376

MEDALL
Database(s): O vid MEDLINE(R) ALL 1946 to June 28, 2021
Search Strategy:
#

Searches

Results

(T itanium dioxide or 13463-67-7 or E171 or E 171 or Pigment White 6 or T itanium oxide or 1385RN 59 or
1700 White or 234DA or 500HD or 63B1 White or "A 200 (pigment)" or "A 330 (pigment)" or A -Fil or A-Fil
Cream or A-FN 3Aerolyst 7710 or Aerosil P 25 or Aerosil P 25S6 or Aerosil P 27 or Aerosil T 805 or AI3 01334 or "AK 15 (pigment)" or "Amperit 780.0" or AMT 100 or AMT 600 or Anatase or Atlas white titanium
dioxide or AUF 0015S or Austiox R-CR 3 or "B 101 (pigment)" or Bayer R-FD 1 or Bayertitan A or Bayert itan
AN 3 or Bayertitan R-FD 1 or Bayertitan R-FK 21 or Bayertitan R-FK-D or Bayertitan R-KB 2 or Bayertitan
R-KB 3 or Bayertitan R-KB 4 or Bayertitan R-KB 5 or Bayertitan R-KB 6 or Bayertitan R-U 2 or Bayertitan RU-F or Bayertitan R-V-SE 20 or Bayertitan T or Bistrater L-NSC 200C or Blend White 9202 or BR 29-7-2 or
Brookite or "C 97 (oxide)" or C-Weiss 7 or "C.I. 77891" or "C.I. Pigment White" or Cab-O-T i or Calcotone
White T or CG-T or CI 77891 or CI Pigment white 6 or CL 310 or Cosmetic Hydrophobic TiO2 9428 or
1

Cosmetic Micro Blend TiO2 9228 or Cosmetic White C47-5175 or Cosmetic White C47-9623 or Hombitan or
Hombitan R 101D or Hombitan R 610K or Horse head a-410 or Horse Head A-410 or Horse head a-420 or

18857

Horse Head A-420 or Horse head r-710 or Horse Head R-710 or KH 360 or Kronos 2073 or Kronos cl 220 or
Kronos RN 40P or Kronos RN 56 or Kronos titanium dioxide or Levanox White RKB or NCI -C04240 or NCIC0424O or NSC 15204 or Orgasol 1002D White 10 Extra Cos or "P 25 (oxide)" or Pigment White 6 or Rayox
or Rutile or Runa ARH 20 or Runa ARH 200 or Runa RH20 or Rutiox CR or T i-Pure or T i-pure R 900 or T iPure R 901 or T ichlor or T in dioxide dust or T iofine or "T iona T .D." or T iona td or T ioxide or T ioxide A -DM
or T ioxide AD-M or T ioxide R XL or T ioxide R-CR or T ioxide R-SM or "T ioxide R.XL" or T ioxide RHD or
T ioxide RSM or T ipaque or T ipaque R 820 or T itafrance or T itan White or Titandioxid or T itania or T itanic
anhydride or T itanic oxide or T itanium dioxide or T itanium oxide or T itanium peroxide or T itanium W hite or
"T itanium(IV) oxide" or T itanox or Titanox 2010 or T itanox ranc or "T rioxide(s)" or T ronox or Unitane or
Uniwhite AO or Uniwhite KO or Zopaque or Zopaque or
2

TiO2 13463-67-7 or 15FIX9V2JP).tw,kw,kf.

exp *Food Additives/ or *Food Coloring Agents/ or exp *food/ or exp *eating/ or exp *diet/ or *Dietary
Exposure/ or exp *food contamination/ or exp *Infant Nutritional Physiological Phenomena/

1014641
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(food or foods or feed or eat or eaten or diet or diets or dietary or drink* or consume or consumed or
consuming).tw,kw,kf.

1211170

(bakery or beer? or breast feed* or breastfeed* or cereal? or cider? or dairy or dietary or foodborne* or
4

foodstuff* or grape? or ((infant or baby) adj2 formula*) or fruit? or juice* or meat? or milk or mushroom* or

776704

poultry or puree* or rice or spice? or vegetable* or wine?).tw,kf.
5

(oral* adj4 (dos* or intak* or administ* or expos*)).tw,kf.

181258

6

((intravenous* or iv) adj4 (dos* or intak* or administ* or expos*)).tw,kf.

127203

*Maternal Exposure/ or *Maternal-Fetal Exchange/ or *Meconium/ or (f?etal* or f?etus* or infant? or
7

intrauterine or "in uter*" or maternal* or neonat* or "neo nat*" or newborn* or "new born*" or "peri natal" or

1529769

perinatal or pregnan* or "pre natal" or prenatal or placenta* or meconium?).tw,kw,kf.
8

or/2-7

3753899

9

1 and 8

1821

10 exp *Pharmacokinetics/ or *T oxicokinetics/

40318

((T itanium dioxide or 13463-67-7 or E171 or E 171 or Pigment White 6 or T itanium oxide or 1385RN 59 or
1700 White or 234DA or 500HD or 63B1 White or "A 200 (pigment)" or "A 330 (pigment)" or A -Fil or A-Fil
Cream or A-FN 3Aerolyst 7710 or Aerosil P 25 or Aerosil P 25S6 or Aerosil P 27 or Aerosil T 805 or AI3 01334 or "AK 15 (pigment)" or "Amperit 780.0" or AMT 100 or AMT 600 or Anatase or Atlas white titanium
dioxide or AUF 0015S or Austiox R-CR 3 or "B 101 (pigment)" or Bayer R-FD 1 or Bayertitan A or Bayertitan
AN 3 or Bayertitan R-FD 1 or Bayertitan R-FK 21 or Bayertitan R-FK-D or Bayertitan R-KB 2 or Bayertitan
R-KB 3 or Bayertitan R-KB 4 or Bayertitan R-KB 5 or Bayertitan R-KB 6 or Bayertitan R-U 2 or Bayertitan RU-F or Bayertitan R-V-SE 20 or Bayertitan T or Bistrater L-NSC 200C or Blend White 9202 or BR 29-7-2 or
Brookite or "C 97 (oxide)" or C-Weiss 7 or "C.I. 77891" or "C.I. Pigment White" or Cab-O-T i or Calcotone
White T or CG-T or CI 77891 or CI Pigment white 6 or CL 310 or Cosmetic Hydrophobic TiO2 9428 or
11 Cosmetic Micro Blend TiO2 9228 or Cosmetic White C47-5175 or Cosmetic White C47-9623 or Hombitan or

882

Hombitan R 101D or Hombitan R 610K or Horse head a-410 or Horse Head A-410 or Horse head a-420 or
Horse Head A-420 or Horse head r-710 or Horse Head R-710 or KH 360 or Kronos 2073 or Kronos cl 220 or
Kronos RN 40P or Kronos RN 56 or Kronos titanium dioxide or Levanox White RKB or NCI -C04240 or NCIC0424O or NSC 15204 or Orgasol 1002D White 10 Extra Cos or "P 25 (oxide)" or Pigment White 6 or Rayox
or Rutile or Runa ARH 20 or Runa ARH 200 or Runa RH20 or Rutiox CR or T i-Pure or T i-pure R 900 or T iPure R 901 or T ichlor or T in dioxide dust or T iofine or "T iona T .D." or T iona td or T ioxide or T ioxide A -DM
or T ioxide AD-M or T ioxide R XL or T ioxide R-CR or T ioxide R-SM or "T ioxide R.XL" or T ioxide RHD or
T ioxide RSM or T ipaque or T ipaque R 820 or T itafrance or T itan White or Titandioxid or T itania or T itanic
anhydride or T itanic oxide or T itanium dioxide or T itanium oxide or T itanium peroxide or T itanium White or
"T itanium(IV) oxide" or T itanox or Titanox 2010 or T itanox ranc or "T rioxide(s)" or T ronox or Unitane or

108
State of the Science of Titanium Dioxide (TiO2 ) as a Food Additive

Food Directorate, Health Canada

Uniwhite AO or Uniwhite KO or Zopaque or Zopaque or

June 2022

TiO2 13463-67-7 or 15FIX9V2JP) and (absorb* or

absorp* or adsorp* or bioavailab* or biotransform* or eliminat* or half life or metabolis* or metaboliz* or
plasma or accumulat* or activat* or clearance* or diffus* or distribut* or excret* or inactivat* or kinetic* or
penetrat* or releas* or retention* or retain* or chronopharmacokinetic* or pharm acodynamic* or
pharmacokinet* or neuropharmacol* or neuropharmacodynamic* or pharmacolo* or toxicokinet*)).ti.
(absorb* or absorp* or adsorp* or bioavailab* or biotransform* or eliminat* or half life or metabolis* or
12

metaboliz* or plasma or accumulat* or activat* or clearance* or diffus* or distribut* or excret* or inactivat* or
kinetic* or penetrat* or releas* or retention* or retain* or chronopharmacokinetic* or pharmacodynamic* or

3141163

pharmacokinet* or neuropharmacol* or neuropharmacodynamic* or pharmacolo* or toxicokinet*).ab. /freq=2
13 (((mode or modes or mechanism*) adj3 action*) or MoA).tw,kf.

182170

14 or/10-13 [pharmacokinetics pharmacodynamics]

3298198

15 9 and 14 [ TiO2 pharmacokinetics]

585

exp "Drug-Related Side Effects and Adverse Reactions"/ or exp Death/ or drug interactions/ or Food-Drug
16 Interactions/ or herb-drug Interactions/ or Product Surveillance, Postmarketing/ or Risk Assessment/ or Safety/

2810050

or Case Reports/
exp T oxicity T ests/ or Abnormalities, Drug-induced/ or exp Chromosome Aberrations/ or exp DNA damage/ or
17 Allergens/ or Carcinogens/ or exp Hypersensitivity/ or Mutagens/ or exp Mutagenicity T ests/ or exp

965367

Mutagenesis/
18 Reproductive Health/ or exp Reproduction/ or exp Pregnancy complications/

1185868

(adverse* or allerg* or death? or fatal* or harm or harms or harmful or hypersensitiv* or interaction* or lethal*
or risk or risks or safety or ((side* or acute or chronic) adj2 (effect* or event*)) or tolera* or toxic* or poison*
19 or cardiotox* or cytotox* or dermatotox* or dermotox* or embryotox* or fetotox* or genotox* or hepatotox*

3940887

or hepatox*or immunotox* or maternotox* or nephrotox* or neurotox* or ototoxic* or iatrogen* or teratogen*
or mutagen* or cancer* or carcin* or malign* or tumor* or tumour* or case? report*).ti.
(adverse* or allerg* or death? or fatal* or harm or harms or harmful or hypersensitiv* or interaction* or lethal*
or (risk? adj2 assess*) or safety or tolera* or toxic* or poison* or cardioto x* or cytotox* or dermatotox* or
20 dermotox* or embryotox* or fetotox* or genotox* or hepatotox* or hepatox*or immunotox* or maternotox* or 3856054
nephrotox* or neurotox* or ototoxic* or iatrogen* or teratogen* or mutagen* or cancer* or carcin* or malign*
or tumor* or tumour* or case? report*).ab. /freq=2
21

22

(((gene* or genomic* or dna or chromosom*) adj3 (damag* or repair* or adduct? or aberrat* or break* or
fragment*)) or clastogen* or micronucleus or mutation?).tw.
((reproduc* or pregnan* or gestat* or antenatal* or antepartum*) adj4 (tox* or fail* or disorder* or complicat*
or health or aberrat* or success* or unsuccessful* or loss* or resorp*)).tw.

891588

121409
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((fetal or fetus or foetal or foetus or litter* or neonat* or offspring*) adj4 (complicat* or losing or loss* or lost
or malform* or prematur* or resorp*)).tw.

June 2022

30871

24 or/16-23

9446176

25 1 and (2 or 3 or 4 or 5) [ TiO2 food]

1677

26 24 and 25 [ TiO2 AE]

534

27 limit 26 to yr="2016-Current"

324
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Appendix B – Ranking Criteria
Study Ranking Criteria – In Vivo
In vivo studies were ranked according to A) relevance of test article and route of administration and B)
reliability of results. Studies received an individual ranking for each of these criteria as well as an overall
ranking. More details on each individual ranking and the overall ranking are provided below:
A) Relevance of Test Article and Route of Administration
Dietary
Food-Grade TiO2

Test Article

Gavage/Drinking
Water

Dietary

Non-Food-Grade
TiO2; > 30 nm
Gavage/Drinking
Water
Non-Food-Grade
TiO2; < 30 nm

All modes

Any dispersion

1

Non-dispersed

2

Dispersed

3

Any dispersion

2

Non-dispersed

3

Dispersed

4

Any dispersion

5

B) Reliability of Results
The reliability of results was assigned a rank based on an assessment of following criteria:
Category
Characteristics of test article
reported in study

Characteristics of test article
verified

Methodological Concerns

Statistical Concerns

Criteria
Test article well characterized with information on particle
size, crystalline form, surface treatments, and source provided
Some information on the test article missing
Test article verified using an appropriate analytical technique
Test article used in study was not verified and instead authors
relied on previously published information
Test article was not verified and cannot be verified through
other sources
No major methodological concerns were identified
Some methodological concerns were identified, but are
unlikely to influence to outcome of the study
Major methodological concerns have been identified and are
likely to influence to outcome of the study
No major statistical concerns were identified
Some statistical concerns were identified, but are unlikely to
influence to outcome of the study
Major statistical concerns have been identified and are likely
to influence to outcome of the study

Ranking
1
2 or 3
1
2
3
1
2
3
1
2
3
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Based on an assessment of the above criteria, the study was assigned an overall rank for reliability:
1) A reliability ranking of ‘high’ was assigned if the majority of the criteria were classified as ‘1’ and
no criteria were classified as ‘3’.
2) A reliability ranking of ‘moderate’ was assigned if the majority of the criteria were classified as ‘2’
and no criteria were classified as ‘3’
3) A reliability ranking of ‘low’ was assigned if at least one of the criteria was classified as ‘3’
C) Overall Study Ranking
The study was assigned an overall ranking based on the combined ranking of A) the relevance of the test
article and route of administration and B) the reliability of the results.
Overall Study Ranking
Highly relevant
Relevant, but with
limitations
Limited relevance

Relevance of Test Article and Route of Administration
1
1
2, 3 or 4
1, 2, 3 or 4
5

Reliability of Results
High
Moderate
High or Moderate
Low
Any Rank

Only studies with an overall ranking of ‘highly relevant’ and ‘relevant, but with limitations’ were
considered for inclusion of the review of TiO2 .
Study Ranking Criteria – In Vitro
In vitro studies will be ranked according to A) relevance of test article and B) reliability of results. Studies
received an individual ranking for each of these criteria as well as an overall ranking. More details on each
individual ranking and the overall ranking are provided below:
A) Relevance of Test Article

Non-dispersed

1

Dispersed

2

Non-dispersed

2

Dispersed

3

Any dispersion

4

Test Article

Food-Grade TiO 2

Non-Food-Grade
TiO2; > 30 nm
Non-Food-Grade
TiO2; < 30 nm
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B) Reliability of Results
The reliability of results will be assigned a rank based on an assessment of following criteria:
Category
Characteristics of test
article reported in study

Characteristics of test
article verified

Methodological Concerns

Statistical Concerns

Criteria
Test article well characterized with information on particle size,
crystalline form, surface treatments, and source provided
Some information on the test article missing
Test article verified using an appropriate analytical technique
Test article used in study was not verified and instead authors
relied on previously published information
Test article was not verified and cannot be verified through other
sources
No major methodological concerns were identified
Some methodological concerns were identified, but are unlikely to
influence to outcome of the study
Major methodological concerns have been identified and are
likely to influence to outcome of the study
No major statistical concerns were identified
Some statistical concerns were identified, but are unlikely to
influence to outcome of the study
Major statistical concerns have been identified and are likely to
influence to outcome of the study

Ranking
1
2 or 3
1
2
3
1
2
3
1
2
3

Based on an assessment of the above criteria, the study was assigned an overall rank for reliability:
1) A reliability ranking of ‘high’ was assigned if the majority of the criteria were classified as ‘1’ and
no criteria were classified as ‘3’.
2) A reliability ranking of ‘moderate’ s assigned if the majority of the criteria were classified as ‘2’
and no criteria were classified as ‘3’
3) A reliability ranking of ‘low’ was assigned if at least one of the criteria was classified as ‘3’
C) Overall Study Ranking
The study was assigned an overall ranking based on the combined ranking of A) the relevance of the test
article and B) the reliability of the results.
Overall Study Ranking
Highly relevant
Relevant, but with
limitations
Limited relevance

Relevance of Test Article and Route of Administration
1
1
2 or 3
1, 2 or 3
4

Reliability of Results
High
Moderate
High or Moderate
Low
Any Rank

Only studies with an overall ranking of ‘highly relevant’ and ‘relevant, but with limitations’ were
considered for inclusion of the review of TiO2 .
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Appendix C – Combined Results of Study Screening and Ranking from Both Library Searches
Dietary (6)
Food-Grade TiO2
(24)

Screened out (96)

Other Oral (18)

In vivo (104)

Level 2 screening (200 unique studies with
296 test articles/exposures)

Dietary (6)

Non-Food-Grade
TiO2 (80)
Other Oral (74)

Food-Grade TiO2
(25)

In vitro or other
(96)

Non-Food-Grade
TiO2 (67)

Other (4)

Any dispersion (6)

Highly relevant

Non-dispersed (2)

Highly relevant

Dispersed (14)

Relevant

Unknown (2)

Relevant

Any dispersion (6)

Highly relevant

Non-dispersed (3)

Relevant

Dispersed (54)

Limited relevance

Unknown (17)

Limited relevance

Non-dispersed (2)

Highly relevant

Dispersed (19)

Relevant

Unknown (4)

Relevant

Non-dispersed (1)

Relevant

Dispersed (63)

Limited relevance

Unknown (3)

Limited relevance

Human Cadavers
(3)

Highly relevant

PBPK modelling
(1)

Relevant
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Appendix D – Physicochemical Properties of Some Common TiO 2 Forms
Table 4. Physicochemical properties of some TiO2 forms commonly used as test articles in toxicity studies. This list is not exhaustive.
Form

E171 a

E171 b

Unitane® 0220 c
Micro-sized
pigmentgrade
(pg-1)d
Micro-sized
pigmentgrade
(pg-2)d
Micro-sized
pigmentgrade
(pg-3)d

D50 Primary
Particle Size
(nm)
79-187 (TEM);
104-166
(SEM)
Agglomerates
(mode): 81302 (TEM)

130-182
(TEM);
151 (SEM)

Particle Size
Distribution
(nm)

% Nano
(<100 nm)

30-400 (TEM)

11.4-45.6% (by
number; SEM);
5-74% (by
number; TEM);
2-33% (by mass;
TEM)

50-300 (SEM)

5.4% (by
number; SEM)
4-20% (by
number; TEM)
3% (by mass;
TEM)
26-44% (by
number TEM);
20-40% (by
number SEM)

Mass-Specific
Surface Area
(m2/g)

Surface
Coating &
Composition

Purity &
Elemental
Composition

~8-10

Uncoated
with
superficial
phosphate, K
and C

>97.5% pure
and may
contain Si, Al,
and P

Not Reported

Not Reported

Not Reported

8.4-9

Uncoated
with Al, K, and
phosphate

109-124
(TEM);
113-135
(SEM)

Not Reported

120 (TEM)

Not Reported

27% (by
number; TEM)

8.1

Uncoated
with C, K and
P on surface

165 (TEM)

Not Reported

11% (by
number; TEM)

7.1

Uncoated
with C and Al
on surface

17.1

Reported to
be coated (no
other details
available)
with C and Si
on surface

132 (TEM)

Not Reported

26% (by
number; TEM)

>98% pure
and may
contain Nb,
Cl, Si, K, and P
Purity not
reported, but
may contain
K, P, and Nb
Purity
unknown, but
may contain
Al
Purity
unknown, but
may contain
Al, Si, and Nb

Form of
FoodGrade TiO2

Examples of Studies
Cited in the State of
the Science report
that Used as Test
Article

> 99%
anatase

Yes

Bettini et al. 2017;
Blevins et al. 2019;
Han et al. 2020; LPT
2020 as cited in EFSA
2021a; Farrell and
Magnuson 2017

> 99% rutile

Yes

None cited in the
State of the Science
report

> 99.5%
anatase

Yes

NCI 1979

100%
anatase

Yes

Donner et al. 2016

100% rutile

Unclear

Donner et al. 2016

100% rutile

Unclear

Donner et al. 2016

Crystalline
Form
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D50 Primary
Particle Size
(nm)

Particle Size
Distribution
(nm)

JRCNM10200a e

115 (TEM)

Not Reported
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Examples of Studies
Cited in the State of
the Science report
that Used as Test
Article
Murugadoss et al.
2020

% Nano
(<100 nm)

Mass-Specific
Surface Area
(m2/g)

Surface
Coating &
Composition

Purity &
Elemental
Composition

Crystalline
Form

Form of
FoodGrade TiO2

Not Reported

Not Reported

Not Reported

Not Reported

Anatase

Unclear

Rutile

Unclear

Duan et al. (2021)

No

Sycheva et al. 2011

Micro-sized
TiO2f

Mean: 128 ±
33.4 (TEM)

~60-240

Not Reported

9.35

Not Reported

99.95% pure
and may
contain Se, Al,
B, Pb, V, Sn,
Mn, Cr, Mo,
Sb, Hg, and Co

Micro-sized
cosmeticgrade g

Mean: 160 ±
59.4 (SEM)

Not Reported

Not Reported

Not Reported

Not Reported

Not Reported

Anatase

~46-55

Uncoated
with hydroxyl
on surface

99.8% pure
and may
contain Si, Al,
and Na

~81-88%
anatase;
~12-19%
rutile

No

Heo et al. 2020;
Kampfer et al. 2021;
Sofranko et al. 2021;
Waller et al. 2017

Not Reported

Not Reported

Not Reported

Anatase

No

Kreyling et al.
2017a,b

Aeroxide®
TiO2 P25
(NM-105)h

10-45 (TEM)

<10-50

100% (by
number; TEM)

Engineered
TiO2-NPs i

7-10 (TEM);
Agglomerates
~50 (TEM)

Polydisperse
with narrow
size
distribution

Not Reported

< 100 (based
Not reported,
on specific
but based on
Engineered
Ebrahimzadeh
surface
area
Not
Reported
specific
surface
>150
Not Reported Not Reported
Anatase
No
TiO2-NPs j
Bideskan et al. 2017
likely 12 nm
area likely to be
or less)
100% nano
Engineered
Mean: 90
Not
40-140
Not Reported
Not Reported Not Reported Not Reported
No
Kandeil et al. 2020
TiO2-NPs k
(TEM)
Reported
* P = phosphorus; Si = silicon; Al = aluminum; K = potassium; Nb = niobium; Se = selenium; B = boron; Pb = lead; V = vanadium; Sn = tin; Mn = manganese; Cr = chromium; Mo =
molybdenum; Sb = antimony; Hg = mercury; Co = cobalt.
a = Description of physicochemical properties from Verleysen et al. (2020), Dudefoi et al. (2017a), EFSA (2019b; 2021a), LNE (2020), and TDMA (2019).
b = Description of physicochemical properties from Verleysen et al. (2020) and EFSA (2019b; 2021a).
c = Description of physicochemical properties from NCI (1979), TDMA (2022), and MRI (1974; 1975a,b).
d = Description of physicochemical properties from Donner et al. (2016).
e = Description of physicochemical properties from JRC (2016).
f = Description of physicochemical properties from Duan et al. (2021).
g = Description of physicochemical properties from Sycheva et al. (2011).
h = Description of physicochemical properties from JRC Nanomaterials Repository (2016), Rasmussen et al. (2014), Dudefoi et al. (2017a), and Geiss et al. (2020).
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i = Description of physicochemical properties from Kreyling et al. (2017a,b).
j = Description of physicochemical properties from Ebrahimzadeh Bideskan et al. (2017).
k = Description of physicochemical properties from Kandeil et al. (2020).
l = Description of physicochemical properties from Verleysen et al. (2020).
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Appendix E – Summary of Studies Investigating Toxicokinetics
Table 5. Summary table of test results of in vivo toxicokinetic studies via the oral route.
Study

Species-strain, doses and dosing regimen

Test Article (source)

Ammendolia et
al. (2017)

Adult male and female SD rats (10 per group per
sex); Treated by oral gavage for 5 d; TiO2-NPs
suspended in ultrapure water by sonication for 15
minutes (dispersions prepared daily); Rats divided
into 3 groups of 20 (n = 10 males; n = 10 females):
0, 1 or 2 mg/kg bw/d; small intestine 24 h after
last treatment.
Three-week old male SD rats (6 per group);
Treated by oral gavage for 90 days; TiO2-NPs
suspended in distilled water by sonication
(dispersions prepared fresh every day); Rats
divided into 4 groups: 0, 2, 10, or 50 mg/kg bw/d;
Blood, organs, and tissues taken on day 91.

TiO2-NPs, anatase, spherical shape (20-60 nm);
irregular shape (40 X 60 nm); Source Sigma -Aldrich
Company Ltd., Gillingham, Dorset, UK.

Ti concentrations in the small intestine were
0.08 ± 0.02 µg/g (control), 0.09 ± 0.02 µg/g (1
mg/kg bw/d, and 0.13 ± 0.03 µg/g (2 mg/kg
bw/d).

TiO2-NPs, anatase, 29 ± 9 nm; Source: Shanghai
Macklin Reagent Co. Ltd, China

Six-week-old male and female spf Sprague Dawley
rats (n = 11 per sex per group).

Powder-form TiO2-NPs (80:20 anatase to rutile)
were obtained from ABC Nanotech Co., Ltd.
(Daejeon, Korea). Particles had a primary size of 21
nm, surface area of 50 ± 15 m2/g and a
hydrodynamic diameter of 37.8 ± 0.4 nm.

Ti concentrations in blood, liver, intestine, lung,
kidney, and testicles were not statistically
significant different from control; Ti
concentrations in the spleen and heart were
below LOD; In the colon, Ti concentration were
higher in the colon in the 50 mg/kg bw/d group
compared to other treatment groups and
control; Concluded the higher concentration in
the colon was related to TiO2. NPs were
observed attaching to the surface of colonic
mucosa tissue (not in mucosa cells).
After 13-weeks of repeated oral dosing, a small
but dose-dependent increase in the Ti content
was observed that reached statistical
significance from untreated controls only in
males at the two highest doses. No significant
increase in Ti concentration was observed in
liver, spleen, kidney or brain in any treated
group relative to controls. Urinary Ti showed no
significant increase in treated groups whereas a
clear, dose-dependent increase in fecal Ti was
observed, suggesting most particles were not
absorbed from the GI tract. Overall, absorption
of Ti following subchronic repeated oral
administration of TiO2-NPs was found to be
minimal in the rat.

Chen et al.
(2020)

Cho et al.
(2013)

A 14-d range finding study was performed prior to
the 13-week subchronic study in which animals
were exposed to TiO2-NPs suspended in distilled
water via oral gavage at doses of 0, 260.4, 520.8
or 1041.5 mg/kg bw/d. No treatment-related
findings were observed and the same doses were
used for the 13-week study. The concentrations
of Ti in the basal diet and water were not known.
To evaluate tissue distribution, tissue samples
from the liver, spleen, kidney, and brain were
obtained and weighed following terminal
sacrifice. Five animals from each group were
randomly assigned to a metabolic cage
immediately after gavage, and urine and feces
samples were collected for 24 h.

Result

118
State of the Science of Titanium Dioxide (TiO2 ) as a Food Additive

Food Directorate, Health Canada
Study
Coméra et al.
(2020)

June 2022

Species-strain, doses and dosing regimen
Adult C57BL/6 mice (12 to 18 weeks; sex not
reported) (4 per group)
Experiment 1
Treated by oral gavage (single dose); E171
suspended in water; Mice divided into 2 groups of
4; 0 or 40 mg/kg bw; measured particle content 2,
4, 8, 24 h after treatment (assuming that 1 mouse
was examined at each time point).

Test Article (source)

Result

E171, > 95% anatase, 20-340 nm (118 nm); 44.7%
nano; Suspended in milliQ water using the
NANOGENOTOX dispersion protocol; Source:
French commercial supplier of food colouring
agents

Experiment 1
Presence of particles detected by laser
reflective confocal microscopy; Increase in
particle content observed in ileal and jejunal
villi and colon crypts; In ileal and jejunal villi,
max particle content at 4 h with return to basal
levels at 8 h; In colon, non-significant increase
in particle content 4 h with return to basal
levels at 8 h; Increase in particles in Peyer’s
patches at only 8 h; Increase in particle content
at 4 and 8 h by 3.5 and 4.1-fold, respectively;
concentration below LOD in tissues at all time
points; Concluded 0.007% of Ti present in
intestine at 4 h; TiO2 primarily absorbed in
ileum, partly in jejunum, and too a lesser
degree in colon; absorption primarily occurs via
villi and too a lesser degree via Peyer’s patches.

High agglomeration of test substance in exposure
medium was reported.

Experiment 2
A closed mid-jejunal loop of 10 cm filled with
sonicated E171 (300 µg/L) in buffer or buffer
control for 30 minutes.

Farrell and
Magnuson
(2017)

Male and female SD rats (10 per group/sex);
Exposed via the diet daily for 7 days (test article
incorporated into feed); Rats divided into 2
groups 20 (n = 10 males and n-10 females):
control or ~200 mg/kg diet ww (equivalent to ~30
mg/kg bw/d in male rats); control diet contained
basal concentration of 7-9 mg/kg diet ww of Ti;
After 7 days TiO2 containing diet replaced with
untreated diet; Rats sacrificed 1h, 24h, 72h after
the removal of the TiO2 containing diet

Four test articles:
1. Rutile TiO2 (thick platelet – pearlescent green)
(Engelhard, Peekskill, N.Y.; Experimental Product
EP96037)
2. Rutile TiO2 (thin platelet – pearlescent gold)
(Engelhard, Peekskill, N.Y.; Experimental Product
EP96032)
3. Rutile TiO2 (standard commercial grade; product
number 2558 meeting USP & 21 CFR 73.575
specifications) (Brenntag, South Plainfield, N.J.,
U.S.A.
4. Anatase TiO2, D50 = 133 to 146 nm (standard
commercial grade; product number 3328 meeting
FCC/E171/USP/EP/JP specifications) (Brenntag,
South Plainfield, N.J., U.S.A.).

Experiment 2
Inhibiting paracellular pathway reduced the
absorption of TiO2 but did not completely block
it suggesting that endocytosis is also involved in
the transport of TiO2; Inhibiting the
transepithelial passage did not affect
absorption.
Ti levels in liver, kidneys, muscle, whole blood,
urine, and feces;
Ti levels were generally below the LOQ/LOD at
most time points;
Observations of Ti levels above the LOD were
reported, but this was sporadic and occurred at
similar levels and frequency when compared to
the control group;
Authors concluded that E171 administered via
the diet was not appreciably absorbed and
distributed in mammalian tissues and there
was no evidence of accumulation following
repeated exposure for 7 days
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Species-strain, doses and dosing regimen

Test Article (source)

Result

Male and female Wistar rats.
Oral study:
Animals were dosed by oral gavage either once (3
males per group, 4 TiO2-NPs and controls) or
during five consecutive days (3 males per group, 4
TiO2-NPs and controls; in addition 3 females per
group for NM-101 and controls). The dose was 2.3
mg, corresponding to 6.8 – 8.6 mg/kg bw. Rats
were sacrificed and tissue sampling was done
24 h after the last exposure (Day 2 or Day 6).

Five different TiO2 particles from the JRC
nanomaterials repository were used in this study:

IV study:
Rats received a single or repeated dose (on 5
consecutive days) of 2.3 mg TiO2 via injection in
the tail vein. Blood and tissue samples were
collected at Day 2 and Day 90 for the single IV
administration (3 male and 3 female animals per
group), and at Day 6 (i.e. the first day after the
last repeated exposure), 14, 30 and 90 after the
repeated IV administration (3 male and 3 female
animals per group, except for Day 14 and Day 30
which included 3 male animals only). Additional
blood samples were collected via orbita puncture
at Day 1 (single dose) and Day 5 (repeated doses)
at 5, 10, 20 and 30 minutes, and 1, 2, 4, 8, and
24 hours after dosing in order to evaluate the
elimination of Ti from the blood after the IV
administration. Control rats (vehicle treated)
were included (2 male and 1 female animals per
group).
Human (placentas: n = 22; meconium: n = 18)

4. NM-103 (rutile, 20 nm primary particle size,
coated with Al 2O3 and a polysiloxane polymer
layer);

Oral study:
Of the 30 liver/spleen samples of exposed
animals, one liver sample (NM-102 group) was
at the LOD (0.03 μg Ti/g tissue )and 1 liver
sample (NM-103 group) was above the LOD but
below the LOQ (0.09 μg Ti/g tissue). No Ti levels
above the LOD were detected in spleen of any
exposed animals, although one of the three
untreated controls had a Ti concentration at the
LOD in both the spleen and liver. All MLN
samples contained Ti concentrations above the
LOD although only in the NM-104 group were
levels in exposed animals greater than
unexposed controls. In this group, the total
MLN Ti content was estimated to represent
approximately 0.003% of the administered
dose.

Experiment 1
Placentas collected from women who gave birth
to term babies with no complications; meconium
samples of infants collected in the first few days
after birth; placentas and meconium samples
were not related.
Experiment 2

1. NM-100 (anatase; 200 – 220 nm primary particle
size, studied in IV route only);
2. NM-101 (anatase; 6 nm primary particle size,
studied in oral route only);
3. NM-102 (anatase; 20 nm primary particle size);

5. NM-104 (rutile, 20 nm primary particle size,
coated with Al 2O3)

Experiment 1
n/a
Experiment 2
E171, anatase, 20 to 440 nm (mean 104.9 nm); 55
% nano; Particles prepared following the
NANOGENOTOX dispersion protocol; Source:
French commercial supplier of food colouring
agents

IV study:
After single administration, Ti could be detected
at the first tissue measurement point (24 h after
administration) in all investigated tissues, at
levels above those as measured in controls.
Repeated exposure to all TiO2-NPs was found to
result in up to 5 times higher tissue Ti levels
compared to single doses, indicating no
significant elimination occurred in this
timeframe. In descending order, the highest Ti
tissues for all NPs were observed in liver, spleen
and lung.
Experiment 1
Ti concentrations in placentas ranged from 0.01
to 0.48 mg/kg (median 0.05 mg/kg); Only 9 of
18 meconium samples were above LOQ, with a
median concentration of 0.25 mg/kg; the
presence of particles were also confirmed in 2
placentae and 2 meconium samples.
Experiment 2
Model confirmed TiO2 is capable of crossing
placental membranes, with the number of
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Species-strain, doses and dosing regimen
Ex vivo human placenta perfusion model to
quantify transplacental transfer across of TiO2;
perfusion medium contained 0 (n = 2) or 15
µg/mL (n = 13).
Adult male SD Rats (6 per group); Treated by oral
gavage for 28 d; Dispersed in 1% aqueous starch
solution containing 0.1% Tween-80; Rats
administered TiO2 dispersions immediately after
sonication Rats divided into 3 groups of 6: 0, 250
mg/kg bw day (NM-101) or 250 mg/kg bw/d (NP25); blood samples and organs taken on day 28.
Male Wistar rats (n = 12); Rats treated by isolated
intestinal loop technique with 50 mg/kg bw;
Three hours post-dosing intestine, liver, and
spleen examined; TiO2-NPs suspended in saline
solution by sonication for 5 minutes (dispersions
administered immediately after preparation).

Test Article (source)

Result
particles increasing in the fetal exudate in the
first 40 minutes of a 60 minute perfusion
model; 47% of particles were <100 nm.

Two test articles:
1. TiO2-NPs, anatase, spherical, uncoated, 5-10
nm; Source: JRC Nanomaterials Repository, Italy
(NM-101).
2. TiO2-NPs, anatase, spherical 20-25 nm,
uncoated; Source: Sigma-Aldrich, USA (NP-25).

Ti concentrations were the highest in liver >
spleen > small intestine > kidney; Ti
concentrations were below the LOD in lungs,
brain, testicles, heart, and blood.

TiO2-NPs, rutile, primary particle size was needle
or rod-like shape 5x30 nm; formed loose
agglomerates ~100 nm or larger; Source: Sigma Aldrich (USA)

NPs detected on the surface and between
microvilli of mucosal cells of the small intestine
and in mucosal tissue; particles detected in
Peyer’s patches as both single NPs and as
agglomerates ranging from 20-60 nm; In liver
parenchymal tissue, aggregates (150-200 nm)
observed up to 300 nm; In spleen red pulp
single NPs (20-30 nm), agglomerates (up to 100
nm) and conglomerates (up to 800 nm) were
observed.
8 of 15 liver samples and 1 of 15 spleen samples
were below the LOD; When above LOD, Ti
concentrations were 40 ng/g and 80 ng/g in the
liver and spleen, respectively; Average particle
size of 86-426 nm in liver and 88-445 nm in
spleen (lowest size was LOD); almost all Ti was
present as particles.
There was no statistically significant increase in
Ti levels in any of the tissues evaluated 24 h
after the administration of 100 mg/kg TiO2-NPs.
No TiO2-NPs were located in the small intestine
when examined by SEM. In Peyer’s patches,
TiO2-NP agglomerates were observed in the
cytoplasm of at least one cell but not inside the
mitochondria or nucleus.
No significant differences between pre-and
post-dose biomarkers were observed for any
particles size.

Heringa et al.
(2018)

Male and female humans (n = 9 women aged 77
to 104; n = 6 men aged 56 to 87); Measured Ti
concentration in liver and spleen of deceased
subjects.

n/a

Janer et al.
(2014)

Male Sprague Dawley rats were allocated to a
vehicle control or TiO2 group (6 animals per
group). A single dose of 100 mg/kg TiO2-NPs was
administered by oral gavage. On the day
following administration, animals were sacrificed
and spleen, liver, small and large intestines, and
mesenteric lymph nodes were removed.

TiO2-NPs, synthesized using flame spray pyrolisys,
were obtained from L’Urederra (Spain) under the
framework of the EU project Nanopolytox.
Reported to be “mainly anatase” with a D50 of
18 ± 8 nm. Particles were dispersed by sonication
in MQ water containing 2 mM sodium citrate as a
dispersant.

Jones et al.
(2015)

Adult humans aged 30-56 years, weight range 63124 kg (n = 5 women, n = 4 men); Exposed to
single oral dose of 5 mg/kg bw TiO2 dispersed in
water; Three test articles used and administered
at least 4 weeks apart (most volunteers that

Three test articles:
1. TiO2-NPs, 10 nm (peak), ~100% < 50 nm by
number, anatase, Source: NanoAmor
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Species-strain, doses and dosing regimen

Test Article (source)

participated were exposed to all three test
articles); Blood collected at baseline, 2h, 4h, 24h,
and 48h; Urine samples collected in time
collections over 4 days (24h pre dosing and 72h
post dosing).
8-10 week old female Wistar-Kyoto rats (4 rats
per time point); Treated by oral gavage (single
dose; ) and sacrificed 1 h, 4h, 24h or 7 days after
treatment; Aqueous [48V]TiO2-NPs suspension
(administered immediately after dispersion to
non-fasted rats); Rats sacrificed at 1, 4, and 24 h
were dosed with 10 µg each (equivalent to
~49.82, 30.8 and 44.44 µg/kg bw) and rats
sacrificed after 7 days were dosed with 30 µg
each (equivalent to ~78 µg/kg bw).

2. TiO2-NPs, 70nm (peak), 95% of particles ranged
from 48 to 154 nm by number, rutile, Source:
Sigma-Aldrich
3. TiO2, 1800 nm (peak), 100% > 105 nm by
number, rutile, Source: Sigma-Aldrich
TiO2-NPs, anatase,
Approximately spherical aggregates/agglomerates
roughly 50 nm in diameter; primary particle size
approximately 7 to 10 nm;
Source: commercially available ST-01 (Ishihara
Sangyo Ltd., Japan)

Experiment 1 (MAIN-1):
To determine biodistribution of TiO2 rats were
divided into 4 groups of 4 and sacrificed 1 h, 4h,
24h or 7 days after treatment;

MacNicoll et
al. (2015)

Experiment 2 (MAIN-2):
To determine retention in GIT walls rats were
divided into 3 groups of 4 and sacrificed 1h, 4h,
and 24h after treatment (all doses with 10 µg
each).
8-wk old male Sprague Dawley rats were used in
this experiment. TiO2 particles (5 mg/kg bw) were
administered to rats (n = 6 per group) by oral
gavage as a suspension either in deionised water
or 5 % ovalbumin solution. Samples of blood,
feces and urine were collected at intervals over 4
days following dosing. After 96 h postadministration of TiO2, rats were killed and tissue
samples of liver, brain, heart, kidney, spleen, and
GIT were collected.

Six test articles:
1. 99.7 % TiO2-NPs, anatase, 15 nm (Sigma cat #
637254);
2. 99.5 % TiO2-NPs, 80 % anatase/20 % rutile, 25
nm (Nanocomposix);
3. 99.7 % TiO2-NPs, anatase, 40 nm (NanoAmor
5430 MR);
4. 99.5 % TiO2-NPs, rutile, 40-50 nm (Sigma cat #
637252);
5. 99.7 % TiO2, anatase, 120 nm (NanoAmor 5430
MR);
6. 99.5 % TiO2, rutile, up to 5000 nm (Sigma cat #
224227)

Result

Approximately 0.6% of the dose absorbed
during the first hour after treatment; After 7
days approximately 0.5% of the dose remained;
The distribution patterns of TiO2 varied
between rats; Measurable levels were observed
after 4 h in spleen, kidneys, heart, and uterus;
Maximum retention reached in spleen, kidney,
and heart at 24 h. In liver, lung, and blood,
retention declined from 4h to 7 days; In brain
uterus, kidneys, highest concentrations
observed on day 7; Peak concentration in liver
was 12.5% of absorbed dose at 4 h and 2.6% in
the spleen at 24 h; Concluded that the slow
excretion kinetics likely results in the
accumulation of systemically circulating
particles in some organs with chronic exposure.

In general, the mean concentrations of Ti in
organs from treated rats were not significantly
higher than vehicle controls. In the GIT samples,
however, the mean concentration of Ti taken
from rats treated with ‘<100 nm’ particles was
significantly higher than the mean
concentration of Ti in the samples taken from
rats in the control group. The results show that
oral administration of TiO2 particles did not lead
to translocation of Ti to blood, urine, or
distribution to various organs in rats at any of
the time intervals studied during the 96 h posttreatment. With the possible exception of one
particle size, the mean concentration of Ti in
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Species-strain, doses and dosing regimen

Test Article (source)
Particles were dispersed by sonication either in
deionised water or a 5 % ovalbumin solution. All
exposure experiments were performed in the
presence of FCS (concentration not stated).
E171, anatase, D50 = 260 nm; Source : Kronos®
1171, Fagron UK

Pele et al.
(2015)

Human (age and sex unknown); n = 8 (results
from only 5 participants); Ingested two gelatine
capsules each containing 50 mg E171 with 250 mL
of water; Blood samples taken 0, 30 minutes and
1, 1.5, 2, 3, 6, 8, and 10 h after ingestion

Peters et al.
(2020)

Male and female humans aged 83 to 97 (women)
and aged 64 to 98 (men) (n = 8 women; n = 7 men
for liver, spleen, kidney and n = 7 women; n = 5
men for jejunum and ileum); Measured Ti
concentration in liver, spleen, kidney, jejunum,
and ileum of deceased subjects.

n/a

Riedle et al.
(2020)

6 week old male and female C57BL/6 mice (18 per
group); Exposed via diet daily for 6, 12, and 18
wks (test article was formulated into diet); Mice
divided into 4 groups of 18: 0, 6.25, 62.5, or 625
mg/kg diet (equivalent to approximately 0, 1, 10,
or 100 mg/kg bw); n = 6 mice/group euthanized at
6, 12, and 18 weeks
8 week-old male NFR mice (4 per group); Treated
orally 3 days/week for 3 weeks (i.e., total of 9
treatments in 21 d); E171 freshly dispersed in
water; Test article slowly dripped into mouth via
pipette with each drop swallowed;

E171, anatase, 119 nm; Source: Sensient Colors (St.
Louis, MO, USA)

Talamini et al.
(2019)

Mice divided into 2 groups of 4: 0 or 5 mg/kg
bw/d (equivalent to daily dose of ~2 mg/kg bw/d);
Mice euthanized on day 21 (3 days after last dose)

E171, anatase, Mean diameter of 201.2 ± 8.5 nm;
Freshly dispersed in water (no sonication or deagglomeration to simulate realistic conditions);
35% nano (determined by TEM); Source: Pretiox
AVo1PhG (Giusto Faravelli S.p.A. Milan Italy)

Result
the GIT was not significantly affected by
treatment.

Semi-quantitative measure of particles using
reflectance as well as measurements of Ti
concentrations using ICP-MS; Significant
increases in signals at 2 h onwards, with a peak
at 6 h; Highest blood concentration at 6 hrs was
11 ng/mL, which declined to 5 ng/mL at 10 h.
Size of absorbed particles was not determined.
In 4/15 liver, 2/15 spleen, 1/15 kidney and 1/12
jejunum, Ti concentrations were below LOD;
Average concentration in the liver (0.03 µg/g),
spleen (0.06 µg/g), kidney (0.08 µg/g), jejunum
(0.34 µg/g), and ileum (0.43 µg/g); particles
sizes ranged from 50 to 500 nm (lowest size
LOD); Majority of Ti in organs consisted of
particulate matter ranging in size from 50 to
500 nm (mode ranges from 100 to 160 nm).
Presence of particles detected by reflectance
confocal microscopy (no quantification of
particles completed); Weak signals observed at
the base of Peyer’s patches at low and middoses; higher signals observed at highest dose;
Evidence of dose-response.
Ti concentrations in the suspension were
determined before and after the passage
through the pipette tip;
Liver, stomach, and whole intestine were
cleaned with ultrapure water to remove any
adhering blood or residue in the GI tract;
Ti concentrations in tissues were determined by
single particle ICP-MS analysis;
Ti concentrations in the liver (0.94 ± 0.57 µg/g
tissue) and large intestine (1.07 ± 0.38 µg/g
tissue) were significantly higher in treated mice
compared to controls;
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Tassinari et al.
(2014)

Young sexually mature male and female SD rats (7
per dose per sex); Treated by oral gavage for 5 d;
Suspended in distilled water by sonication for 15
minutes (dispersions prepared daily); Rats divided
into 3 groups of 14 (n = 7 males and n = 7
females): 0, 1 or 2 mg/kg bw/d; blood samples
and organs taken on day 6.

West and
Wyzan (1963)
as cited in
JECFA 1969

Male humans (n =5); Ingested 5g of E171
suspended in milk for 3 consecutive days; Urine
samples taken for 5 days

Test Article (source)

TiO2-NPs, anatase, Based on TEM analysis, primary
particles were spherical in shape (20-60 nm) and
irregular in shape (40-60 nm), but large
agglomerates of particles were also observed (size
not reported); Based on SEM analysis, the mean
diameter was 284 ± 43 nm with 13% of particles <
100 nm, 87% of particles ranging from 30 to 900
nm and 48% of particles ranging from 100 to 300
nm, but agglomerates up to 1.6 µm were also
observed; Source: Sigma-Aldrich Company Ltd.
(Gillingham, Dorset, UK).
E171 (no other details available)

Result
Ti concentrations in lungs, spleen, stomach,
small intestine not statistically significant
between treated and control mice;
Ti concentrations in the brain, kidney, and testis
below LOQ
Ti concentrations in organs and tissues were
not significantly different from controls with the
exception of the spleen and ovaries in the 2
mg/kg bw group; agglomerates of Ti particles
(200-400 nm) were identified in the spleen of
the 2 mg/kg bw group.

No increase in urinary Ti levels suggesting that
no significant absorption occurred.

124
State of the Science of Titanium Dioxide (TiO2 ) as a Food Additive

Food Directorate, Health Canada

June 2022

Appendix F – Summary of Studies Investigating Acute Toxicity
Table 6. Summary table of acute toxicity studies of TiO2 particles via the oral route.
Study
Wang et al. (2007)

Warheit et al. (2007)
Note that a similar study
is also described in
Warheit et al. 2015.

Ranjan et al. 2020

Study type, species, doses and dosing regimen
Acute toxicity study in mice according to OECD
Guideline 420 (Acute Oral Toxicity - Fixed Dose
Method)
CD-1 (ICR) mice (10 per sex per group) were
fasted overnight before being dosed with a
vehicle control (0.5% hydroxypropyl
methylcellulose; HPMC) or one of three sizes of
suspended TiO2 particles by oral gavage at 5000
mg/kg bw.
Acute toxicity study in rats according to OECD
Guideline 425 (Acute Oral Toxicity: Up-and-Down
Procedure)
Three fasted female Crl:CD(SD) rats were
administered TiO2 particles suspended in water
by oral gavage at a dose of 5000 mg/kg bw.
Acute toxicity study in female Wistar rats
according to OECD Guideline 420 (Acute Oral
Toxicity - Fixed Dose Method).
The experimental design included four groups (n
= 5 per group) with three different doses (500
mg/kg bw, 1000 mg/kg bw and 2000 mg/kg bw)
and a control group. Test article was
administered via oral gavage.

Test Article (source)
Three test articles:
1. TiO2-NPs, (25 nm), crystalline structure
not specified;
2. TiO2-NPs, (80 nm), crystalline structure
not specified;
3. TiO2, (155 nm), crystalline structure
not specified.

Result
Animals were sacrificed 14 days after dosing.
The LD50 was determined to be > 5000 mg/kg
bw. Histopathologic findings were reported in
brain, liver and kidney with the 80 and 155 nm
particles but not the 25 nm particles.

TiO2 particles were 79% rutile and 21%
anatase. Composition was ~90 wt% TiO2,
7% alumina, and 1% amorphous silica.
Median particle size was 140 nm in water
and surface area was 38.5 m2/g. Particles
underwent a neutralization process
during production.
TiO2-NPs (average size 28.3 ± 3.1 nm)
were synthesized in-house using a
microwave-irradiation-assisted hybrid
chemical approach.

No deaths occurred and no gross lesions were
present at necropsy. The LD 50 was determined
to be > 5000 mg/kg bw.

No mortality was observed in either the vehicle
control or the NP-treated rats. Thus, the acute
oral LD50 is estimated to be greater than 2000
mg/kg bw. At the end of the study, serum was
extracted from the sacrificed animals and
various biochemical parameters were analyzed.
It was observed that except for ALT, all the
other enzymes and protein estimation were not
significantly altered. A significant dosedependent increase in ALT levels was reported.
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Appendix G – Biomarkers of Colorectal Cancer
The development of colorectal cancer is a multistep process that typically begins with the appearance of
preneoplastic lesions (i.e., ACF/ABCs) that progress to pre-malignant lesions (i.e., polyps and adenomas)
and then to malignant lesions (i.e., carcinomas; Conteduca et al. 2013; Dekker et al. 2019; Kuipers et al.
2015). The progression of colorectal cancer can be affected by a wide variety of factors, including
genetics/epigenetics, growth factors, obesity, and chronic inflammation in the intestinal tract, among
others (Conteduca et al. 2013; Carvalho et al. 2012; Hermsen et al. 2002).
Colonic crypts are tubular structures located in the lining of the colon and rectum that originate from a
single mesenchymal stem cell located at the base of the crypt, which produce epithelial cells that renew
the crypt approximately every five days (Alrawi et al. 2006a; Humphries and Wright 2008). ABCs are
typically larger than healthy colonic crypts and have a thicker epithelium as well as a visible, irregular
luminal opening, whereas ACF are areas of colonic mucosa than contain one or more ABCs and can be
classified as non-hyperplastic, hyperplastic, dysplastic or mixed (Alrawi et al. 2006a; Pretlow et al. 1991;
Quintanilla et al. 2019). Many consider ACF/ABCs to be the earliest identifiable preneoplastic abnormality
in the development of colorectal cancer (Alrawi et al. 2006a; Clapper et al. 2020; Magnuson et al. 1993;
Uchida et al. 1997).
In 1987, ACF/ABCs were first identified as possible a precursor of colorectal cancer (Bird 1987) and since
then, multiple studies have demonstrated their role in predicting tumour formation in the colon of
laboratory animals (Kristiansen 1996; Magnuson et al. 1993; Pretlow et al. 1992; Uchida et al. 1997). Crypt
multiplicity (i.e., number of ABCs per focus) is a consistent predictor of tumour incidence in carcinogentreated laboratory animals; generally ACF with high crypt multiplicity (i.e., four or more ABCs) were
correlated with colonic tumour incidence, whereas ACF consisting of three or less crypts were not
predictive (Alrawi et al. 2006a; Magnuson et al. 1993; Pretlow et al. 1992; Kristiansen 1996). The
importance of crypt multiplicity in colon cancer is further supported by Uchida et al. (1997) who
demonstrated that the mucinous profile of ACF with four or more crypts in DMH-treated rats resembled
the mucinous profile observed in human colorectal cancer (i.e., increase in ACF with sialomucin
predominance relative to ACF with sulfomucin predominance). Caderni et al. (1995) also noted a positive
correlation between the number of sialomucin-producing ACF and crypt multiplicity as well as a significant
association between sialomucin-producing ACF and tumour incidence in DMH-treated rats; however, only
ACF consisting of 14 or more crypts were associated with tumour incidence. The number of ACF per colon
is another common parameter often measured, although multiple studies have noted that it is not a good
predictor of tumour incidence in carcinogen-treated laboratory animals (Caderni et al. 1995; Magnuson
et al. 1993). Other studies have noted the considerable heterogeneity in ACF histology as well as the
impact differences in study methodology or procedures (such as animal strain, mode of exposure,
duration of experimental procedure, etc.) may have on the number of ACF in the colon of carcinogentreated laboratory animals (Suzui et al. 2013). Pre-treatment with a colon carcinogenesis initiator itself
can also result in inter-individual variability of approximately 20-40% in ACF formation in rodents (see
Blevins et al. 2019; Rodrigues et al. 2002; Won et al. 2012 for examples of inter-individual variability within
DMH treatment groups). While some ACF do progress to adenomas and cancer, many ACF in carcinogentreated rodents spontaneously regress over time (Choi et al. 2015; Shpitz et al. 1996), which may limit its
usefulness as a biomarker of colonic tumorigenesis.
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The spontaneous formation of ACF is also not an uncommon observation in control mice and rats in the
absence of a colon carcinogenesis initiator despite colon cancer in these species being exceedingly rare.
For example, Furukawa et al. (2002) reported that ~42.5% of untreated, male and female F344 rats
spontaneously developed ACF in the colon over a 16-week period (~112 days), of which ~77% of ACF had
1-3 ABCs per focus and ~23% of ACF had ≥4 ABCs per focus, but the spontaneous development of
colorectal tumours was found to be ≤ 0.34%. In another study, approximately 35 ACF spontaneously
developed per colon in Wistar rats receiving saline by gavage for 90 days, with the majority of ACF
comprised of ≤3 ABCs and only one or two ACF with ≥4 ABCs per focus; no tumours were reported (Singh
et al. 2022). However, neither of these studies were likely long enough to fully assess whether any of the
ACF would progress to neoplasia.
In 1991, ACF/ABCs were first identified in the colon mucosa of human surgical resections and cadavers
and were found to be similar to those previously identified in rodent colons following treatment with
carcinogens (Pretlow et al. 1991). The authors noted that the number of ACF per cm 2 of colonic mucosa
were significantly higher in individuals with colon cancer compared to those without colon cancer or other
predisposing conditions. However, it should be noted that ACF have also been detected in the colons of
~15 to 77% of healthy patients (Adler et al. 2002; Hurlstone et al. 2005; Takayama et al. 1998). Since then,
many studies have suggested ACF may be a risk factor for human colorectal cancer and therefore, may
represent a useful, early biomarker for the development of colorectal cancer in humans (Anderson et al.,
2012; Di Gregorio et al. 1997; Drew et al., 2018; Kowalczyk et al., 2020; Takayama et al. 1998). In particular,
several studies reported that the risk for colorectal cancer in humans was strongly associated with the
presence of dysplastic ACF in the proximal colon and rectum as well as the number of crypts per focus
(≥20 crypts per focus) and the number of ACF per colon (>6 ACF per colon; Anderson et al., 2012; Clapper
et al. 2020; Drew et al. 2018; Kowalczyk et al. 2020; Takayama et al. 1998). This has led some to
recommend stratifying ACF based on the presence of certain features, particularly dysplasia, when
determining risk for colorectal cancer (Clapper et al. 2020; Di Gregorio et al. 1997). Although the difficultly
in identifying dysplastic ACF in situ (Clapper et al. 2020) as well as the dynamic nature of ACF over time in
humans (i.e., less than half of ACF re-identified after one-year; Schoen et al. 2008) may limit the utility of
this feature as a biomarker of human colorectal neoplasia.
The stepwise progression of ACF to colorectal cancer in humans is complex and likely follows multiple
routes, depending on ACF histology and many other factors. The classic adenoma-carcinoma pathway, in
which normal colonic mucosa evolve into ACF/ABCs that give rise to tubular and tubulovillous
adenomatous polyps (adenomas) and subsequently progress to cancer, is the most common pathway
reported and accounts for ~70-90% of human colorectal cancers (Kuipers et al. 2015; Dekker et al. 2019;
Siskova et al. 2020). As mentioned, the presence of dysplasia may increase the likelihood of ACF becoming
adenomas (Di Gregorio et al. 1997); although, the vast majority of adenomas (~90-95%) do not progress
to cancer despite most sporadic colorectal cancers beginning as adenomas (Hermsen et al. 2002;
Conteduca et al. 2013). In the last decade, it was discovered that ~10-20% of human colorectal cancers
arise from serrated polyps (i.e., hyperplastic polyps, sessile serrated polyps/adenomas, and traditional
serrated adenomas) via the serrated neoplasia pathway (Kuipers et al. 2015; Dekker et al. 2019).
Hyperplastic ACF with a serrated histology has been suggested as a potential precursor to the serrated
neoplasia pathway (Rosenberg et al. 2007). Conversely, others have argued that hyperplastic ACF may be
more likely to progress to hyperplastic polyps, which are largely considered non precancerous lesions (Di
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Gregorio et al. 1997), and still others reported no association between hyperplastic ACF and hyperplastic
polyps or other types of serrated polyps (Lance and Hamilton 2008; Cho et al. 2008). The percentage of
ACF that progress to colorectal cancer via either pathway is unclear, although some have estimated that
approximately 25% of ACF exhibit “some degree of genomic instability” similar to most adenomas and
carcinomas, suggesting only a small portion may develop into cancer over time (Alrawi et al. 2006a,b).
Overall, the use of ACF as a biomarker of colorectal cancer risk in laboratory animals and humans is
controversial. Very few of these lesions progress to neoplasia, with most spontaneously regressing over
time in rodents (Choi et al. 2015; Shpitz et al. 1996) and humans (Schoen et al. 2008). In carcinogentreated rodents, Inter-individual variability in ACF formation can be high (~20-40%; see Blevins et al. 2019;
Rodrigues et al. 2002; Won et al. 2012 for examples). In humans, some have strongly argued against the
use of ACF as a biomarker due to the lack of a clear association between certain ACF features (such as the
number of ACF per colon, presence of dysplasia, lumen morphology, and vascular pattern intensity) and
the risk of colorectal cancer (Quintanilla et al. 2019; Cho et al. 2008; Lance and Hamilton 2008). In a recent
case-control study, only the number of large ACF (>40 crypts per focus) was found to be associated with
increased risk of colorectal cancer, although Quintanilla et al. (2019) concluded that even this endoscopic
feature has “dubious clinical utility” since it did not accurately predict ACF histopathology or abnormal
molecular features of ACF indicative of colorectal cancer. The authors also noted inconsistencies in
histological classifications of ACF among pathologists, with considerable overlap between cases and
controls (Quintanilla et al. 2019). The difficulty in the histological characterization of ACF is likely
attributable to the considerable heterogeneity in ACF morphology, the lack of standardization in the
classification of ACF among pathologists as well as differences in methodology and tissue sampling
procedures across studies (Alrawi et al. 2006a; Quintanilla et al. 2019; Suzui et al. 2013).
Other commonly used biomarkers to determine the risk and/or progression of colorectal cancer include
measurements of various proteins in colorectal cancer tissue, serum protein levels, as well as various
genetic and epigenetic changes. For example, in human colorectal cancer tissue samples, decreased
expression of Muc2 (key structural component of colonic mucus) and increased expression of COX2
(inflammatory marker) and HER2 (growth factor) were associated with increased malignancy and poor
prognosis (Chao et al. 2018; Wu and Sun 2015). Decreased serum levels of L1CAM (a structural protein
found on neuronal cell membranes) are found in patients with colorectal cancer and may be a promising
biomarker for the early detection of colorectal cancer (Chu et al. 2020). A vast number of genomic
mutations involving the activation of oncogenes (e.g., KRAS, BRAF, etc.) and the inactivation of tumour
suppressor genes (e.g., APC, TP53, etc.), epigenetic instability related to excessive CpG island DNA
methylation as well as microsatellite and chromosomal instability have also been reported in both major
colorectal cancer pathways (Alrawi et al. 2006a; Conteduca et al. 2013; Kuipers et al. 2015; Dekker et al.
2019; Siskova et al. 2020). Many other biomarkers of colorectal cancer have also been proposed, which
have been summarized elsewhere (e.g., see Alrawi et al. 2006a; Conteduca et al. 2013; Siskova et al. 2020).

128
State of the Science of Titanium Dioxide (TiO2 ) as a Food Additive

Food Directorate, Health Canada

June 2022

Appendix H – Summary of Studies Investigating Genotoxicity
Table 7. Summary table of test results of in vitro genotoxicity studies with food-grade TiO2 .
Cell line, Exposure Concentrations and Duration,
Assay
Mutagenicity assays
Study

BioReliance
2021a

Salmonella typhimurium TA98, TA100,, TA1535,
TA1537 and the tryptophan locus of Escherichia coli
WP2 uvrA;
Exposed to E171 at concentrations of 33.3, 100, 333,
1000, 3333, or 5000 µg/plate in the presence and
absence of Aroclor 1254-induced rat liver S9 for 48 to
72 hours;
Water was used as vehicle control; the positive control
varied depending on experimental condition: 2aminoanthracene (all strains, +S9), 2-nitrofluorene
(TA98, -S9), sodium azide (TA100 & TA1535, -S9), 9aminoacridine (TA1537, -S9), MMS (WP2 uvrA, -S9);

Test Article (source) and Sample
Preparation
E171-E (anatase, D50: 99.9 ± 2.0 nm; 50-51% <
100 nm)
The test article was suspended in water by
vortex mixing (i.e., the test article was “stirred
using a stir plate and sterile stir bar during
dose formulation preparation…and dosing to
maintain a homogenous mixture”). The test
article was reported to form workable
suspensions in water at concentrations of
approximately 5 to 50 mg/ml.

Result/Remarks
Negative (+/- S9) for frameshift or basepair
substitution mutations at concentrations up to
5000 µg/plate. However, the bacterial reverse
mutation test may not be suitable for the
assessment of nanomaterials (or insoluble
particles, in general) since they may not be
readily taken up by the bacterial cells used in
this assay (Doak, et al. 2012; OECD 2014;
Kumari et al. 2010). TiO2-NPs are also known to
have antibacterial/bacteriostatic properties
(see Khashan et al. 2021; Lopez de Dicastillo et
al. 2020), which further limits the suitability of
the bacterial reverse mutation test for the
assessment of these materials.
Cellular uptake of particles was not confirmed;

Conducted in accordance with OECD guideline 471
Bacterial reverse mutation assay
BioReliance
2021b

Hypoxanthine-guanine phosphoribosyl transferase
(HPRT) locus (hprt) of Chinese hamster ovary (CHO)
cells;
CHO cells were exposed to E171 at concentrations of
0.156, 0.313, 0.625, 1.25, 2.50, 7.5, 15, or 30 µg/ml in
the presence and 0.0781, 0.313, 0.625, 1.25, 2.50, 7.5,
15, or 30 µg/ml absence of Aroclor 1254-induced rat
liver S9 (5±0.5 hours);

E171-E (anatase, D50: 99.9 ± 2.0 nm; 50-51% <
100 nm)
The test article was suspended in serum free
medium by vortex mixing.

No evidence of cytotoxicity, but a reduction in
revertant count was observed at ≥3333
µg/plate in TA1537 with metabolic activation.
Negative (+/- S9) for forward mutations at
concentrations up to 30 µg/ml. However, there
was no evidence of cellular uptake of the test
article in CHO cells in a subsequent TEM
imaging analysis and therefore, the lack of
genotoxic effects observed could be related to
the lack of exposure of the test article to the
DNA.
No evidence of cytotoxicity.

Serum free medium was used as the vehicle control ;
the positive control varied depending on experimental
condition: EMS (-S9) and benzo(a)pyrene (+S9);
Conducted in accordance with OECD guideline 476
Mammalian cell forward gene mutation assay
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Study

Cell line, Exposure Concentrations and Duration,
Assay

Dunkel et al.
(1985)

S. typhimurium TA98, TA100, TA1535, TA1537, TA1538,
E. coli WP2 uvrA;
Exposed to concentrations of TiO2 up to 10 mg/plate
for an unknown duration with and without S9;
S9 was prepared from the livers of male Fischer 344
rats, B6C3F1 mice, and Syrian hamsters with or without
Aroclor 1254 pre-treatment;
Positive and negative controls were included (no other
details provided);
Bacterial reverse mutation assay

Myhr and
Capary
(1991)

Thymidine kinase locus in L5178Y mouse lymphoma
cells;
Exposed to TiO2 at concentrations of 1.56, 3.13, 6.25,
12.5, 25, 50, or 100 µg/ml for 2 days with or without
S9;
S9 was prepared from the livers of male Fischer 344
rats with Aroclor 1254 pre-treatment;
Culture medium was used as negative control and 5
nl/ml MMS or 250 nl/ml EMS was used a s the positive
control;
Mammalian cell gene mutation assay

Tennant et al.
(1987)

S. typhimurium/microsome

Test Article (source) and Sample
Preparation
TiO2 (Unitane® 0-220)
Test article sourced from NTP repository of all
chemicals tested in carcinogenicity bioassays
(Radian Corporation) and therefore, it is likely
that it was the same material used in the NCI
two-year TiO2 cancer bioassay (Unitane® 0220; anatase; 113-135 nm and 109-124 nm by
SEM and TEM, respectively; up to 44% of
particles < 100 nm by number).
Based on similarities in both elemental
composition, median particle diameter, massspecific surface area, and percentage of
particles < 100 nm by number, Unitane® 0-220
can be considered highly comparable to the
current form of TiO2 added to food.
No information on sample preparation
TiO2 (Unitane® 0-220)
Test article sourced from NTP repository of all
chemicals tested in carcinogenicity bioassays
(Radian Corporation) and therefore, it is likely
that it was the same material used in the NCI
two-year TiO2 cancer bioassay (Unitane® 0220; anatase; 113-135 nm and 109-124 nm by
SEM and TEM, respectively; up to 44% of
particles < 100 nm by number).

Result/Remarks
Negative (+/- S9), but the bacterial reverse
mutation test may not be suitable for the
assessment of nanomaterials (or insoluble
particles, in general) since they may not be
readily taken up by the bacterial cells used in
this assay (Doak, et al. 2012; OECD 2014; ;
Kumari et al. 2010). TiO2-NPs are also known to
have antibacterial/bacteriostatic properties
(see Khashan et al. 2021; Lopez de Dicastillo et
al. 2020), which further limits the suitability of
the bacterial reverse mutation test for the
assessment of these materials.
Particle uptake not evaluated and no
information on cytotoxicity was reported.

Negative (+/- S9), but particle uptake not
evaluated and no information on cytotoxicity
reported;
TiO2 co-pelleted with cells after 4-hour
treatment period and therefore, the actual
exposure continued through the 2-day
expression period

Based on similarities in both elemental
composition, median particle diameter, massspecific surface area, and percentage of
particles < 100 nm by number, Unitane® 0-220
can be considered highly comparable to the
current form of TiO2 added to food.
Suspension of TiO2 prepared in water (no other
details available)
TiO2 (Unitane® 0-220)

Negative (+/- S9), but the bacterial reverse
mutation test may not be suitable for the
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Cell line, Exposure Concentrations and Duration,
Assay
Exposed to concentrations of TiO2 up to 10 mg/plate
for an unknown duration with and without S9;
No information about positive and negative controls
provided;
Bacterial reverse mutation assay

Test Article (source) and Sample
Preparation
Test article sourced from NTP repository of all
chemicals tested in carcinogenicity bioassays
(Radian Corporation) and therefore, it is likely
that it was the same material used in the NCI
two-year TiO2 cancer bioassay (Unitane® 0220; anatase; 113-135 nm and 109-124 nm by
SEM and TEM, respectively; up to 44% of
particles < 100 nm by number).
Based on similarities in both elemental
composition, median particle diameter, massspecific surface area, and percentage of
particles < 100 nm by number, Unitane® 0-220
can be considered highly comparable to the
current form of TiO2 added to food.

L5178Y mouse lymphoma cells;
Exposed to concentrations of TiO2 up to 1.6 µg/plate
for an unknown duration without S9;
No information about positive and negative controls
provided;
Mammalian cell gene mutation assay

No information on sample preparation
TiO2 (Unitane® 0-220)

Result/Remarks
assessment of nanomaterials (or insoluble
particles, in general) since they may not be
readily taken up by the bacterial cells used in
this assay (Doak, et al. 2012; OECD 2014;
Kumari et al. 2010). TiO2-NPs are also known to
have antibacterial/bacteriostatic properties
(see Khashan et al. 2021; Lopez de Dicastillo et
al. 2020), which further limits the suitability of
the bacterial reverse mutation test for the
assessment of these materials.
Particle uptake not evaluated and no
information on cytotoxicity reported.

Negative, but particle uptake not evaluated
and no information on cytotoxicity reported.

Test article sourced from NTP repository of all
chemicals tested in carcinogenicity bioassays
(Radian Corporation) and therefore, it is likely
that it was the same material used in the NCI
two-year TiO2 cancer bioassay (Unitane® 0220; anatase; 113-135 nm and 109-124 nm by
SEM and TEM, respectively; up to 44% of
particles < 100 nm by number).
Based on similarities in both elemental
composition, median particle diameter, massspecific surface area, and percentage of
particles < 100 nm by number, Unitane® 0-220
can be considered highly comparable to the
current form of TiO2 added to food.
No information on sample preparation

Micronucleus and chromosomal aberration assays
BioReliance
2021c

Human peripheral blood lymphocytes (HPBLs) obtained
from a healthy, non-smoking female;

E171-E (anatase, D50: 99.9 ± 2.0 nm; 50-51% <
100 nm)

Negative for the induction of micronuclei at
concentrations up to 30 µg/ml at 4 hours (+/S9) and 24 hours (-S9). However, cellular
uptake of the test article was not confirmed
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Cell line, Exposure Concentrations and Duration,
Assay
Exposed to E171 at concentrations of 0.3, 1, 10, or 30
µg/ml for 4 hours with or without Aroclor 1254induced rat liver S9, and 24 hours without Aroclor
1254-induced rat liver S9;

Test Article (source) and Sample
Preparation

Result/Remarks

The test article was reported to form workable
suspensions in water via vortex mixing at
concentrations of approximately 5 to 50
mg/ml.

and therefore, the negative results could also
be related to the lack of exposure;

Food-grade TiO2 (E171); 170 nm; anatase
(Hombitan AFDC, Venator).

Negative for micronuclei and hypodiploid
nuclei, but the presence of agglomerates
interfered with the detection of micronuclei in
the flow cytometry-based scoring method used
in this study;

No evidence of cytotoxicity at any treatment
concentrations for any exposure condition.

HPBLs were treated for 4 hours (+/- S9) and 24 hours (S9);
Water was used as the vehicle control; Mitomycin C
and vinblastine were used as the positive controls
without S9 and cyclophosphamide was used as the
positive control with S9;
Conducted in accordance with OECD guideline 487

Franz et al.
(2020)

Mammalian cell micronucleus assay
HT29-MTX-E12 cells;
Exposed to E171 at concentrations of 0.5, 5 or 50 µg/ml
for 48 hours without S9;
Negative controls were untreated cells; etoposide
(0.25-1 µM, 48 hours) and vinblastine (2.5-10 nM, 48
hours) were used as the clastogenic and aneugenic
positive controls, respectively;

Stable suspensions generated by bath
sonicating test article in double distilled water
for 10 minutes. The suspensions were
intentionally prepared to generate bigger
agglomerates that more closely resembled the
particle size distribution of E171 in the food
matrix.

Mammalian cell micronucleus assay
Ivett et al.
(1989)

Chinese hamster ovary (CHO) cells;

TiO2 (Unitane® 0-220)

Exposed to TiO2 at concentrations of 15, 20 or 25 µg/ml
for 2 hours with S9 and 8 hours without S9;

Test article sourced from NTP repository of all
chemicals tested in carcinogenicity bioassays
(Radian Corporation) and therefore, it is likely
that it was the same material used in the NCI
two-year TiO2 cancer bioassay (Unitane® 0220; anatase; 113-135 nm and 109-124 nm by
SEM and TEM, respectively; up to 44% of
particles < 100 nm by number).

S9 was prepared from the livers of male Fischer 344
rats with Aroclor 1254 pre-treatment;
Solvent was used as negative control, mitomycin C was
used as positive control without S9, and
cyclophosphamide was used as positive control with
S9;

Agglomeration status of the particles in the
exposure media was not confirmed and
cellular uptake of particles was not evaluated;
No evidence of cytotoxicity after 24 and 48
hours.
Negative (+/- S9), but particle uptake not
evaluated and no information on cytotoxicity
reported;
Highest dose limited by solubility; positive
result observed at 20 µg/ml in first trial (+S9),
but response was not reported in subsequent
trial and chemical judged to be negative.

Based on similarities in both elemental
composition, median particle diameter, mass-
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Cell line, Exposure Concentrations and Duration,
Assay
Chromosomal aberration assay

Proquin et al.
(2017)

Human colonic epithelial HCT116 cells;
Exposed to E171 at concentrations of 5, 10, 50, or 100
µg/cm2 (equivalent to 50, 100, 500, 1000 µg/ml) for 24
hours without S9;

Test Article (source) and Sample
Preparation

Result/Remarks

specific surface area, and percentage of
particles < 100 nm by number, Unitane® 0-220
can be considered highly comparable to the
current form of TiO2 added to food.
No information on sample preparation
Food-grade TiO2 (E171); 39% < 100 nm;
anatase (Sensient Technologies Company).
Stable suspensions generated by bath
sonicating test article in 30 minutes (no other
details provided).

Negative controls were untreated cells

Positive concentration-dependent increase in
the incidence of micronucleated binucleated
cells per 1000 binucleated cells at 5, 10, and 50
µg/cm2. The cells exposed to the highest
concentration (100 µg/cm 2) could not be
assessed due to the presence of agglomerated
particles, which interfered with the
identification of micronuclei.

Mammalian cell micronucleus assay
No evidence of cytotoxicity was reported
under test conditions;
The authors also reported “E171 [seemed] to
interact with the centromere region of
kinetochore poles during mitosis”; however,
based on the published photomicrographs, it is
difficult to determine whether the particles
were located inside the cells or on the surfa ce
of the cells.

Tennant et al.
(1987)

Chinese hamster ovary (CHO) cells;

TiO2 (Unitane® 0-220)

Exposed to concentrations of TiO2 up to 25 µg/ml for
unknown duration without S9;

Test article sourced from NTP repository of all
chemicals tested in carcinogenicity bioassays
(Radian Corporation) and therefore, it is likely
that it was the same material used in the NCI
two-year TiO2 cancer bioassay (Unitane® 0220; anatase; 113-135 nm and 109-124 nm by
SEM and TEM, respectively; up to 44% of
particles < 100 nm by number).

No information about positive and negative controls
provided;
Chromosomal aberration assay

No positive control.
Negative, but particle uptake not evaluated
and no information on cytotoxicity reported.

Based on similarities in both elemental
composition, median particle diameter, massspecific surface area, and percentage of

133
State of the Science of Titanium Dioxide (TiO2 ) as a Food Additive

Food Directorate, Health Canada
Study

June 2022

Cell line, Exposure Concentrations and Duration,
Assay

Test Article (source) and Sample
Preparation

Result/Remarks

particles < 100 nm by number, Unitane® 0-220
can be considered highly comparable to the
current form of TiO2 added to food.
No information on sample preparation

Comet assays
Brown et al.
(2019)

Caco-2 cells (undifferentiated);
Exposed to concentrations of 3.9, 7.8 or 15.6 µg/cm 2,
equivalent to 12.5, 25, and 50 µg/ml for 4 hours;
Untreated cells were used a negative control; H 2O2 and
KBrO3 used as positive controls;
Mammalian alkaline comet assay +/- Fpg
Human HepG2 liver cells;
Exposed to concentrations of 3.9, 7.8 or 15.6 µg/cm 2,
equivalent to 12.5, 25, and 50 µg/ml for 4 hours;
Untreated cells were used a negative control; H 2O2 and
KBrO3 used as positive controls;

Food-grade TiO2 (E171); Three size groups of
particles: 135±6, 305±61, 900±247 nm; 99.8%
anatase and 0.2% rutile (Bolsjehuset – a
supplier of candy ingredients).
Stable suspensions generated by sonicating
test article for 10 minutes without pause (no
other details available).
Food-grade TiO2 (E171); Three size groups of
particles: 135±6, 305±61, 900±247 nm; 99.8%
anatase and 0.2% rutile (Bolsjehuset – a
supplier of candy ingredients).
Stable suspensions generated by sonicating
test article for 10 minutes without pause (no
other details available).

Mammalian alkaline comet assay +/- Fpg

Mouse embryonic cells;
Exposed to concentrations of 0.98, 1.95, 3.9, 7.8 or
15.6 µg/cm2, equivalent to 3.13, 6.25, 12.5, 25, and 50
µg/ml for 4 hours;
Untreated cells were used a negative control; H 2O2 and
KBrO3 used as positive controls;
Mammalian alkaline comet assay +/- Fpg
Mouse embryonic cells;
Exposed to concentrations of 0.98, 1.95, 3.9, 7.8 or
15.6 µg/cm2, equivalent to 3.13, 6.25, 12.5, 25, and 50
µg/ml for 24 hours;

Food-grade TiO2 (E171); Three size groups of
particles: 135±6, 305±61, 900±247 nm; 99.8%
anatase and 0.2% rutile (Bolsjehuset – a
supplier of candy ingredients).

Negative for DNA strand breaks and increase in
Fpg-sensitive sites;
No evidence of cytotoxicity;
Visual scoring method used to assess the nuclei
for DNA damage (unclear if conducted in a
blinded manner);
Cellular uptake of particles not confirmed.
Negative for DNA strand breaks and increase in
Fpg-sensitive sites;
Evidence of cytotoxicity reported at the
highest dose tested (15.6 µg/cm2);
Visual scoring method used to assess the nuclei
for DNA damage (unclear if conducted in a
blinded manner);
Cellular uptake of particles not confirmed.
Positive for increase in DNA strand breaks at
the highest dose tested (15.6 µg/cm2), but not
Fpg-sensitive sites;
No information on cytotoxicity reported;

Stable suspensions generated by sonicating
test article for 10 minutes without pause (no
other details available).

Food-grade TiO2 (E171); Three size groups of
particles: 135±6, 305±61, 900±247 nm; 99.8%
anatase and 0.2% rutile (Bolsjehuset – a
supplier of candy ingredients).

Cellular uptake of particles not confirmed.

Negative for changes in DNA damage, oxidative
stress, p53-mediated cellular stress, or
unfolded protein response;
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Cell line, Exposure Concentrations and Duration,
Assay
Untreated cells were used a negative control; cisplatin
(DNA damage), diethyl maleate (oxidative stress),
tunicamycin (unfolded protein response- endoplasmic
reticulum stress), and KBrO3 used as positive controls;

Test Article (source) and Sample
Preparation
Stable suspensions generated by sonicating
test article for 10 minutes without pause (no
other details available).

Result/Remarks
Excessive levels of cytotoxicity observed
(approximately 25 to 75% of control) making
the results difficult to intepret;
Cellular uptake of particles not confirmed.

Dorier et al.
(2017)

ToxTracker reporter cell assay
Mono-culture of Caco-2 cells (undifferentiated) and coculture of Caco-2 cells (undifferentiated) and HT29MTX mucus secreting cells;
Acute: exposed to E171 at concentrations of 10 or 50
µg/ml for 6, 24 or 48 hours;
Chronic: exposed to E171 at concentrations of 10 or 50
µg/ml twice a week for three weeks;
Untreated cells were used a negative control; 50 nM
H2O2 used as positive control;
Mammalian alkaline comet assay +/- Fpg

Food-grade TiO2 (E171); mean 118±53 nm,
range 20-340 nm, 44.7% < 100 nm; anatase
with <1% rutile (French commercial supplier of
food colouring).
Stable suspensions generated using an indirect
cup type sonicator; test article sonicated in
water for 30 minutes.

Negative for DNA strand breaks and increase in
Fpg-sensitive sites in acute exposure
experiment and for DNA strand breaks in
chronic exposure experiment in both the
mono- and co-cultures,
Positive, slight increase in Fpg-sensitive sites at
both doses in the mono-culture, but only the
50 µg/ml in the co-culture in chronic exposure
experiment;
DNA damage was reported as fold-change
from negative control (no absolute values for
the treatment groups or negative or positive
controls were presented)
Exposure concentrations used “exceeded the
estimated human daily exposure to TiO2 [by]
approximately 10,000-fold”,
Authors reported that E171 accumulated in the
cells, but method used (ICP-MS of lysed cells)
could not distinguish between Ti accumulation
in cells and Ti bound to the cell membrane and
the TEM images were two dimensional making
it difficult to determine if the particles were
inside the cell or on the cell surface.
No evidence of cytotoxicity in acute or chronic
conditions;
Undifferentiated Caco-2 cells do not resemble
mature enterocyte-like cells and are less
representative of in vivo conditions;
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Cell line, Exposure Concentrations and Duration,
Assay

Test Article (source) and Sample
Preparation

Result/Remarks
The authors reported that E171 accumulated
in the cells; however, it is not possible to
surmise from the two dimensional TEM images
if the particles were inside of the cells or on
the surface of the cells;

Dorier et al.
(2019)

Co-culture of Caco-2 cells (undifferentiated) and HT29MTX mucus secreting cells;
Exposed to E171 at a concentration of 50 µg/ml for 24
hours;
Untreated cells were used a negative control; 30 µg/ml
MMS as positive control for alkaline comet assay and
A549 cells exposed to 1 µM riboflavin and then
irradiated with UVA as positive control for Fpg-comet
assay;

Franz et al.
(2020)

Stable suspensions generated using an indirect
cup type sonicator; test article sonicated in
water for 30 minutes.

No evidence of cytotoxicity after 6 or 48 hours;
Cellular uptake of particles not confirmed; only
single concentrations evaluated;

Mammalian alkaline comet assay +/- Fpg

Method did not indicate if controlled for
ambient light during slide preparation, lysis or
electrophoresis;

HT29-MTX-E12 cells;

Undifferentiated Caco-2 cells do not resemble
mature enterocyte-like cells and are less
representative of in vivo conditions.
Negative for DNA strand breaks;

Food-grade TiO2 (E171); 170 nm; anatase
(Hombitan AFDC, Venator).

Exposure to E171 at concentrations of 0.5, 5 or 50
µg/ml 48 hours;
Untreated cells were used a negative control; MMS (25
mM) and EMS (1 nM) used as positive controls;
Mammalian alkaline comet assay

Gea et al.
(2019)

Food-grade TiO2 (E171); mean 118±53 nm,
range 20-340 nm, 44.7% < 100 nm; anatase
with <1% rutile (French commercial supplier of
food colouring).

Method did not indicate if controlled for
ambient light during slide preparation, lysis or
electrophoresis.
Negative (+/- S9) for DNA double strand breaks
(as measured by 53BP1 immunostaining and 8oxo-dGuo levels in cells); no evidence that DNA
repair mechanisms were impacted;

Human BEAS-2B bronchial epithelial cells;

No evidence of cytotoxicity;
Stable suspensions generated by bath
sonicating test article in double distilled water
for 10 minutes. The suspensions were
intentionally prepared to generate bigger
agglomerates that more closely resembled the
particle size distribution of E171 in the food
matrix.

Food-grade TiO2 (E171); 150 nm; anatase
(Faravelli Group).

Preparation of the slides, lysis and
electrophoresis was conducted under
dim/yellow light to prevent additional DNA
damage;
Agglomeration status of the particles in the
exposure media was not confirmed and
cellular uptake of particles was not evaluated.
Positive; dose-dependent increase in DNA
strand breaks, Fpg-sensitive sites, and
oxidative damage starting at 50 µg/ml in light;
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Cell line, Exposure Concentrations and Duration,
Assay

Test Article (source) and Sample
Preparation

Exposure to E171 at concentrations of 20, 50, 80, 120
or 160 µg/ml (equivalent to 5.2, 13.0, 20.7, 31.2 or 41.6
µg/cm2) for 24 hours with light or in darkness;

Stable suspensions generated by bath
sonicating test article in 100 minutes (no other
details provided).

Unexposed cells and cells treated with 1% DMSO were
used as negative controls;

Result/Remarks
dose-dependent increase in DNA strand breaks
and Fpg-sensitive sites starting at 80 µg/ml in
darkness; oxidative damage only at highest
dose tested (160 µg/ml) in darkness;
The presence of DMSO may have affected the
oxidative response and the 24 hour duration
may have allowed for DNA repair to occur;

Mammalian alkaline comet assay +/- Fpg

No evidence of cytotoxicity after 24 hours at
concentrations up to 80 µg/ml, but did not test
the two highest concentrations used (i.e., 120
and 160 µg/ml);
Presence of particles observed in lung cells;
Relevance of E171 exposure to lung cells in
vitro to human dietary exposure to food-grade
TiO2 is uncertain;

Proquin et al.
(2017)

Undifferentiated human Caco-2 intestinal epithelial
cells;

Food-grade TiO2 (E171); 39% < 100 nm;
anatase (Sensient Technologies Company).

Exposed to E171 at a concentration of 0.143 µg/cm 2
(equivalent to 1 µg/ml) for 24 hours with or with coexposure to 20 µg/ml AOM;

Stable suspensions generated by bath
sonicating test article in 30 minutes (no other
details provided).

Negative controls were untreated cells ; H2O2 and AOM
were used as positive controls;

No positive control.
Positive, with similar levels of DNA damage in
E171 and E171+AOM conditions;
No evidence of cytotoxicity at concentration of
E171 and AOM tested;
Preparation of the slides, lysis and
electrophoresis was conducted under
dim/yellow light to prevent additional DNA
damage;

Mammalian alkaline comet assay
Only a single concentration tested and the
cellular uptake of particles at the E171
concentration tested was not confirmed.
Undifferentiated Caco-2 cells do not resemble
mature enterocyte-like cells and are less
representative of in vivo conditions.
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Cell line, Exposure Concentrations and Duration,
Assay
Other genotoxicity assays
Study

Ivett et al.
(1989)

Chinese hamster ovary (CHO) cells;

TiO2 (Unitane® 0-220)

Exposed to TiO2 at concentrations of 2.5, 8.5 or 25
µg/ml for 2 hours with S9 and 25 hours without S9;

Test article sourced from NTP repository of all
chemicals tested in carcinogenicity bioassays
(Radian Corporation) and therefore, it is likely
that it was the same material used in the NCI
two-year TiO2 cancer bioassay (Unitane® 0220; anatase; 113-135 nm and 109-124 nm by
SEM and TEM, respectively; up to 44% of
particles < 100 nm by number).

S9 was prepared from the livers of male Fischer 344
rats with Aroclor 1254 pre-treatment;
Solvent was used as negative control, mitomycin C was
used as positive control without S9, and
cyclophosphamide was used as positive control with
S9;
Sister chromatid exchange assay

Tennant et al.
(1987)

Test Article (source) and Sample
Preparation

Chinese hamster ovary (CHO) cells;
Exposed to concentrations of TiO2 up to 25 µg/ml for
unknown duration without S9;
No information about positive and negative controls
provided;
Sister chromatid exchange assay

Result/Remarks
Negative (+/- S9), but the in vitro sister
chromatid exchange assay in mammalian cells
was deleted by the OECD in 2014 due to “a lack
of understanding of the mechanism(s) of
action of the effect detected by the test”
(OECD 2017);
Highest dose limited by solubility; particle
uptake not evaluated and no information on
cytotoxicity was reported.

Based on similarities in both elemental
composition, median particle diameter, massspecific surface area, and percentage of
particles < 100 nm by number, Unitane® 0-220
can be considered highly comparable to the
current form of TiO2 added to food.
No information on sample preparation
TiO2 (Unitane® 0-220)
Test article sourced from NTP repository of all
chemicals tested in carcinogenicity bioassays
(Radian Corporation) and therefore, it is likely
that it was the same material used in the NCI
two-year TiO2 cancer bioassay (Unitane® 0220; anatase; 113-135 nm and 109-124 nm by
SEM and TEM, respectively; up to 44% of
particles < 100 nm by number).

Negative, but the in vitro sister chromatid
exchange assay in mammalian cells was
deleted by the OECD in 2014 due to “a lack of
understanding of the mechanism(s) of action
of the effect detected by the test” (OECD
2017);
Particle uptake not evaluated and no
information on cytotoxicity was reported.

Based on similarities in both elemental
composition, median particle diameter, massspecific surface area, and percentage of
particles < 100 nm by number, Unitane® 0-220
can be considered highly comparable to the
current form of TiO2 added to food.
No information on sample preparation
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Table 8. Summary table of test results of in vivo genotoxicity studies with food-grade TiO2 and test articles highly comparable to food-grade TiO2 .
Species-strain, Doses and Dosing Regimen,
Assay
Mutagenicity assays
Study

Test Article (source) and Sample
Preparation

Result/Remarks

None identified

Micronucleus and chromosomal aberration assays
Shelby et al.
(1993)

9 to 14-week-old male B6C3F1 mice (n = 5 per
group);
Treated by intraperitoneal injection daily for 3 days
with vehicle control (corn oil) or doses of 250, 500, or
1000 mg/kg bw/d TiO2 in corn oil in the first
experiment and vehicle control (corn oil) or doses of
500, 1000, or 1500 mg/kg bw/d TiO2 in corn oil in the
second experiment.
Positive control: dimethylbenzanthracene (12.5
mg/kg in corn oil, presumably by intraperitoneal
injection).
Mice euthanized 24 hours after last treatment and
bone marrow (femur) and peripheral blood samples
were collected.
Mammalian erythrocyte micronucleus assay

Shelby and
Witt (1995)

9 to 14-week-old male B6C3F1 mice (n = 8 per
group);
Single intraperitoneal injection of vehicle control
(corn oil) or doses of 625, 1250, or 2500 mg/kg bw
TiO2 in corn oil.
Positive control: presumably
dimethylbenzanthracene (12.5 mg/kg in corn oil,

TiO2 (Unitane® 0-220)
Test article sourced from NTP repository of all
chemicals tested in carcinogenicity bioassays
(Radian Corporation) and therefore, it is likely
that it was the same material used in the NCI
two-year TiO2 cancer bioassay (Unitane® 0-220;
anatase; 113-135 nm and 109-124 nm by SEM
and TEM, respectively; up to 44% of particles <
100 nm by number).
Based on similarities in both elemental
composition, median particle diameter, massspecific surface area, and percentage of particles
< 100 nm by number, Unitane® 0-220 can be
considered highly comparable to the current
form of TiO2 added to food.
Doses were prepared using corn oil as the test
vehicle and then suspended in solution with a
Tek-Mar Tissumizer® homogenizer.

TiO2 (Unitane® 0-220)

Negative in both experiments (bone marrow
erythrocytes and peripheral blood
reticulocytes)
Experiment 1:
A statistical significant positive trend observed
for bone marrow erythrocytes, with a
statistically significant increase in
micronucleated cells per 1000 PCEs at the
highest dose tested compared to controls, but
no clear dose-response and elevated test
results were within the range of control data
for the same sex and strain reported by the
same authors. No evidence of micronuclei
formation in peripheral blood erythrocytes.
Experiment 2:
A statistically significant increase in
micronucleated cells per 1000 PCEs observed
at the intermediate dose compared to control,
but not at the lowest or highest doses tested.
Elevated test results were within the range of
control data for the same sex and strain
reported by the same authors.
Unclear what impact the sample preparation
method had on agglomeration status of TiO2
particles.
Negative at both time points (bone marrow
cells)

Test article sourced from NTP repository of all
chemicals tested in carcinogenicity bioassays
(Radian Corporation) and therefore, it is likely
that it was the same material used in the NCI
two-year TiO2 cancer bioassay (Unitane® 0-220;
anatase; 113-135 nm and 109-124 nm by SEM
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Species-strain, Doses and Dosing Regimen,
Assay

Test Article (source) and Sample
Preparation

presumably by intraperitoneal injection), but data
not presented.

and TEM, respectively; up to 44% of particles <
100 nm by number).

Mice euthanized 17 and 36 hours after last treatment
and bone marrow (femur) samples were collected.

Based on similarities in both elemental
composition, median particle diameter, massspecific surface area, and percentage of particles
< 100 nm by number, Unitane® 0-220 can be
considered highly comparable to the current
form of TiO2 added to food.

Mammalian bone marrow chromosomal aberration
assay

Result/Remarks

No information on sample preparation was
available

Comet assays
Bettini et al.
(2017)

Adult male Wistar rats (10 per group);
Treated by gavage daily for 7 days with either vehicle
control (water) or 10 mg/kg bw/d of E171 dispersed
in water.
Rats were euthanized (timing not reported) and
Peyer’s patch cells were collected.

Food-grade TiO2 (E171); mean 118±53 nm, range
20-340 nm, 44.7% < 100 nm; anatase (French
commercial supplier of food colouring).
Stable dispersions generated using the
NANOGENOTOX dispersion protocol (particles
ultrasonicated for 16 minutes at 20 kHz in 0.05%
w/v BSA).

Mammalian alkaline comet assay +/- Fpg
Jensen et al.
(2019)

8-13 week old female lean Zucker (Crl:ZUC-Leprfa)
rats (10 per group);
Treated by gavage once a week for 10 weeks with
vehicle control (sterile water with 2% FBS) or doses of
50, or 500 mg/kg bw/d E171 dispersed in filtered
sterile water with 2% FBS.
Rats were euthanized 24 hours after the last
treatment and liver and lung tissue were collected.
Positive control: KBrO3 (5 mM) exposed THP-1 cells.
Mammalian alkaline comet assay +/- Fpg or hOGG1

Food-grade TiO2 (E171); Three size groups of
particles: 135±6, 305±61, 900±247 nm; 99.8%
anatase and 0.2% rutile (Bolsjehuset – a supplier
of candy ingredients).
Stable dispersions generated using the ENPRA
dispersion protocol (particles ultrasonicated at
20 kHz for 16 minutes in filtered sterile water
with 2% FBS).
Doses were prepared daily and administered
immediately to rats.

Negative (Peyer’s patch cells).
E171 particles were detected in Peyer’s patch
cells of treated rats confirming exposure.
Method did not indicate if controlled for
ambient light during slide preparation, lysis or
electrophoresis.
No positive control and only a single dose
group tested.
Equivocal (liver and lung cells)
No evidence of DNA strand breaks and Fpg- or
hOGG1-sensitive sites in liver and lung cells
and E171 treatment did not affect repair of
KBrO3-induced oxidative damage in lung tissue.
However, limitations described below raise
some questions as to the reliability of the study
findings and make the negative results difficult
to interpret.
Systemic exposure to the test article in the
liver and lung was not confirmed and DNA
damage was not evaluated in an appropriate
target tissue (i.e., GIT);
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Species-strain, Doses and Dosing Regimen,
Assay

Test Article (source) and Sample
Preparation

Result/Remarks
Only two dose groups were evaluated; an outof
date dosing regime was used; a visual scoring
method was used to determine the level of DNA
damage
The analysis of DNA damage occurred 24 hours
after last exposure instead of 2-6 hours after
last dose, which may have allowed DNA repair
to occur;
Method did not indicate if controlled for
ambient light during slide preparation, lysis or
electrophoresis.

Table 9. Summary table of test results of in vivo genotoxicity studies with TiO2 particles with a mean diameter of > 100 nm. The test articles used
in these studies were insufficiently characterized to allow for comparison with the food-grade TiO2 .
Species-strain, Doses and Dosing Regimen,
Assay
Mutagenicity assays
Study

Test Article (source) and Sample
Preparation

Result/Remarks

None identified

Micronucleus and chromosomal aberration assays
Donner et al.
(2016)

7 to 8-week-old male and female Crl:CD(SD) or Wistar
Crl:WI(Han) rats (5 per sex per group; 7 per sex at
highest dose level);
Single gavage administration of vehicle control
(sterile water) or doses of 500, 1000, or 2000 mg/kg
bw TiO2 dispersed in sterile water.
Positive control: 10 mg/kg bw cyclophosphamide
(intraperitoneal injection).
Peripheral blood samples collected 48 and 72 hours
after last treatment.
Conducted in accordance with OECD guideline 474
Mammalian erythrocyte micronucleus assay

Three test articles:
1. TiO2 (pigment grade; pg-1); median particle
diameter of 120 nm; 27% of particles < 100 nm;
anatase; mass-specific surface area of 8.1 m 2/g;
isoelectric point around pH 4; whole particle and
surface elemental composition including K, P,
and Nb (source unknown)
2) TiO2 (pigment grade; pg-2); median particle
diameter of 165 nm; 11% of particles < 100 nm;
rutile; mass-specific surface area 7.1 m 2/g;
isoelectric point around pH 6; whole particle and
surface elemental composition including Al
(source unknown)
3) TiO2 (pigment grade; pg-3); median particle
diameter of 132 nm; 26% of particles < 100 nm;
rutile; mass-specific surface area of 17.1 m 2/g;
isoelectric point around pH 4; whole particle and

Equivocal at both time points for all three test
articles (peripheral blood reticulocytes).
However, Ti concentrations measured in the
blood and liver were consistently low (≤1.14
µg/g blood and ≤0.316 µg/g liver), indicating
low oral bioavailability of the pg-1 material
regardless of dose administered. There was
also no evidence of a dose-response, with
similar Ti concentrations measured across the
pg-1 dose groups and negative controls.
Therefore, the lack of genotoxic effects
observed for the three pigment-grades of TiO2
were considered to be related to the lack of
exposure to the test articles on account of
their low oral bioavailability.
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Species-strain, Doses and Dosing Regimen,
Assay

Test Article (source) and Sample
Preparation
surface elemental composition including Al, Si,
and Nb; particles reported to be coated, but no
other details provided (source unknown)

Sycheva et al.
(2011)

Male CBAxB6 mice (6 per group);
Treated by gavage daily for 7 days with vehicle
control (distilled water) or doses of 40, 200 or 1000
mg/kg bw/d TiO2 dispersed in distilled water.

Stable dispersions generated by ultrasonicating
the test articles in water for 3 hours at 50W.
TiO2 (cosmetic grade); mean 160 ± 59.4 nm;
anatase (marketed as a cosmetic ingredient in
Russia).
TiO2 particles dispersed in distilled water (no
other details provided).

Mice were euthanized 24 hours after the last
treatment and bone marrow (femur), forestomach,
colon, and testis samples were collected.
Mammalian erythrocyte micronucleus assay

Result/Remarks
The physicochemical properties of anatase pg1 material were consistent with food grade
TiO2, however, not enough data was available
on the current rutile forms of TiO2 added to
food to determine if the pg-2 and pg-3
materials were comparable to food-grade TiO2.
Equivocal (bone marrow erythrocytes)
Negative (forestomach and colon epithelia and
testis spermatids)
A statistically significant increase in
micronuclei formation in bone marrow PCEs at
the highest dose tested; however, this increase
was also small in magnitude and of uncertain
biological significance. The analysis of
micronuclei incidence in bone marrow PCEs
deviated from OECD test guidelines (474;
1997), with 1000 PCEs scored instead of the
recommended 2000 or more PCEs. There was
also no evidence of cytotoxicity observed in
bone marrow PCEs and systemic exposure to
the bone marrow was not confirmed.
No evidence of micronuclei, nuclear
protrusions, or typical nuclei in epithelial cells
of the forestomach or colon or induced
micronuclei in spermatids, but there was
evidence of cytotoxicity.
No positive control.
In addition, the relevance of this study for the
assessment of TiO2 as a food additive was
questionable since test article administered
was not sufficiently characterized to allow for
comparison with the form of TiO2 added to
food.

Comet assays
Murugadoss
et al. (2020)

8-week-old female C57BL/6JRj mice (4-5 per group);

TiO2 (JRC NM10200a); mean 117 nm; anatase
(JRC nanomaterial); median equivalent circle

Equivocal (blood cells)
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Species-strain, Doses and Dosing Regimen,
Assay
Single gavage administration of vehicle control
(suspension medium) or doses of 10, 50 or 250 µg
TiO2 per mouse (equivalent to ~0.6, 2.9 or 14.7 mg/kg
bw).
Mice were euthanized 3 days post-dosing and blood
samples were collected.
Positive control: Hydrogen peroxide (100 μM for 15
minutes) exposed blood cells from untreated mice.
Mammalian alkaline comet assay

Test Article (source) and Sample
Preparation
diameter of small and large agglomerates were
122 and 352 nm, respectively.
Stable dispersions generated by ultrasonicating
the test article in suspension media designed to
produce small or large agglomerates using a
probe sonicator (7056J) by using different pH
conditions (pH 7.5 and pH 2, respectively).
Particle suspensions were immediately stabilized
with 0.25% BSA and the suspension dispersed at
pH 2 was readjusted to pH 7-7.5.
The median equivalent circle diameter was 122
nm for small agglomerates and 352 nm for large
agglomerates.

Result/Remarks
A significant positive result was observed
starting at the lowest dose tested for large
agglomerates, and at the intermediate dose
with small agglomerates, but no evidence of
dose-response. Similar levels of DNA damage
observed at all doses for both sizes of
agglomerates and therefore, the biological
significance of the dose-response relationship
was considered uncertain.
In addition, the TiO2 particles would have had
to be taken up by the cell nucleus to interact
with the DNA to produce positive results and
there is no evidence this occurs for particles of
this size. There was also no reported change in
blood Ti levels in response to TiO2 treatment
suggesting low bioavailability.
Only a single sampling time 72 hours postdosing was evaluated and positive control data
was not reported
Method did not indicate if controlled for
ambient light during slide preparation, lysis or
electrophoresis.
The study was designed to evaluate the
properties/behaviour of nanomaterials under
specific experimental conditions to generate
small and large agglomerates of which the
relevance to human exposure to food-grade
TiO2 through the diet is uncertain.
In addition, the relevance of this study for the
assessment of TiO2 as a food additive was
questionable since test article administered
was not sufficiently characterized to allow for
comparison with the form of TiO2 added to
food.
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Species-strain, Doses and Dosing Regimen,
Assay
Male CBAxB6 mice (5 per group);
Treated by gavage daily for 7 days with vehicle
control (distilled water) or doses of 40 or 200mg/kg
bw/d TiO2 dispersed in distilled water.
Mice were euthanized 24 hours after the last
treatment and bone marrow (femur), brain, and liver
tissue samples were collected.
Mammalian alkaline comet assay

Test Article (source) and Sample
Preparation
TiO2 (cosmetic grade); mean 160 ± 59.4 nm;
anatase (marketed as a cosmetic ingredient in
Russia).
TiO2 particles dispersed in distilled water (no
other details provided).

Result/Remarks
Equivocal (bone marrow cells)
Negative (brain and liver cells)
For bone marrow cells, a statistically significant
increase in % tail DNA was observed at both
doses tested, but this increase was of
uncertain biological significance since it was
small in magnitude and there was no evidence
of a dose response.
In addition, the TiO2 particles would have had
to be taken up by the cell nucleus to interact
with the DNA to produce positive results and
there is no evidence this occurs for particles of
this size.
No information on organ toxicity was provided
and systemic exposure to the test article in the
bone marrow, liver, and brain was not
confirmed.
Preparation of the slides, lysis and
electrophoresis was conducted under
dim/yellow light to prevent additional DNA
damage.
Only two dose groups were tested, the analysis
of DNA damage occurred 24 hours after the
last exposure (which may have allowed DNA
repair to occur) and there was no positive
control.
In addition, the relevance of this study for the
assessment of TiO2 as a food additive was
questionable since test article administered
was not sufficiently characterized to allow for
comparison with the form of TiO2 added to
food.
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Table 10. Summary table of test results of in vivo genotoxicity studies with non-food-grade TiO2 -NPs with a mean diameter of < 100 nm.
Species-strain, Doses and Dosing Regimen,
Assay
Mutagenicity assays
Study

Louro et al.
(2014)

Test Article (source) and Sample
Preparation

3-month-old C57B1/6-Tg (LacZ) mice (sex unknown),
5-6 per group;

TiO2-NPs; mean 22nm; anatase (NM-102; JRC
nanomaterial)

Treated by intravenous injection via caudal vein for 2
days with vehicle control (dispersion medium) or
doses of 10 or 15 mg/kg bw/d TiO2-NPs in dispersion
medium.

Stable dispersions generated using the
NANOGENOTOX dispersion protocol (particles
ultrasonicated for 16 minutes at 400 W in 0.05%
w/v BSA) and then diluted with PBS.

Result/Remarks
Negative (liver and spleen cells).
Health Canada’s Food Directorate does not
consider the test article relevant to the hazard
characterization of food-grade TiO2.

Positive control: N-ethyl-N-nitrosourea (120
mg/kg/bw by intraperitoneal injection).
Mice were euthanized 28 days after last treatment
and liver and spleen tissue samples were collected.

Sadiq et al.
(2012)

Transgenic rodent gene mutation assay (LacZ)
6-7-week-old male B6C3F1 mice (5 per group);
Treated by intraperitoneal injection daily for 3 days
with vehicle control (PBS) or doses of 0.5, 5, 50
mg/kg bw/d TiO2-NPs in PBS.

TiO2-NPs; mean 12.1 nm; anatase (synthesized
by sol-gel method)
Stable dispersions generated with vigorous
mixing and sonication test article in PBS (no
other details provided).

Positive control: N-ethyl-N-nitrosourea (140
mg/kg/bw by intraperitoneal injection)

Erythrocyte Pig-α gene mutation assay
8-week-old male gpt Delta C57BL/6J mice (5 per
group);
Treated by intravenous injection via caudal vein once
a week for 4 weeks with vehicle control (disodium
phosphate) or doses of 2, 10, 50 mg/kg bw/d TiO2NPs in disodium phosphate.

Unclear if dosing occurred by intravenous or
intraperitoneal injection, but the EFSA FAF
Panel (2021a) confirmed with authors that
dosing occurred via intraperitoneal injection.
Health Canada’s Food Directorate does not
consider the test article relevant to the hazard
characterization of food-grade TiO2.

Peripheral blood samples collected 1 day pre-dosing
and 1, 2, 4, and 6 weeks after the first dose.

Suzuki et al.
(2016)

Negative (peripheral blood reticulocytes).

TiO2-NPs; mean 21 nm; 80% anatase, 20% rutile
(Sigma)
Stable dispersion generated by ultrasonicating
test article in 2 mg/mL disodium phosphate in
water bath.

Negative for Pig-α gene mutations (peripheral
blood erythrocytes) and negative for gpt and
Spi - gene mutations (liver cells).
Health Canada’s Food Directorate does not
consider the test article relevant to the hazard
characterization of food-grade TiO2.
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Species-strain, Doses and Dosing Regimen,
Assay

Test Article (source) and Sample
Preparation

Positive control: N-ethyl-N-nitrosourea (70 mg/kg) or
diethylnitrosamine (160 mg/kg) by intraperitoneal
injection.

Vehicle control was also ultrasonicated in water
bath.

Result/Remarks

Mice were euthanized 9 days after last treatment and
peripheral blood and liver tissue samples were
collected.

Suzuki et al.
(2020)

Erythrocyte Pig-α gene mutation assay and
transgenic rodent gene mutation assay (gpt, Spi -)
8-week-old male gpt Delta C57BL/6J mice (6 per
group);
Treated by intravenous injection via caudal vein once
a week for 4 weeks with vehicle control (disodium
phosphate) or doses of 2, 10, 50 mg/kg bw/d TiO2NPs in disodium phosphate.
Mice were euthanized 90 days after last treatment
and liver tissue samples were collected.

Trouiller et
al. (2009)

Transgenic rodent gene mutation assay (gpt, Spi -)
4-5-month-old pregnant C57Bl/6Jp un/p un mice (5 per
group)
Exposed to TiO2-NPs in drinking water at a
concentration of 300 µg/mL (equivalent to 50 mg/kg
bw/d based on average weight of 30 grams per
mouse and average daily water intake of 5 mL) for 10
days (from 8.5 to 18.5 post-coitum). Vehicle control
was water.

TiO2-NPs; mean 21 nm; 80% anatase, 20% rutile
(Sigma)
Stable dispersion generated by ultrasonicating
test article in 2 mg/mL disodium phosphate in
water bath.
Vehicle control was also ultrasonicated in water
bath.

TiO2-NPs; mean 21 nm; 75% anatase, 25% rutile
(Degussa-Evonik)
Stable dispersion generated by ultrasonicating
test article in drinking water for 15 minutes.

Negative (liver cells).
Reported that mutation assays conducted as
previously described (Suzuki et al. 2016), which
likely includes positive control: N-ethyl-Nnitrosourea (70 mg/kg) or diethylnitrosamine
(160 mg/kg) by intraperitoneal injection.
However, no positive control data reported.
Health Canada’s Food Directorate does not
consider the test article relevant to the hazard
characterization of food-grade TiO2.
Positive for an increase in the frequency of
DNA deletions in fetuses (number of eyespots
per retinal pigment epithelium)
No positive control.
The equivalent dose was reported as 500
mg/kg bw/d, but based on information
reported by the authors the equivalent dose
was actually 50 mg/kg bw/d.

Offspring (fetuses) were euthanized at 20 days and
their eyes (retinal pigment epithelium) were
collected.

Health Canada’s Food Directorate does not
consider the test article relevant to the hazard
characterization of food-grade TiO2.

DNA deletion assay (p un locus)

Micronucleus and chromosomal aberration assays
Ali et al.
(2019)

Male Swiss Albino mice (15 per group);

Two test articles:
1. TiO2-NPs; mean 21 nm; crystalline form
unknown (Sigma)

Positive (bone marrow cells).
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Species-strain, Doses and Dosing Regimen,
Assay
Treated by gavage daily for 5 days with vehicle
control (physiological saline) or doses of 50, 250, 500
mg/kg bw/d TiO2-NPs in physiological saline.
Mice were euthanized after last treatment and bone
marrow was collected.

Test Article (source) and Sample
Preparation
2. TiO2-NPs; mean 80 nm; crystalline form
unknown (Sigma)
Sample preparation unclear, but presumably
followed method described in Trouiller et al.
(2009) – ultrasonicated for 15 minutes (no other
information available).

Mammalian bone marrow chromosomal aberration
assay
Chakrabarti
et al. (2019)

7-8-week-old male and female Swiss albino mice (5
per sex per group);

TiO2-NPs; mean 58 nm; crystalline form
unknown (Sigma)

Treated by gavage for 90 days with vehicle control
(water) or doses of 200, 500 mg/kg bw/d TiO2-NPs in
water.

Suspended test article in water (no other details
provided).

Positive control: cyclophosphamide (40 mg/kg bw)
via intraperitoneal injection on day 88.

Chen et al.
(2014)

Treated by gavage daily for 30 days with vehicle
control (ultrapure water) or doses of 10, 50, or
200 mg/kg bw/d TiO2-NPs in ultrapure water.

Mammalian erythrocyte micronucleus assay
14-week-old male Wistar rats (7 per group per time
point);

No positive control.
Health Canada’s Food Directorate does not
consider the test article relevant to the hazard
characterization of food-grade TiO2.
Positive (bone marrow cells)
Statistically significant increase in percentage
of micronucleated polychromatic erythrocyte
at highest dose tested, but evidence of dose
response.

Health Canada’s Food Directorate does not
consider the test article relevant to the hazard
characterization of food-grade TiO2.

TiO2-NPs; mean 75 ± 15 nm; anatase (Shanghai
Aladdin Reagent Co. Ltd, China)

Negative (bone marrow cells).
No positive control.

Stable dispersions generated by ultrasonicating
test article in ultrapure water for 15 minutes and
stirred on vortex agitator before each use.

Rats were euthanized after last treatment and bone
marrow (femur) samples were collected

Dobrzynska
et al. (2014)

Dose-dependent increase in mean percentage
of metaphases with chromosomal aberrations
starting at lowest dose tested for both test
articles.

Statistically significant increase in total number
of chromosomal aberrations at highest dose
tested but evidence of dose-response.

Mice were euthanized after last treatment and bone
marrow (femur) samples were collected
Mammalian erythrocyte micronucleus and
mammalian bone marrow chromosomal aberration
assays
8-week-old male Sprague Dawley rats (7 per group);

Result/Remarks

TiO2-NPs; mean 21 nm; 85% anatase, 15% rutile
(NM-105; JRC nanomaterial)

Health Canada’s Food Directorate does not
consider the test article relevant to the hazard
characterization of food-grade TiO2.

Positive (bone marrow cells).
increase in number of micronuclei per 1000
PCE at 24 hours, but not 1 or 4 weeks; No
effect on PCE%. Negative for chromosome
damage at all time points.
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Species-strain, Doses and Dosing Regimen,
Assay
Single intravenous injection via caudal vein of vehicle
control (0.9% NaCl solution) or 5 mg/kg bw TiO2 in
BSA/PBS solution.

Test Article (source) and Sample
Preparation
Stable dispersions generated by ultrasonicating
(output 20) test article in PBS; bovine serum
albumin added after sonication.

Mammalian erythrocyte micronucleus assay
7 to 8-week-old male and female Crl:CD(SD) or Wistar
Crl:WI(Han) rats (5 per sex per group; 7 per sex at
highest dose level);
Single gavage administration of vehicle control
(sterile water) or doses of 500, 1000, or 2000 mg/kg
bw TiO2 dispersed in sterile water.

No positive control.
Health Canada’s Food Directorate does not
consider the test article relevant to the hazard
characterization of food-grade TiO2.

Rats were euthanized 24 hours, 1 week and 4 weeks
after treatment and bone marrow (femur) samples
were collected.

Donner et al.
(2016)

Result/Remarks

Three test articles:
1. TiO2-NPs; 42 nm; anatase (source unknown)
2. TiO2-NPs; 43 nm; 83.5% anatase, 16.5% rutile
(source unknown)
3. TiO2-NPs; 47 nm; rutile (source unknown)

Negative (peripheral blood reticulocytes ).
Health Canada’s Food Directorate does not
consider the test article relevant to the hazard
characterization of food-grade TiO2.

Stable dispersions generated by ultrasonicating
the test articles in water for 3 hours at 50W.

Positive control: 10 mg/kg bw cyclophosphamide
(intraperitoneal injection).
Peripheral blood samples collected 48 and 72 hours
after last treatment.

El-Bassyouni
et al. (2017)

Mammalian erythrocyte micronucleus assay
Adult male Albino mice (5 or 10 per group);
Treated by intraperitoneal injection once a week for
4 weeks with vehicle control (saline water) or doses
of 100, 200, or 400 mg/kg bw/d TiO2-NPs in saline
water.
Positive control: 40 mg/kg bw cyclophosphamide
(intraperitoneal injection).

TiO2-NPs; particle size unknown; anatase (BDH)

Positive (bone marrow cells).

No information about sample preparation was
provided.

Increased incidence of micronucleated PCEs at
highest dose tested, but not at lower or
intermediate doses. Evidence of doseresponse.
Unclear if the authors tested 5 or 10 mice per
treatment group.

Mice were euthanized (timing not reported) and
bone marrow (femur) samples were collected.

El-Ghor et al.
(2014)

Mammalian erythrocyte micronucleus assay
Male Swiss Webster mice (5 per group);

TiO2-NPs; mean 44 nm; anatase/rutile (Sigma)

Treated by intraperitoneal injection daily for 5 days
with vehicle control (deionized water) or doses of

No information about sample preparation was
provided.

Health Canada’s Food Directorate does not
consider the test article relevant to the hazard
characterization of food-grade TiO2.
Positive (bone marrow cells).
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Species-strain, Doses and Dosing Regimen,
Assay

Test Article (source) and Sample
Preparation

500, 1000, or 2000 mg/kg bw/d TiO2-NPs in deionized
water.

Increased incidence of micronucleated PCEs
and decrease in PCEs/NCEs ratio starting at
lowest dose with evidence of dose-response.

Positive control: 25 mg/kg bw cyclophosphamide
(intraperitoneal injection).

Health Canada’s Food Directorate does not
consider the test article relevant to the hazard
characterization of food-grade TiO2.

Mice were euthanized 24 hours after final treatment
and bone marrow (femur) samples were collected.

Fadoju et al.
(2019)

Mammalian erythrocyte micronucleus assay
6-8-week-old male Swiss mice (5 per group per time
point);
Treated by intraperitoneal injection daily for 5 days
with vehicle control (MilliQ water) or doses of 9.38,
18.75, 37.5, 75, or 150 mg/kg bw/d TiO2-NPs in MilliQ
water.

TiO2-NPs; < 25 nm; anatase (Sigma)

Positive (bone marrow erythrocytes).

Stable dispersions generated by ultrasonicating
test article in MilliQ water in a sonication bath
three times for 3 minutes with a 30-second
pause in between and then vortexed for 5
minutes.

Increase in micronucleated PCEs and decrease
in PCEs/NCEs ratio at all doses at 5 days;
Increase in micronucleated PCEs at 10 days
only in highest dose tested and decrease in
PCEs/NCEs ratio at 10 days starting at doses ≥
37.5 mg/kg bw/d.

Positive control: 25 mg/kg bw cyclophosphamide
(intraperitoneal injection).

Health Canada’s Food Directorate does not
consider the test article relevant to the hazard
characterization of food-grade TiO2.

Mice were euthanized 6 hours after final treatment
and bone marrow samples were collected.

Grissa et al.
(2015)

Mammalian erythrocyte micronucleus assay
4-month-old male Wistar rats (6 per group);
Treated by gavage daily for 60 days with vehicle
control (distilled water) or doses of 50, 100, or
200 mg/kg bw/d TiO2-NPs in distilled water.
Rats were euthanized 24 hours after the final
treatment and bone marrow (femur) were collected.

Kazimirova et
al. (2019)

Mammalian erythrocyte micronucleus assay
8-week-old female Wistar rats (6-8 per group per
time point);
Single intravenous injection of vehicle control
(physiological solution with 10% v/v rat serum) or

Result/Remarks

TiO2-NPs; 5-12 nm, anatase (AZ Tech - paint
ingredient for the ceramic sector)
Stable dispersions generated by ultrasonicating
test article in distilled water for 30 minutes and
then mechanically vibrating the solution for 5
minutes before each use.

TiO2-NPs; mean 21 nm; anatase/rutile (70:30 or
80:20), (Evonik)
Stable dispersions generated by ultrasonicating
test article in physiological solution with 10% v/v
rat serum for 15 minutes at 150W.

Positive (bone marrow erythrocytes).
Increased incidence of micronucleated PCEs
starting at 100 mg/kg bw/d. Decrease in %PCE
at highest dose tested.
No positive control.
Health Canada’s Food Directorate does not
consider the test article relevant to the hazard
characterization of food-grade TiO2.
Negative at all time points (bone marrow
erythrocytes).
No positive control.
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Species-strain, Doses and Dosing Regimen,
Assay

Test Article (source) and Sample
Preparation

0.59 mg/kg bw TiO2-NPs in physiological solution with
10% v/v rat serum.

Result/Remarks
Health Canada’s Food Directorate does not
consider the test article relevant to the hazard
characterization of food-grade TiO2.

Rats were euthanized 1 day, 1, 2, or 4 weeks after
treatment and bone marrow (femur) samples were
collected

Kumar et al.
(2016)

Mammalian erythrocyte micronucleus assay
8-week-old male Wistar rats (6 per group);
Treated by intravenous injection via caudal vein once
a week for 30 days with vehicle control (saline) or
doses of 5, 25, or 50 mg/kg bw/d TiO2-NPs in saline.

TiO2-NPs; 10-20 nm, crystalline form unknown,
surface chemical composition: 56% titanium,
26% oxygen; 18% copper; (Sigma)
Stable dispersions generated by ultrasonicating
test article in saline for 15 minutes.

Rats were euthanized and peripheral blood samples
were collected (timing not reported).

Positive (peripheral blood cells),
Increase in micronuclei formation starting at
25 mg/kg bw/d.
Details of study method/results not well
described.
No positive control.

Mammalian erythrocyte micronucleus assay

Lotfi et al.
(2016)

8-week-old male Balb/c mice (4 per group);
Single intraperitoneal injection of vehicle control
(sterile water) or doses of 100, 1000, or 3000 mg/kg
bw/d TiO2 in sterile water in the first experiment and
vehicle control (sterile water) or 1000 mg/kg bw/d
TiO2 in sterile water in the second experiment.
Untreated control group also included in both
experiments.
Mice were euthanized 24 hours after treatment
(experiment 1) and 24, 48, 72, and 96 hours after
treatment (experiment 2) and bone marrow (femur)
were collected.

TiO2-NPs; mean 28.88 nm; rutile (synthesized by
sol-gel method)
Stable dispersions generated by ultrasonicating
test article in saline for 15 minutes.

Health Canada’s Food Directorate does not
consider the test article relevant to the hazard
characterization of food-grade TiO2.
Positive in both experiments (bone marrow
cells).
Experiment 1: Increase in micronuclei
frequency in polychromatic erythrocytes
starting at 1000 mg/kg bw/d at 24 h.
Experiment 2: Increase in micronuclei
frequency in polychromatic erythrocytes at 24,
48, and 72 h, but not 96 hours
No positive control. Authors report positive
control as treatment with sterile water (not a
true positive control) and negative control as
no treatment.

Mammalian erythrocyte micronucleus assay
Health Canada’s Food Directorate does not
consider the test article relevant to the hazard
characterization of food-grade TiO2.
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Species-strain, Doses and Dosing Regimen,
Assay

Test Article (source) and Sample
Preparation

3-month-old C57B1/6-Tg (LacZ) mice (sex unknown),
5-6 per group;

TiO2-NPs; mean 22nm; anatase (NM-102; JRC
nanomaterial)

Treated by intravenous injection via caudal vein for 2
days with vehicle control (dispersion medium) or
doses of 10, or 15 mg/kg bw/d TiO2-NPs in dispersion
medium.

Stable dispersions generated using the
NANOGENOTOX dispersion protocol (particles
ultrasonicated for 16 minutes at 400 W in 0.05%
w/v BSA) and then diluted with PBS.

Result/Remarks
Negative (peripheral blood reticulocytes).
Health Canada’s Food Directorate does not
consider the test article relevant to the hazard
characterization of food-grade TiO2.

Positive control: N-ethyl-N-nitrosourea (120
mg/kg/bw by intraperitoneal injection).
Peripheral blood samples were collected 42 hours
after last treatment.

Manivannan
et al. (2020)

Mammalian erythrocyte micronucleus assay
Male Swiss albino mice (5 per group);
Treated by gavage daily for 28 days with vehicle
control (double distilled water) or doses of 0.2, 0.4 or
0.8 mg/kg bw of TiO2-NPs dispersed in double
distilled water.

TiO2-NPs; mean 25 nm, range 21-31 nm; rutile
(Sigma)
Stable dispersions generated by ultrasonicating
test article in double distilled water for 30
minutes at 100 W and 30 kHz.

Positive control: single intraperitoneal injection of 2.5
mg/kg bw mitomycin C

Rizk et al.
(2017)

Treated by intraperitoneal injection daily for 7, 14 or
45 days with vehicle control (hydroxylpropyl
methylcellulose) or doses of 50, 250 or 500 mg/kg bw
of TiO2-NPs dispersed in hydroxylpropyl
methylcellulose.
Mice were euthanized and bone marrow (femur)
were collected (timing not reported).

A statistically significant increase in the
percentage of aberrant cells and number of
chromosome aberration per cell starting at ≥
0.4 mg/kg bw/d with evidence of dose
response.
Chromatid and iso-chromosome breaks were
most common aberrations.

Mice were euthanized 18 hours after final treatment
and bone marrow samples were collected.
Mammalian bone marrow chromosomal aberration
assay
Male Swiss Albino mice (15 per group per time point)

Positive (bone marrow cells)

Health Canada’s Food Directorate does not
consider the test article relevant to the hazard
characterization of food-grade TiO2.
TiO2-NPs; 21 nm; crystalline form unknown
(Sigma)
No information about sample preparation was
provided.

Positive at 45 days (bone marrow cells)
A statistically significant increase in %
aberrations at 45 days starting at lowest dose
tested with evidence of dose response.
Negative at 7 and 14 days.
Only 300 erythrocytes were analyzed per
animal (should be at least 500 erythrocytes for
bone marrow according to OECD guidelines).
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Species-strain, Doses and Dosing Regimen,
Assay

Test Article (source) and Sample
Preparation

Mammalian bone marrow chromosomal aberration
assay

Rizk et al.
(2020)

Male Swiss Albino mice (25 per group per time point)
Treated by intraperitoneal injection daily for 7, 14 or
45 days with vehicle control (1% tween 80) or doses
of 50, 250 or 500 mg/kg bw of TiO2-NPs dispersed in
1% tween 80.

Result/Remarks
No positive control.

TiO2-NPs; 83.4 nm; crystalline form unknown
(Sigma)

Health Canada’s Food Directorate does not
consider the test article relevant to the hazard
characterization of food-grade TiO2.
Difficult to interpret (discrepancy between
method and results presented)

Stable dispersions generated by ultrasonicating
test article in 1% tween 80 for 15 minutes.

Unclear if lowest dose is 50 or 150 mg/kg bw/d
(probably 50 mg/kg bw/d)
No positive control.

Sadiq et al.
(2012)

Methods indicate mammalian erythrocyte
micronucleus assay will be conducted, but results
reported are for a mammalian bone marrow
chromosomal aberration assay.
6-7-week-old male B6C3F1 mice (5 per group);
Treated by intraperitoneal injection daily for 3 days
with vehicle control (PBS) or doses of 0.5, 5, 50
mg/kg bw/d TiO2-NPs in PBS.

TiO2-NPs; mean 12.1 nm; anatase (synthesized
by sol-gel method)
Stable dispersions generated with vigorous
mixing and sonication test article in PBS (no
other details provided).

Positive control: N-ethyl-N-nitrosourea (140 mg/kg by
intraperitoneal injection)

Mammalian erythrocyte micronucleus assay
6-week-old male Swiss albino mice (5 per group);
Treated by gavage daily for 14 days with vehicle
control (MilliQ water) or doses of 10, 50 or 100
mg/kg bw/d TiO2-NPs in MilliQ water.
Positive control: ethylmethanesulfonate (to control
for DNA damage).

Unclear if dosing occurred by intravenous or
intraperitoneal injection, but the EFSA FAF
Panel (2021a) confirmed with authors that
dosing occurred via intraperitoneal injection.
Health Canada’s Food Directorate does not
consider the test article relevant to the hazard
characterization of food-grade TiO2.

Peripheral blood samples collected 1 day after final
treatment.

Shukla et al.
(2014)

Health Canada’s Food Directorate does not
consider the test article relevant to the hazard
characterization of food-grade TiO2.
Negative (peripheral blood reticulocytes).

TiO2-NPs; 20-50 nm, 99.7% anatase (Sigma)

Positive (bone marrow cells).

Stable dispersions generated by sonicated test
article in Milli-Q water for 20 minutes at 30W
using a probe sonicator (2.5 minutes pulse on,
1.5 minutes pulse off).

Increased micronuclei formation at highest
dose tested with evidence of dose response.
Health Canada’s Food Directorate does not
consider the test article relevant to the hazard
characterization of food-grade TiO2.

Mice were euthanized 24 hours after final treatment
and bone marrow (femur) samples were collected.
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Species-strain, Doses and Dosing Regimen,
Assay
Mammalian erythrocyte micronucleus assay
8-week-old male gpt Delta C57BL/6J mice (5 per
group);

Test Article (source) and Sample
Preparation
TiO2-NPs; mean 21 nm; 80% anatase, 20% rutile
(Sigma)

Result/Remarks
Negative (peripheral blood reticulocytes)
No positive control.

Treated by intravenous injection via caudal vein once
a week for 4 weeks with vehicle control (disodium
phosphate) or doses of 2, 10, 50 mg/kg bw/d TiO2NPs in disodium phosphate.
Mice were euthanized 9 days after last treatment and
peripheral blood samples were collected.

Sycheva et al.
(2011)

Mammalian erythrocyte micronucleus assay
Male CBAxB6 mice (6 per group);
Treated by gavage daily for 7 days with vehicle
control (distilled water) or doses of 40, 200 or 1000
mg/kg bw/d TiO2 dispersed in distilled water.

Stable dispersion generated by ultrasonicating
test article in 2 mg/mL disodium phosphate in
water bath.
Vehicle control was also ultrasonicated in water
bath.

TiO2-NPs; 33 ± 16.7 nm; anatase (sourced from a
Russian cosmetic supplier).
TiO2 particles dispersed in distilled water (no
other details provided).

Mice were euthanized 24 hours after the last
treatment and bone marrow (femur) samples were
collected.

4-5-month-old male C57Bl/6Jp un/p un mice (5 per
group)

TiO2-NPs; mean 21 nm; 75% anatase, 25% rutile
(Degussa-Evonik)

Exposed to TiO2-NPs in drinking water at a
concentration of 60, 120, 300 or 600 µg/mL
(equivalent to 10, 20, 50 or 100 mg/kg bw/d based
on average weight of 30 grams per mouse and
average daily water intake of 5 mL) for 5 days.
Vehicle control was water.

Stable dispersion generated by ultrasonicating
test article in drinking water for 15 minutes just
before use.

Peripheral blood samples were collected (timing not
reported).

Negative (bone marrow cells).
The analysis of micronuclei incidence in PCEs
deviated from OECD test guidelines (474;
1997), with 1000 PCEs scored instead of the
recommended 2000 or more PCEs.
No positive control.

Mammalian erythrocyte micronucleus assay
Trouiller et
al. (2009)

Health Canada’s Food Directorate does not
consider the test article relevant to the hazard
characterization of food-grade TiO2.

Health Canada’s Food Directorate does not
consider the test article relevant to the hazard
characterization of food-grade TiO2.
Positive (peripheral blood erythrocytes).
Increase in the frequency of micronuclei per
polychromatic erythrocytes at highest dose
tested, with no evidence of dose response.
No positive control.
The equivalent doses were reported as 50,
100, 250, and 500 mg/kg bw/d, but based on
information reported by the authors the
equivalent dose was actually 10, 20, 50 and
100 mg/kg bw/d.

Mammalian erythrocyte micronucleus assay
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Species-strain, Doses and Dosing Regimen,
Assay

Male and female ICR mice (4 per sex per group);
Single intravenous injection of vehicle control
(saline) or doses of 140, 300 or 645 mg/kg bw TiO2NPs in saline.

Test Article (source) and Sample
Preparation

TiO2-NPs; 42.50 ± 60 nm, anatase (Hangzhou
Wanjing materials Co, Ltd)
Stable dispersion generated by ultrasonicating
test article in saline for 3 minutes at 400W.

Result/Remarks
Health Canada’s Food Directorate does not
consider the test article relevant to the hazard
characterization of food-grade TiO2.
Negative (bone marrow cells).
Health Canada’s Food Directorate does not
consider the test article relevant to the hazard
characterization of food-grade TiO2.

Positive control: 20 mg/kg bw cyclophosphamide via
intraperitoneal injection 24 and 48 hours before the
mice were euthanized.
Mice were euthanized 14 days after treatment and
bone marrow samples were collected.

Zirak et al.
(2016)

Mammalian erythrocyte micronucleus assay
Male Balb/c mice (4 per group);
Single intraperitoneal injection of vehicle control
(sterile water) or doses of 10, 100 or 500 mg/kg bw
TiO2-NPs in sterile water. Untreated control group
also included.

TiO2-NPs; 20.17 nm; anatase (synthesized by solgel method)
Stable dispersion generated by ultrasonicating
test article in sterile water for 15 minutes (no
other details provided).

Mice were euthanized 24 hours after treatment and
bone marrow samples were collected.

Positive (bone marrow cells).
A statistically significant increase in the
frequency of micronuclei formation in
polychromatic erythrocytes with no evidence
of dose response.
No positive control. Authors report positive
control as treatment with sterile water (not a
true positive control) and negative control as
no treatment.

Mammalian erythrocyte micronucleus assay

Health Canada’s Food Directorate does not
consider the test article relevant to the ha zard
characterization of food-grade TiO2.

Comet assays
Asare et al.
(2016)

8-12-week-old male Ogg1 -/- knockout (KO) and
Ogg1 +/+ wild type (WT) mice (5-6 per group per time
point);
Single intravenous injection via caudal vein of vehicle
control (dH20/10X BSA/10X PBS) or 5 mg/kg bw TiO2NPs in dH20/10X BSA/10X PBS.

TiO2-NPs; 21 nm; crystalline form unknown
(Degussa-Evonik)
Stable dispersion generated by ultrasonicating
test article in in dH20/10X BSA/10X PBS (4.2 x
105 kJ/m3). No other details provided.

Positive on Day 7 for increase in Fpg sensitive
sites in WT mice, but no evidence of DNA
strand breaks (testis cells)
Negative on Day 1 in KO and WT mice (lung,
testis, liver cells) and on Day 7 in KO mice
(lung, testis, liver cells) and WT mice (lung,
liver cells).
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Species-strain, Doses and Dosing Regimen,
Assay

Test Article (source) and Sample
Preparation

Result/Remarks

Positive control: mice exposed to 0-5 Gy of x-rays.
Method did not indicate if controlled for
ambient light during slide preparation, lysis or
electrophoresis.

Mice were euthanized 1 or 7 days after treatment
and liver, lung and testis tissue samples were
collected.
Mammalian alkaline comet assay +/- Fpg
Azim et al.
(2015)

Male Albino mice (10-14 per group);

TiO2-NPs; 21 nm; anatase (Sigma)

Treated by gavage daily for 14 days with either
vehicle control (1% tween 80) 150 mg/kg bw/d of
TiO2-NPs dispersed in 1% tween 80.

Stable dispersion generated by ultrasonicating
test article in 1% tween 80 for 15 minutes (no
other details provided).

Health Canada’s Food Directorate does not
consider the test article relevant to the hazard
characterization of food-grade TiO2.
Positive for DNA damage (tail moment); (liver
cells)
No positive control.
Preparation of the slides, lysis and
electrophoresis was conducted under
dim/yellow light to prevent additional DNA
damage.

Mice were euthanized (timing not reported) and liver
tissue samples were collected.
Mammalian alkaline comet assay

Bettini et al.
(2017)

Adult male Wistar rats (10 per group);
Treated by gavage daily for 7 days with either vehicle
control (water) or 10 mg/kg bw/d of TiO2-NPs
dispersed in water.
Rats were euthanized (timing not reported) and
Peyer’s patch cells were collected.
Mammalian alkaline comet assay +/- Fpg

Chakrabarti
et al. (2019)

TiO2-NPs; mean 22 nm, range 15-24 nm, 85%
anatase, 15% rutile (NM-105, JRC nanomaterial)
Stable dispersions generated using the
NANOGENOTOX dispersion protocol (particles
ultrasonicated for 16 minutes at 400 W in 0.05%
w/v BSA).

7-8-week-old male and female Swiss albino mice (5
per sex per group);

TiO2-NPs; mean 58 nm; crystalline form
unknown (Sigma)

Treated by gavage for 90 days with vehicle control
(water) or doses of 200, 500 mg/kg bw/d TiO2-NPs in
water.

Suspended test article in water (no other details
provided).

Positive control: cyclophosphamide (40 mg/kg bw)
via intraperitoneal injection on day 88.

Health Canada’s Food Directorate does not
consider the test article relevant to the hazard
characterization of food-grade TiO2.
Negative (Peyer’s patch cells)
Method did not indicate if controlled for
ambient light during slide preparation, lysis or
electrophoresis.
No positive control.
Health Canada’s Food Directorate does not
consider the test article relevant to the hazard
characterization of food-grade TiO2.
Positive (liver and kidney cells).
Statistically significant increase in DNA damage
(tail length, % tail DNA, tail moment, Olive
moment) at highest dose tested.
Preparation of the slides, lysis and
electrophoresis was conducted under
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Species-strain, Doses and Dosing Regimen,
Assay

Test Article (source) and Sample
Preparation

dim/yellow light to prevent additional DNA
damage.

Mice were euthanized 24 hours after last treatment
and liver and kidney tissue samples were collected
Mammalian alkaline comet assay
Dekanski et
al. (2018)

7-week-old female NMRI/Han mice (5 per group);
Single dose administered over 4 treatments
separated by 30 minutes. Treated by gavage with
1000 or 2000 mg/kg bw TiO2-NPs in a solution of
0.01M HCl in water (pH 2). Unclear if control animals
received vehicle.

Result/Remarks

TiO2-NPs; mean diameter 45 Å (4.5 nm);
crystalline form unknown (synthesized by acidic
hydrolysis of titanium(IV) chloride)
No information about sample preparation was
provided.

Health Canada’s Food Directorate does not
consider the test article relevant to the hazard
characterization of food-grade TiO2.
Negative for DNA damage at both time points
(blood cells).
Mice were fasted for 4 hours prior to
experiment; food and water returned 2 hours
after the last dose.
Preparation of the slides, lysis and
electrophoresis was conducted under
dim/yellow light to prevent additional DNA
damage.

Whole blood samples were collected 2 and 24 hours
after the final treatment.
Mammalian alkaline comet assay

No positive control.

Dobrzynska
et al. (2014)

14-week-old male Wistar rats (7 per group per time
point);

TiO2-NPs; mean 21 nm; 85% anatase, 15% rutile
(NM-105; JRC nanomaterial)

Single intravenous injection via caudal vein of vehicle
control (0.9% NaCl solution) or 5 mg/kg bw TiO2 in
BSA/PBS solution.

Stable dispersions generated by ultrasonicating
(output 20) test article in PBS; bovine serum
albumin added after sonication.

Rats were euthanized 24 hours, 1 week and 4 weeks
after treatment and bone marrow (femur) samples
were collected.

El-Bassyouni
et al. (2017)

Mammalian alkaline comet assay
Adult male Albino mice (10 per group);
Treated by intraperitoneal injection once a week for
4 weeks with vehicle control (saline water) or doses
of 100, 200, or 400 mg/kg bw/d TiO2-NPs in saline
water.

Health Canada’s Food Directorate does not
consider the test article relevant to the hazard
characterization of food-grade TiO2.
Negative for DNA damage (bone marrow
leukocytes)
Preparation of the slides, lysis and
electrophoresis was conducted under
dim/yellow light to prevent additional DNA
damage.
Health Canada’s Food Directorate does not
consider the test article relevant to the hazard
characterization of food-grade TiO2.

TiO2-NPs; particle size unknown; anatase (BDH)

Positive (liver).

No information about sample preparation was
provided.

A statistically significant increased in DNA
damage at the highest dose tested
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Species-strain, Doses and Dosing Regimen,
Assay

Test Article (source) and Sample
Preparation

Method did not indicate if controlled for
ambient light during slide preparation, lysis or
electrophoresis.

Positive control: 40 mg/kg bw cyclophosphamide
(intraperitoneal injection).
Mice were euthanized (timing not reported) and liver
tissue samples were collected.

El-Din et al.
(2019)

Mammalian alkaline comet assay
Adult male Albino rats (8 per group);
Treated by gavage daily for 90 days with vehicle
control (0.9% saline) or doses of 1200 mg/kg bw/d
TiO2-NPs in 0.9% NaCl.

Health Canada’s Food Directorate does not
consider the test article relevant to the hazard
characterization of food-grade TiO2.
TiO2-NPs; < 100 nm; mixture of anatase and
rutile (Sigma)
Stable dispersions generated by ultrasonicating
test article for 10 minutes (no other details
provided).

Rats were euthanized after final treatment and
cardiac tissue samples were collected.

Elnagar et al.
(2018)

Equivocal (cardiac myocytes).
Evidence of DNA damage, but only alongs ide
obvious tissue damage.
No positive control.
Preparation of the slides, lysis and
electrophoresis was conducted under
dim/yellow light to prevent additional DNA
damage.

Mammalian alkaline comet assay

El-Ghor et al.
(2014)

Result/Remarks

Male Swiss Webster mice (5 per group);

TiO2-NPs; mean 44 nm; anatase/rutile (Sigma)

Treated by intraperitoneal injection daily for 5 days
with vehicle control (deionized water) or doses of
500, 1000, or 2000 mg/kg bw/d TiO2-NPs in deionized
water.

No information about sample preparation was
provided.

Health Canada’s Food Directorate does not
consider the test article relevant to the hazard
characterization of food-grade TiO2.
Positive for DNA damage (tail length, % DNA in
tail mean, tail moment) at all doses in all three
cell types (bone marrow, brain, and liver cells)

Positive control: 25 mg/kg bw cyclophosphamide
(intraperitoneal injection).

Preparation of the slides, lysis and
electrophoresis was conducted under
dim/yellow light to prevent additional DNA
damage.

Mice were euthanized 24 hours after final treatment
and bone marrow (femur), brain, and liver tissue
samples were collected.

Health Canada’s Food Directorate does not
consider the test article relevant to the hazard
characterization of food-grade TiO2.

Mammalian alkaline comet assay
Male Albino rats (10 per group);

TiO2-NPs; 21 nm; crystalline form unknown
(Titanos)

Equivocal (testes cells).

157
State of the Science of Titanium Dioxide (TiO2 ) as a Food Additive

Food Directorate, Health Canada
Study

June 2022

Species-strain, Doses and Dosing Regimen,
Assay
Treated by gavage daily for 12 weeks with vehicle
control (5% gum acacia solution) or doses of 1200
mg/kg bw/d TiO2-NPs in 5% gum acacia solution. An
untreated control group was also included.

Test Article (source) and Sample
Preparation
No information about sample preparation was
provided.

Rats were euthanized (timing not reported) and the
testicular tissue samples were collected.

Preparation of the slides, lysis and
electrophoresis was conducted under
dim/yellow light to prevent additional DNA
damage.

Male Wistar rats (10 per group);

TiO2-NPs; 60 nm; anatase (Sigma)

Treated by gavage daily for 21 days with vehicle
control (1% carboxylmethyl cellulose) or doses of
1000 mg/kg bw/d TiO2-NPs in 1% carboxylmethyl
cellulose.

Stable dispersions generated by ultrasonicating
test article for 20 minutes (no other details
provided).

Health Canada’s Food Directorate does not
consider the test article relevant to the hazard
characterization of food-grade TiO2.
Equivocal (liver cells).
Evidence of DNA damage, but only alongside
obvious tissue damage and inflammation.
No positive control.

Rats were euthanized after the final treatment and
liver tissues samples were collected.

Fadda et al.
(2019)

Authors report positive increase in DNA
damage in TiO2 treated rats compared to
treated and untreated controls, but no
quantitative data was provided to confirm this
statement.
No positive control.

Mammalian alkaline comet assay

Fadda et al.
(2018)

Result/Remarks

Mammalian alkaline comet assay

Preparation of the slides, lysis and
electrophoresis was conducted under
dim/yellow light to prevent additional DNA
damage.

Male Wistar rats (10 per group);

TiO2-NPs; 60 nm; anatase (Sigma)

Health Canada’s Food Directorate does not
consider the test article relevant to the hazard
characterization of food-grade TiO2.
Equivocal (liver cells).

Treated by gavage daily for 5 days with doses of 600
mg/kg bw/d TiO2-NPs in 1% tween. Control rats were
untreated.

Stable dispersions generated by ultrasonicating
test article for 20 minutes (no other details
provided).

Evidence of DNA damage, but only alongside
obvious tissue damage and inflammation.
No positive control or vehicle control group.

Rats were euthanized after the final treatment and
liver tissues samples were collected.

Preparation of the slides, lysis and
electrophoresis was conducted under

Mammalian alkaline comet assay
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Test Article (source) and Sample
Preparation

Result/Remarks
dim/yellow light to prevent additional DNA
damage.

Grissa et al.
(2015)

4-month-old male Wistar rats (6 per group);
Treated by gavage daily for 60 days with vehicle
control (distilled water) or doses of 50, 100, or
200 mg/kg bw/d TiO2-NPs in distilled water.
Rats were euthanized 24 hours after the final
treatment and blood samples were collected.

TiO2-NPs; 5-12 nm, anatase (AZ Tech - paint
ingredient for the ceramic sector)
Stable dispersions generated by ultrasonicating
test article in distilled water for 30 minutes and
then mechanically vibrating the solution for 5
minutes before each use.

4-month-old male Wistar rats (6 per group);
Treated by gavage daily for 60 days with vehicle
control (distilled water) or doses of 100 mg/kg bw/d
TiO2-NPs in distilled water.
Rats were euthanized 24 hours after the final
treatment and blood samples were collected.

TiO2-NPs; 5-10 nm, anatase (AZ Tech - paint
ingredient for the ceramic sector)
Stable dispersions generated by ultrasonicating
test article in distilled water for 30 minutes and
then mechanically vibrating the solution for 5
minutes before each use.

Adult male Wistar rats (10 per group);
Treated by gavage daily for 90 days with vehicle
control (0.5% hydroxypropyl methylcellulose) or

No positive control.

Health Canada’s Food Directorate does not
consider the test article relevant to the hazard
characterization of food-grade TiO2.
Positive (peripheral blood leukocytes).
Evidence of DNA damage in treated rats
compared to controls, but unconventional DNA
damage scores reported.
No positive control.
Preparation of the slides, lysis and
electrophoresis was conducted under
dim/yellow light to prevent additional DNA
damage.

Mammalian alkaline comet assay

Hashem et al.
(2020)

Dose dependent increase was observed that
reached statistical significance at 100 mg/kg
bw/d.

Preparation of the slides, lysis and
electrophoresis was conducted under
dim/yellow light to prevent additional DNA
damage.

Mammalian alkaline comet assay

Grissa et al.
(2017)

Health Canada’s Food Directorate does not
consider the test article relevant to the hazard
characterization of food-grade TiO2.
Positive (peripheral blood leukocytes).

TiO2-NPs; particle size and crystalline form
unknown (Sigma)

Health Canada’s Food Directorate does not
consider the test article releva nt to the hazard
characterization of food-grade TiO2.
Equivocal (spleen cells)
Evidence of DNA damage, but only alongside
tissue damage and inflammation.
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doses of 20 or 40 mg/kg bw/d TiO2-NPs in 0.5%
hydroxypropyl methylcellulose.
Rats were euthanized 24 hours after the final
treatment and spleen tissue samples were collected.
Mammalian alkaline comet assay

Hassanein et
al. (2017)

Adult male Sprague Dawley rats (10 per group)
Treated by gavage daily for 6 weeks with vehicle
control (1% tween 80) or 150 mg/kg bw/d TiO2-NPs in
1% tween 80.

Test Article (source) and Sample
Preparation
Authors report test article to be E171, but Sigma
does not sell food-grade TiO2 particles and no
particle size or size distribution data was
presented.
Particles were suspended by unknown method
(no other details were provided).

TiO2-NPs; 21 nm; crystalline form unknown
(Sigma)
No information about sample preparation was
provided.

Result/Remarks
No positive control.
Preparation of the slides, lysis and
electrophoresis was conducted under
dim/yellow light to prevent additional DNA
damage.
Health Canada’s Food Directorate does not
consider the test article relevant to the hazard
characterization of food-grade TiO2.
Equivocal (liver cells).
Evidence of DNA damage, but only alongside
obvious tissue damage and inflammation.
No positive control.

Rats were euthanized 24 hours after the final
treatment and liver tissue samples were collected.

Method did not indicate if controlled for
ambient light during slide preparation, lysis or
electrophoresis.

Mammalian alkaline comet assay

Kazimirova et
al. (2019)

8-week-old female Wistar rats (6-8 per group per
time point);

TiO2-NPs; mean 21 nm; anatase/rutile (70:30 or
80:20), (Evonik)

Single intravenous injection of vehicle control
(physiological solution with 10% v/v rat serum) or
0.59 mg/kg bw TiO2-NPs in physiological solution with
10% v/v rat serum.

Stable dispersions generated by ultrasonicating
test article in physiological solution with 10% v/v
rat serum for 15 minutes at 150W.

Rats were euthanized 1 day, 1, 2, or 4 weeks after
treatment and blood samples were collected.
Positive control: hydrogen peroxide exposed blood
cells.

Health Canada’s Food Directorate does not
consider the test article relevant to the hazard
characterization of food-grade TiO2.
Positive (peripheral blood mononuclear cells).
Increased % DNA in tail one day after the final
treatment in the absence of Fpg, but not with
Fpg or at other time points.
Preparation of the slides, lysis and
electrophoresis was conducted under
dim/yellow light to prevent additional DNA
damage.
Health Canada’s Food Directorate does not
consider the test article relevant to the hazard
characterization of food-grade TiO2.

Mammalian alkaline comet assay +/- Fpg
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8-week-old male Wistar rats (6 per group);
Treated by intravenous injection via caudal vein once
a week for 30 days with vehicle control (saline) or
doses of 5, 25, or 50 mg/kg bw/d TiO2-NPs in saline.

Test Article (source) and Sample
Preparation
TiO2-NPs; 10-20 nm, crystalline form unknown,
surface chemical composition: 56% titanium,
26% oxygen; 18% copper; (Sigma)
Stable dispersions generated by ultrasonicating
test article in saline for 15 minutes.

Result/Remarks
Equivocal(splenocytes).
Evidence of DNA damage (tail length, tail
moment, tail migration) starting at 25 mg/kg
bw/d, but only alongside tissue damage and
inflammation.

Rats were euthanized and samples were collected.
Preparation of the slides, lysis and
electrophoresis was conducted under
dim/yellow light to prevent additional DNA
damage.

Mammalian alkaline comet assay

Li et al.
(2017b)

6 to 7-week-old male B6C3F1 mice (5 per group)
Treated by intraperitoneal injection daily for 3 days
with vehicle control (PBS) or doses of 50 mg/kg bw/d
TiO2-NP in PBS.

TiO2-NPs; 8.9 to 15.3 nm; anatase (synthesized
by sol-gel method)
Stable dispersions generated by ultrasonicating
test article in PBS for 1 minute (output 100W,
frequency 40 kHz).

Positive control: 100 mg/kg bw methyl
methanesulphonate via intraperitoneal injection.

3-month-old C57B1/6-Tg (LacZ) mice (sex unknown),
5-6 per group;

TiO2-NPs; mean 22nm; anatase (NM-102; JRC
nanomaterial)

Treated by intravenous injection via caudal vein for 2
days with vehicle control (dispersion medium) or
doses of 10, or 15 mg/kg bw/d TiO2-NPs in dispersion
medium.

Stable dispersions generated using the
NANOGENOTOX dispersion protocol (particles
ultrasonicated for 16 minutes at 400 W in 0.05%
w/v BSA) and then diluted with PBS.

Positive control: N-ethyl-N-nitrosourea (120
mg/kg/bw by intraperitoneal injection).

Positive for DNA damage (increase in % DNA in
tail) in liver and lung tissue (hOGG1 and EndoIII
modified alkaline comet assays)
Preparation of the slides, lysis and
electrophoresis was conducted under
dim/yellow light to prevent additional DNA
damage.

Mice were euthanized 4 hours after the final dose
and liver and lung tissue samples were collected.
Mammalian alkaline comet assay +/- hOGG1 or
EndoIII

Louro et al.
(2014)

Health Canada’s Food Directorate does not
consider the test article relevant to the hazard
characterization of food-grade TiO2.
Positive for DNA damage (increase in % DNA in
tail) in liver but not lung tissue (standard
alkaline comet assay);

Health Canada’s Food Directorate does not
consider the test article relevant to the hazard
characterization of food-grade TiO2.
Negative at both doses (liver and spleen cells).
Preparation of the slides, lysis and
electrophoresis was conducted under
dim/yellow light to prevent additional DNA
damage.
OECD guidelines recommend collecting
samples 2-6 hours post-dosing.
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Test Article (source) and Sample
Preparation

Health Canada’s Food Directorate does not
consider the test article relevant to the hazard
characterization of food-grade TiO2.

Mice were euthanized 28 days after the final
treatment and liver and spleen tissue samples were
collected.

Manivannan
et al. (2020)

Mammalian alkaline comet assay
Male Swiss albino mice (5 per group);
Treated by gavage daily for 28 days with vehicle
control (double distilled water) or doses of 0.2, 0.4 or
0.8 mg/kg bw of TiO2-NPs dispersed in double
distilled water.

Result/Remarks

TiO2-NPs; mean 25 nm, range 21-31 nm; rutile
(Sigma)

Positive (liver, bone marrow, spleen, thymus,
lymph nodes).

Stable dispersions generated by ultrasonicating
test article in double distilled water for 30
minutes at 100 W and 30 kHz.

A statistically significant increase in % tail DNA
was observed starting at the lowest dose
tested in the spleen, at the intermediate dose
in the liver, lymph node and thymus, and at the
highest dose tested in the bone marrow.
Evidence of dose response in most tissues.

Mice were euthanized after final treatment and liver,
spleen, thymus, bone marrow, and lymph node tissue
samples were collected.

No information on tissue/organ toxicity was
provided.

Mammalian alkaline comet assay

No positive control.
Preparation of the slides, lysis and
electrophoresis was conducted under
dim/yellow light to prevent additional DNA
damage.

Martins Jr et
al. (2017)

Male Wistar rats (6 per group);
Treated by oral gavage daily for 45 days, with either
vehicle control (sodium citrate buffer, pH 4.5) or 0.5
mg/kg TiO2-NPs in sodium citrate buffer, pH 4.5.
Rats euthanized after final treatment and blood and
liver tissue samples were collected
Mammalian alkaline comet assay

TiO2-NPs; 42 nm; crystalline form unknown
(Sigma)

Health Canada’s Food Directorate does not
consider the test article relevant to the hazard
characterization of food-grade TiO2.
Negative (blood and liver).
No positive control.

No information about sample preparation was
provided.

Preparation of the slides, lysis and
electrophoresis was conducted under
dim/yellow light to prevent additional DNA
damage.
Health Canada’s Food Directorate does not
consider the test article relevant to the hazard
characterization of food-grade TiO2.
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Assay

Test Article (source) and Sample
Preparation

8-week-old male Wistar rats (6 per group);

TiO2-NPs; 10-20 nm; anatase (Sigma)

Positive (sperm cells).

Treated by intravenous injection via caudal vein once
a week for 30 days with vehicle control (1M PBS) or
doses of 5, 25, or 50 mg/kg bw/d TiO2-NPs in 1M PBS.

That authors report that the test article was
‘dissolved’ in PBS. Unclear if solution was
sonicated for the experiment, but the authors
reported sonicating the test article for 10
minutes in distilled water for characterization.

A significant increase in DNA damage (tail
length, tail movement, tail migration) observed
starting at intermediate dose with evidence of
dose response.

Rats were euthanized after final treatment (timing
not reported) and sperm cells were collected.

No positive control.

Mammalian alkaline comet assay

Meena et al.
(2015b)

8-week-old male Wistar rats (6 per group);
Treated by intravenous injection via caudal vein once
a week for 4 weeks with vehicle control (1M PBS) or
doses of 5, 25, or 50 mg/kg bw/d TiO2-NPs in 1M PBS.

Preparation of the slides, lysis and
electrophoresis was conducted under
dim/yellow light to prevent additional DNA
damage.

TiO2-NPs; 10-20 nm; anatase; surface chemical
composition: 56% titanium, 26% oxygen; 18%
copper; (Sigma)
Stable dispersions generated by ultrasonicating
test article in 1M PBS for 15 minutes at 35 kHz.

Rats were euthanized after final treatment (timing
not reported) and sperm cells were collected.

Health Canada’s Food Directorate does not
consider the test article relevant to the hazard
characterization of food-grade TiO2.
Positive (brain cells)
A significant increase in DNA damage (tail
length, tail movement, tail migration) observed
starting at the intermediate dose with
evidence of dose response.
No positive control.

Mammalian alkaline comet assay

Modrzynska
et al. (2018)

Result/Remarks

Preparation of the slides, lysis and
electrophoresis was conducted under
dim/yellow light to prevent additional DNA
damage.

6-week-old female C57BL/6 (B6JBOM-F) mice (9 per
group);

TiO2-NPs; 10.5 nm; crystalline form unknown
(NanoAmor)

Single gavage or intravenous injection
administration of vehicle control or 162 µg of TiO2 in
a volume of 50 µL per mouse (equivalent to dose of
~7.4 mg/kg bw, assuming an average body weight of

Stable dispersions generated by ultrasonicating
test article in 2% v/v mouse serum from C57BL/6
mice in nanopure water for 15 minutes (no other
details provided).

Health Canada’s Food Directorate does not
consider the test article relevant to the hazard
characterization of food-grade TiO2.
Negative (liver).
No positive control.
Method did not indicate if controlled for
ambient light during slide preparation, lysis or
electrophoresis.
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22 grams). Test vehicle was 2% v/v mouse serum
from C57BL/6 mice in nanopure water. Control mice
receive the test vehicle.

Test Article (source) and Sample
Preparation
Test vehicle also sonicated prior to exposure to
control mice.

Mice were euthanized 1, 28, and 180 days after
treatment and liver tissue samples were collected.

Mohamed
and Hussien
et al. (2016)

Mammalian alkaline comet assay
10 to 12-week-old male Swiss Webster mice (3 per
group);
Treated by gavage daily for 5 days with 500 mg/kg
bw/d TiO2-NPs. Unclear was the test vehicle was, but
the particles were characterized in water. The control
group was untreated.

TiO2-NPs; 46.23 ± 3.45 nm; 22% anatase, 77%
rutile (Sigma)
Stable dispersions generated by ultrasonicating
test article (no other details provided).

Treated by gavage daily for 5 days with vehicle
control (distilled water) or doses of 5, 50, or 500
mg/kg bw/d TiO2-NPs in distilled water.
Mice were euthanized 24 hours, 7 days and 14 days
after the final treatment and gastric tissue samples
were collected.
Mammalian alkaline comet assay

Equivocal (brain cells).
Evidence of DNA damage, but only alongside
obvious tissue damage.
No positive control.
Preparation of the slides, lysis and
electrophoresis was conducted under
dim/yellow light to prevent additional DNA
damage.

Mammalian alkaline comet assay

10 to 12-week-old male Swiss Webster mice (5 per
group per time point);

OECD guidelines recommend collecting
samples 2-6 hours post-dosing.
Health Canada’s Food Directorate does not
consider the test article relevant to the hazard
characterization of food-grade TiO2.

Mice were euthanized 24 hours, 7 days and 14 days
after treatment and brain tissue samples were
collected.

Mohamed
(2015)

Result/Remarks

TiO2-NPs; 46.23 ± 3.45 nm; 22% anatase, 77%
rutile (Sigma)

Stable dispersions generated by ultrasonicating
test article (no other details provided).

Health Canada’s Food Directorate does not
consider the test article relevant to the hazard
characterization of food-grade TiO2.
Equivocal (gastric cells).
Evidence of DNA damage in all treatment
groups, but only alongside obvious cytotoxicity
(as measured by various oxidative stress
markers); Evidence of dose response as well as
evidence of increased DNA damage over time.
No positive control.
Preparation of the slides, lysis and
electrophoresis was conducted under
dim/yellow light to prevent additional DNA
damage.
Health Canada’s Food Directorate does not
consider the test article relevant to the hazard
characterization of food-grade TiO2.
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10 to 12-week-old male Long Evans rats (3 per group)
Treated by intraperitoneal injection daily for 3 days
with vehicle control (xylocaine: 2% injectable solution
of lidocaine without epinephrine) or doses of 5 mg/kg
bw TiO2-NPs in xylocaine: 2% injectable solution of
lidocaine without epinephrine.

Test Article (source) and Sample
Preparation
TiO2-NPs; 21 nm; crystalline form unknown
(Sigma)

Preparation of the slides, lysis and
electrophoresis was conducted under
dim/yellow light to prevent additional DNA
damage.

Mammalian alkaline comet assay
8-week-old female C57BL/6JRj mice (4-5 per group);

TiO2-NPs; 17 nm; anatase (JRC nanomaterial)

Health Canada’s Food Directorate does not
consider the test article relevant to the hazard
characterization of food-grade TiO2.
Positive (leukocytes).

Single gavage administration of vehicle control
(suspension medium), 10, 50 or 250 µg TiO2 in
suspension medium per mouse (equivalent to ~0.6,
2.9 or 14.7 mg/kg bw).

Stable dispersions generated by ultrasonicating
the test article in two different suspension media
designed to produce small or large agglomerates
using a probe sonicator (7056J).

For small agglomerates, a statistically
significant increase in % tail DNA was observed
in all treatment groups, but with no evidence
of dose response.

Mice were euthanized 3 days post-dosing and blood
samples were collected.

Particle suspensions were immediately stabilized
with 0.25% BSA.

For large agglomerates, no statistically
significant differences in % tail DNA were
observed in any treatment group.

Positive control: Hydrogen peroxide (100 μM for 15
minutes) exposed blood cells from untreated mice.

The median equivalent circle diameter was 122
nm for small agglomerates and 352 nm for large
agglomerates.

Mammalian alkaline comet assay

Niu et al.
(2017)

Negative (lymphocytes).
No positive control.

Dispersed with mixture of water and ethanol
(1:4); stability of suspension obtained by
magnetic stirring (no other details provided).

Rats were euthanized 48 and 72 hours after final
treatment and blood samples were collected.

Murugadoss
et al. (2020)

Result/Remarks

6 to 8-week-old male and female laboratory bred Kun
Ming mice (4 per sex per group);
Treated by gavage daily for 7 days with vehicle
control (PBS) or doses of 2000 mg/kg bw/d TiO2-NPs
in PBS.
Mice were euthanized 7 days after the final
treatment and heart, liver, and kidney tissue samples
were collected.

TiO2-NPs; 10-25 nm; anatase (Sigma)
Stable dispersions generated by suspending the
test article in PBS and vigorously stirring and
then sonicating for 20 minutes at 60W.

Methods do not indicate if controlled for
ambient light during slide preparation, lysis or
electrophoresis.
Health Canada’s Food Directorate does not
consider the test article relevant to the hazard
characterization of food-grade TiO2.
Equivocal (liver, kidney, heart).
A statistically significant increase in tail DNA %
and olive tail moment in all three organs
compared to control, but only in the presence
of organ toxicity.
No positive control.
Preparation of the slides, lysis and
electrophoresis was conducted under
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Test Article (source) and Sample
Preparation

Mammalian alkaline comet assay

Result/Remarks
dim/yellow light to prevent additional DNA
damage.
Mice were fasted overnight before treatment.
Food and water were provided 2 hours postdosing.

Shi et al.
(2015)

6-8 week old wild type ICR mice and Nrf2 (-/-) ICR mice
(4 per sex per group);
Wild type mice were treated by gavage daily for 7
days with vehicle control (PBS) or doses of 500, 1000
or 2000 mg/kg bw/d TiO2-NPs in PBS. Nrf2 (-/-) mice
received vehicle control (PBS) or 1000 mg/kg bw/d
TiO2-NPs in PBS.

TiO2-NPs; 10–25 nm; anatase (Sigma)

Health Canada’s Food Directorate does not
consider the test article relevant to the hazard
characterization of food-grade TiO2.
Positive (liver and kidney).

Stable dispersions generated by ultrasonicating
the test article in PBS for 20 minutes at 60W
before use.

Dose-dependent increase in % tail DNA
observed from the lowest dose. The response
was greater in Nrf2 (-/-) mice.
No positive control.
Preparation of the slides, lysis and
electrophoresis was conducted under
dim/yellow light to prevent additional DNA
damage.

Mice were euthanized 1 day after the final treatment
and liver and kidney tissue samples were collected.
Mammalian alkaline comet assay

Mice were fasted overnight before treatment.
Food and water were provided 2 hours postdosing.

Shukla et al.
(2014)

6-week-old male Swiss albino mice (5 per group);

TiO2-NPs; 20-50 nm, 99.7% anatase (Sigma)

Treated by gavage daily for 14 days with vehicle
control (MilliQ water) or doses of 10, 50 or 100
mg/kg bw/d TiO2-NPs in MilliQ water.

Stable dispersions generated by sonicated test
article in Milli-Q water for 20 minutes at 30W
using a probe sonicator (2.5 minutes pulse on,
1.5 minutes pulse off).

Positive control: ethylmethanesulfonate (to control
for DNA damage) and potassium dichromate (to
control for oxidative stress).

Health Canada’s Food Directorate does not
consider the test article relevant to the hazard
characterization of food-grade TiO2.
Positive (liver cells).
A statistically significant dose-dependent
increase in % tail DNA was observed at
concentrations of 50 mg/kg bw and higher,
with evidence of dose-response (with and
without Fpg). A statistically significant dosedependent increase in Olive tail moment in all
dose groups, with evidence of dose-response
(with and without Fpg).

166
State of the Science of Titanium Dioxide (TiO2 ) as a Food Additive

Food Directorate, Health Canada
Study

June 2022

Species-strain, Doses and Dosing Regimen,
Assay

Test Article (source) and Sample
Preparation

Mice were euthanized 24 hours after final treatment
and liver tissue samples were collected.

Preparation of the slides, lysis and
electrophoresis was conducted under
dim/yellow light to prevent additional DNA
damage.

Mammalian alkaline comet assay +/- Fpg

Suzuki et al.
(2016)

Result/Remarks

8-week-old male gpt Delta C57BL/6J mice (5 per
group);

TiO2-NPs; mean 21 nm; 80% anatase, 20% rutile
(Sigma)

Treated by intravenous injection via caudal vein once
a week for 4 weeks with vehicle control (disodium
phosphate) or doses of 2, 10, 50 mg/kg bw/d TiO2NPs in disodium phosphate.

Stable dispersion generated by ultrasonicating
test article in 2 mg/mL disodium phosphate in
water bath.

Health Canada’s Food Directorate does not
consider the test article relevant to the hazard
characterization of food-grade TiO2.
Negative (liver).
No positive control.

Mice were euthanized 3 days after last treatment and
liver tissue samples were collected.

Sycheva et al.
(2011)

Mammalian alkaline comet assay
Male CBAxB6 mice (5 per group);
Treated by gavage daily for 7 days with vehicle
control (distilled water) or doses of 40, 200 or 1000
mg/kg bw/d TiO2 dispersed in distilled water.

Vehicle control was also ultrasonicated in water
bath.

TiO2-NPs; 33 ± 16.7 nm; anatase (sourced from a
Russian cosmetic supplier).
TiO2 particles dispersed in distilled water (no
other details provided).

Mice were euthanized 24 hours after the last
treatment and bone marrow (femur), brain, and liver
tissue samples were collected.

4-5-month-old male C57Bl/6Jp un/p un mice (5 per
group)

Health Canada’s Food Directorate does not
consider the test article relevant to the hazard
characterization of food-grade TiO2.
Positive (bone marrow, liver).
Negative (brain).
Positive results (% tail DNA) observed starting
at the lowest dose tested in bone marrow and
at the highest dose tested in liver.
No positive control.
Preparation of the slides, lysis and
electrophoresis was conducted under
dim/yellow light to prevent additional DNA
damage.

Mammalian alkaline comet assay

Trouiller et
al. (2009)

Preparation of the slides, lysis and
electrophoresis was conducted under
dim/yellow light to prevent additional DNA
damage.

TiO2-NPs; mean 21 nm; 75% anatase, 25% rutile
(Degussa-Evonik)

Health Canada’s Food Directorate does not
consider the test article relevant to the hazard
characterization of food-grade TiO2.
Equivocal (peripheral white blood cells)
Increase in tail moment, but cytotoxicity not
evaluated making it difficult to interpret results
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Species-strain, Doses and Dosing Regimen,
Assay

Test Article (source) and Sample
Preparation

Exposed to 500 mg/kg bw/d TiO2-NPs in drinking
water (concentration TiO2-NPs unclear). Other dose
calculations for other genotoxicity assays were
incorrect and therefore, it is unclear what
concentration of TiO2-NPs the mice were exposed to.
Vehicle control was water.

Stable dispersion generated by ultrasonicating
test article in drinking water for 15 minutes just
before use.

Result/Remarks
No positive control.
Methods do not indicate if controlled for
ambient light during slide preparation, lysis or
electrophoresis.

Peripheral blood samples were collected (timing not
reported).

Health Canada’s Food Directorate does not
consider the test article relevant to the hazard
characterization of food-grade TiO2.

Mammalian alkaline comet assay

Other genotoxicity assays
Asare et al.
(2016)

8-12-week-old male Ogg1 -/- knockout (KO) and
Ogg1 +/+ wild type (WT) mice (6 per group per time
point);
Single intravenous injection via caudal vein of vehicle
control (dH20/10X BSA/10X PBS) or 5 mg/kg bw TiO2NPs in dH20/10X BSA/10X PBS.

TiO2-NPs; 21 nm; crystalline form unknown
(Degussa-Evonik)

Negative on Day 1 and 7 for sperm DNA
fragmentation in KO and WT mice (sperm cells)

Stable dispersion generated by ultrasonicating
test article in in dH20/10X BSA/10X PBS (4.2 x
105 kJ/m3). No other details provided.

Health Canada’s Food Directorate does not
consider the test article relevant to the hazard
characterization of food-grade TiO2.

TiO2-NPs; mean 75 ± 15 nm; anatase (Shanghai
Aladdin Reagent Co. Ltd, China)

Positive (brain cells)

Positive control: mice exposed to 0-5 Gy of x-rays.
Mice were euthanized 1 or 7 days after treatment
and sperm cells were collected.

Chen et al.
(2014)

Sperm chromatin structure assay
8-week-old male Sprague Dawley rats (7 per group);
Treated by gavage daily for 30 days with vehicle
control (ultrapure water) or doses of 10, 50, or
200 mg/kg bw/d TiO2-NPs in ultrapure water.

Stable dispersions generated by ultrasonicating
test article in ultrapure water for 15 minutes and
stirred on vortex agitator before each use.

Rats were euthanized after last treatment and bone
marrow (femur) samples were collected

Unstandardized genotoxicity assay.

γ- H2AX bone marrow assay
Kandeil et al.
(2020)

Adult male Albino rats (20 per group)

Increase in DNA fragmentation compared to
control.
No positive control.

TiO2-NPs; 90 nm; crystalline form unknown
(Sigma)
TiO2 particles prepared by high-energy ball mill.

Health Canada’s Food Directorate does not
consider the test article relevant to the hazard
characterization of food-grade TiO2.
Positive (brain cells)
Increase in DNA fragmentation compared to
control.
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Species-strain, Doses and Dosing Regimen,
Assay
Treated by gavage daily for 14 days with vehicle
control (distilled water) of doses of 500 mg/kg bw/d
TiO2-NPs in distilled water.

Test Article (source) and Sample
Preparation
Stable dispersions generated by ultrasonicating
test article in distilled water for 15 minutes (no
other details provided).

Rats were euthanized (timing not reported) and brain
tissue samples were collected.

Li et al.
(2010)

No positive control.
Unstandardized method used for detection of
DNA damage.

Brain DNA fragmentation assay

Lack of details provided with respect to both
the methods and results.

Female CD-1 (ICR) mice (10 per group);

Health Canada’s Food Directorate does not
consider the test article relevant to the hazard
characterization of food-grade TiO2.
Positive for DNA binding (liver cells).

Treated by intraperitoneal injection daily for 14 days
with vehicle control (0.5% hydroxypropyl
methylcellulose) or doses for 5, 10, 50, 100, or 150
mg/kg bw/d TiO2-NPs in 0.5% hydroxypropyl
methylcellulose.

TiO2-NPs; 5 nm; anatase (synthesized by
controlled hydrolysis of titanium tetrabutoxide)
Stable dispersions generated by ultrasonicating
for 30 minutes and then mechanically vibrating
for 5 minutes.

Mice were euthanized after the final treatment and
liver tissue samples were collected.

Male outbred white rats (minimum of 12 per group);
Treated by intraperitoneal injection three times per
week for 6 weeks (up to 18 injections) with vehicle
control (deionized water) or doses of 0.5 mg/mL
TiO2-NPs in deionized water (equivalent to ~2.5
mg/kg bw/d).
Rats were euthanized after final treatment and blood
samples were collected.
Random amplification of polymorphic DNA assay

Accumulated in liver DNA by inserting itself
into DNA base pairs or binding to DNA
nucleotides that were bound with 3 oxygen or
nitrogen atoms and 2 phosphorous atoms of
DNA. Change in DNA conformation at doses ≥
50 mg/kg bw/d.
No positive control.

DNA binding assay

Minigalieva
et al. (2018)

Result/Remarks

TiO2-NPs; 27 nm; crystalline form unknown;
source unknown
Particles dispersed into suspensions (no other
details provided).

Health Canada’s Food Directorate does not
consider the test article relevant to the hazard
characterization of food-grade TiO2.
Positive (blood nucleated cells)
A small but statistically increase in DNA
fragmentation coefficient in treated rats
compared to controls.
No positive control.
Unstandardized genotoxicity assay. Used a
fragmentation coefficient to characterize the
degree of DNA damage (ratio of total
radioactivity of all tail fractions to that of the
head).
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Species-strain, Doses and Dosing Regimen,
Assay

Test Article (source) and Sample
Preparation

Result/Remarks
Lack of details provided with respect to the
methods.

Mohamed
and Hussein
(2016)

10 to 12-week-old male Swiss Webster mice (3 per
group);

TiO2-NPs; 46.23 ± 3.45 nm; 22% anatase, 77%
rutile (Sigma)

Treated by gavage daily for 5 days with 500 mg/kg
bw/d TiO2-NPs. Unclear was the test vehicle was, but
the particles were characterized in water. The control
group was untreated.

Stable dispersions generated by ultrasonicating
test article (no other details provided).

Mohamed
(2015)

Treated by gavage daily for 5 days with vehicle
control (distilled water) or doses of 5, 50, or 500
mg/kg bw/d TiO2-NPs in distilled water.

Health Canada’s Food Directorate does not
consider the test article relevant to the hazard
characterization of food-grade TiO2.

TiO2-NPs; 46.23 ± 3.45 nm; 22% anatase, 77%
rutile (Sigma)

Trouiller et
al. (2009)

Exposed to TiO2-NPs in drinking water at a
concentration of 60, 120, 300 or 600 µg/mL
(equivalent to 10, 20, 50 or 100 mg/kg bw/d based
on average weight of 30 grams per mouse and

Equivocal
Unstandardized genotoxicity assay and test
method has low sensitivity

Stable dispersions generated by ultrasonicating
test article (no other details provided).

Mice were euthanized 24 hours, 7 days and 14 days
after the final treatment and gastric tissue samples
were collected.
Single strand conformation polymorphism analysis of
presenilin 1 gene
4-5-month-old male C57Bl/6Jp un/p un mice (5 per
group)

Unstandardized genotoxicity assay and test
method has low sensitivity
No positive control.

Mice were euthanized 24 hours, 7 days and 14 days
after treatment and brain tissue samples were
collected.
Single strand conformation polymorphism analysis of
presenilin 1 gene
10 to 12-week-old male Swiss Webster mice (5 per
group per time point);

Health Canada’s Food Directorate does not
consider the test article relevant to the hazard
characterization of food-grade TiO2.
Equivocal

No positive control.
Health Canada’s Food Directorate does not
consider the test article relevant to the hazard
characterization of food-grade TiO2.

TiO2-NPs; mean 21 nm; 75% anatase, 25% rutile
(Degussa-Evonik)
Stable dispersion generated by ultrasonicating
test article in drinking water for 15 minutes just
before use.

Positive (bone marrow).
A significant increase in % of γ-H2AX positive
cells; evidence of dose response.
Unstandardized genotoxicity assay.
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Species-strain, Doses and Dosing Regimen,
Assay

Test Article (source) and Sample
Preparation

Result/Remarks

average daily water intake of 5 mL) for 5 days.
Vehicle control was water.

Lack of details provided with respect to the
methods.

Mice were euthanized after final treatment and bone
marrow (femur) samples were collected.

No positive control.

γ- H2AX bone marrow assay

The equivalent doses were reported as 50,
100, 250, and 500 mg/kg bw/d, but based on
information reported by the authors the
equivalent dose was actually 10, 20, 50 and
100 mg/kg bw/d.
Health Canada’s Food Directorate does not
consider the test article relevant to the hazard
characterization of food-grade TiO2.
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Appendix I – Summary of Studies Investigating Inflammation and Immunotoxicity
Table 11. Summary table of studies providing evidence of immune dysregulation or inflammation following exposure to TiO2 via the oral route.
Study

Species-strain, dose and dosing
regimen

Test Article (source)

Riedle et
al. 2020

C57BL/6 mice (6 per sex per group) were
exposed to 0, 1, 10, or 100 mg/kg bw/d
food-grade TiO2 via the diet for 18 weeks.

Food-grade TiO2 (anatase, 119 nm) from
Sensient Colors (St. Louis, MO, USA). Test
article was formulated into diet.

Blevins et
al. 2019

Male Wistar Han IGS rats (15 per group)
were exposed to E171 in a standard diet
at doses equal to 1.81 (basal diet), 4.76,
31.43 or 373.86 mg/kg bw/d for 7 days
and 1.1-1.5 (basal diet), 3.0-4.1, 19.0-25.7,
or 236-300 mg/kd bw/d for 100 days
(doses based on food consumption,
measured Ti concentration in diet and
body weight data; control reflects
background in basal diet). In the 100 day
study, E171 was administered alone or
following pretreatment with 1,2dimethylhydrazine (DMH) to initiate colon
carcinogenesis.
GLP- and OECD TG 443-compliant
extended one-generation reproductive
toxicity (EOGRT) study in CD/Crl:CD(SD)
rats. The material tested was a
commercial formulation of E171 that was
administered in the diet. The F0
generation was exposed to E171 via the
diet at doses of 0, 100, 300 or 1000 mg/kg
bw/d for 10 weeks prior to mating until
the F1 generation was weaned. The F1
generation received the same diets until
PND 4 or 8 of the F2 generation. The
background level of TiO2 in the diet
ranged from 11-31 mg Ti/kg diet.
Male NFR mice (22 per group) were
treated orally with vehicle or E171
dispersed in water at 5 mg/kg bw/d, 3
d/wk for 3 wk. E171 or water; Dripped
into the mouth using a pipette.

Food-grade E171-E was supplied by the
Titanium Dioxide Manufacturers Ass ociation.
E171 was formulated in pelleted diet at a
concentration of 0, 40, 400 or 5,000 mg/kg
diet.

LPT 2020
as cited in
EFSA 2021a

Talamini et
al. 2019

Result
No evidence of gross perturbation of immune -cell physiology or
inflammation at doses up to 100 mg/kg bw/d via the diet.
Authors demonstrate uptake of TiO2 by Peyer’s patches,
validating the delivery model.
Dietary E171 produced no signs of overt toxicity up to the highest
dose tested. No effects were observed on T helper cells in Peyer’s
patches or systemically. E171 had no effects on pro-inflammatory
cytokine production.

Food-grade E171-E (anatase, median particle
diameter of 99.9 ± 2.0 nm, 50-51%
nanoscale) was formulated in the diet.

No adverse effects associated with general toxicity were
observed in the EOGRT study with E171 at doses up to 1,000
mg/kg bw per day. The NOAEL is considered to be the highest
dose tested, although the EFSA FAF Panel raised uncertainty
regarding the extent of exposure to internal TiO2-NPs across the
range of doses tested.

E171 (35% nano), anatase. E171 was
“administered with no sonication or deagglomeration to simulate realistic
conditions of use”.

RT-PCR was used to examine changes in the pro-inflammatory
cytokines IL-1β, TNF-α as well as anti-inflammatory cytokine IL-10
in stomach, intestine and kidney. A statistically significant
increase in stomach and intestine IL-1β was observed, as were

172
State of the Science of Titanium Dioxide (TiO2 ) as a Food Additive

Food Directorate, Health Canada
Study

June 2022

Species-strain, dose and dosing
regimen

Test Article (source)

Result
decreases in intestinal TNF-α and liver IL-10. The changes are
likely to be adaptive as opposed to adverse.

Pinget et
al. 2019

Bettini et
al. 2017

UrrutiaOrtega et
al. 2016

Han et al.
2020

Heo et al.
2020

Five to six male C67Bl/6JAusb mice were
administered E171 via drinking water at
doses of 0, 2, 10 or 50 mg E171/kg bw/d
for 4 weeks (dose calculated based on
water intake measured per cage).

Food-grade TiO2 (anatase) from All Color
Supplies PTY. TiO2 was dispersed in drinking
water using sonication (no further details
provided).

Adult male Wistar rats received drinking
water (n = 12) or E171 in drinking water
at a dose of 10 mg/kg bw/d (n = 11) for
100 days. In the 100 day study, E171 wa s
administered alone or following
pretreatment with 1,2-dimethylhydrazine
(DMH) to initiate colon carcinogenesis.
BALB/c male mice were divided into 4
groups (n = 6 per group): a) vehicle
control, b) E171 group, c) chemically
colitis-associated colorectal cancer (CAC)
group, and d) CAC + E171. E171 was
administered 5d/wk by oral gavage at a
dose of 5 mg/kg bw/d for 10 weeks.
SD rats (10 per sex per group) were
administered E171 by oral gavage at
doses of 0, 10, 100 or 1,000 mg/kg bw/d
for 90 days. Study conducted according to
OECD TG 408.

E171: 118 nm anatase (range 20–340 nm).
Stable dispersions were generated using the
NANOGENOTOX dispersion protocol
(particles coated with BSA and ultrasonically
dispersed).

GLP- and OECD-compliant study
conforming to TG 407 (28-d) and 408 (90d) repeated dose oral toxicity studies. SD

E171, crystalline form not stated (50 to 600
nm with a maximum peak of 300 nm). E171
was dispersed in water by sonication for 30
minutes.

E171 (HOMBITAN® FG; purity 99.5%, 150 nm,
anatase) from Venator Germany GmbH. E171
suspensions were prepared at least once per
week by dispersing the particles in distilled
water for at least 10 minutes by sonication
(energy not specified), which were reported
to be stable for 7 days when stored in a
refrigerator
TiO2-NPs (AEROXIDEⓇ TiO2 P25, KRISS CRM
301–03-001, anatase/rutile (80/20), 99.9%;
average primary particle size range 14–

Statistically significant increase in “necroinflammatory foci” in
the livers of treated mice, but the toxicological relevance could
not be determined (not accompanied by additional endpoints
indicative of liver injury; histological evaluation performed on
only 2 mice in control group and 4 mice in treatment group; this
type of inflammatory foci known to be present in control mice).
TiO2 was found to have a minor impact on gut microbiota
composition at the highest dose tested. Alterations in bacterial
metabolites were observed from 10 mg/kg bw/sd.
A reduction in colonic crypt length, increase in colon
macrophages and CD8+ cells and an increase in mRNA transcripts
for IL-10, TNF-α, and IL-6 were observed.
Ultrasonicated E171 particles prepared in water did not
reagglomerate in vivo in the intestinal lumen. In animals exposed
to E171, a decrease in % T-helper cells was observed in Peyer’s
patches. Deviations in Th1/Th17 were also observed in the
spleen, indicative of systemic effects. Increases in colonic
mucosal levels of TNF-α, IL-8 and IL-10 in the E171 group were
indicative of low level inflammation.
E171 alone was unable to induce tumour formation, but
dysplastic alterations were observed in the distal colon with a
statistical significant enhancement of tumour formation in CAC+
E171 group versus CAC group (p < 0.01). In the E171 group,
despite the absence of tumour formation, a slight but statistically
significant increase in the tumour progression markers COX2,
Ki67 and b-catenin, and p65 NF-κB were observed.
Statistically significantly decreases in GM-CSF plasma levels
(~30%) and plasma IgM (~12% in females and 9% in males) were
observed at the highest dose. There was no evidence of a dose
response and the magnitude of the effect was small given natural
variability in these parameters. No change in immune organ
weights or histology.

No systemic toxicity was observed in either study up to the
highest dose tested, which was considered the NOAEL. Authors
state that particles were not detected in target organs, although
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2015

Li et al.
2019

June 2022

Species-strain, dose and dosing
regimen
rats were administered vehicle control or
TiO2-NPs by oral gavage at doses of 250,
500 or 1000 mg/kg bw/d (n = 5 per sex
per group for the 28-d study and 10-15
per sex per group for the 90 d study).
Male Swiss Webster mice (15 per group)
were administered water (control) or
TiO2-NP suspensions by oral gavage at
doses of 5, 50, or 500 mg/kg bw/d for 5
days. Following dosing, animals from each
group were sacrificed at 24 h, 7 d and 14
d.
Male C57BL/6 mice (7 per group) were
administered by oral gavage either
vehicle or one of three TiO2-NP
preparation at a dose of 1 mg/kgbw/d for
7 days. Mice were sacrificed following 3or 7-days of dosing.

Hashem et
al. 2020

Male Wistar rats were dosed by oral
gavage with 0.5% hydroxypropyl
methylcellulose (HPMC), or TiO2
suspended in HPMC at doses of 20 or 40
mg/kg bw/d for 90 days.

Yu et al.
2016

Female CD-1 (ICR) mice (n = 20 per group)
were dosed by oral gavage with 0.5%
hydroxypropyl methylcellulose (HPMC), or
TiO2 suspended in HPMC at doses of 2.5, 5
or 10 mg/kg bw/d for 90 days.
Male C57BL/6 mice were divided into 3
groups (n = 10 per group). Animals
received either vehicle or the rutile or
anatase TiO2-NPs at 100 mg/kg bw/d by
oral gavage for 28 days.

Li et al.
2018

Test Article (source)

Result

21 nm) from Evonik Industries AG (Essen,
Germany). Formulated in 5 mM PBS.
Particles had no surface modification and
were administered in
agglomerated/aggregated form.
The TiO2-NPs used in this study were a
mixture of rutile and anatase forms
purchased from Sigma. The average size of
particles was estimated to be
46.23 ± 3.45 nm. Particles were suspended
by ultrasonication (no further details).

it is unclear how this was determined. Test article is of uncertain
relevance to hazard characterization of E171.

Three test articles were used:
1. TiO2-NPs, anatase, 25 nm;
2. TiO2-NPs, anatase, 50 nm;
3. TiO2-NPs, anatase, 80 nm.

Study determined the smallest particles (25 nm) lead to colonic
epithelial injury and alterations in gut microbiota composition.
Health Canada’s Food Directorate does not consider the test
article relevant to the hazard characterization of food-grade TiO2.

Particles were suspended in PBS by
ultrasonication for 30 minutes (power not
stated).
“E171” was said to be obtained from Sigma
(no information of particle size distribution
or crystal form). Suspensions were prepared
daily although no other details are provided.

Anatase TiO2-NPs were
prepared via controlled titanium
tetrabutoxide hydrolysis. Average particle
size was 5–6 nm. Dispersion protocol not
stated.
Rutile and anatase TiO2-NPs from Alfa Aesar
(Ward Hill, MA, USA) were suspended in
water. Mean diameter of anatase particles
was 20.13 ± 0.18 nm and rutile was 15.91 ±
0.05 nm.
Characterized particles by XRD, SEM, and
DLA. Zeta potentials and sizes were also
determined in different conditions.

At the lowest dose tested, submucosal edema was identified at
24 h that progressed to ulcerations and ultimately necrosis by 14
days. Health Canada’s Food Directorate does not consider the
test article relevant to the hazard characterization of food-grade
TiO2.

At the end of treatment, bw of treated animals was 25% lower
than controls. The authors also report hematological and
immunological alterations but given the reduction in body weight
the claim that the test article is E171 is not considered plausible.
Sigma carries a variety of TiO2 particles of various sizes but to
Health Canada Food Directorate’s knowledge they do not offer
E171.
A dose dependent increase in inflammatory cytokines was
observed as was cardiac toxicity. However, Health Canada’s Food
Directorate does not consider the test article relevant to the
hazard characterization of food-grade TiO2.
Differential accumulation in spleen, lung and kidney of rutile and
anatase forms was observed that was not accompanied by
histopathological changes. Effects on gut microbiota were
observed, particularly with the rutile form and significant
increase in vili length and irregular arrangement of villus
epithelial cells was found in animals exposed to rutile TiO 2. No
immunological parameters other than histopathology of the
spleen were included. Health Canada’s Food Directorate does not
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Species-strain, dose and dosing
regimen

SD rats (5 per sex per group) were
administered suspensions of TiO2-NPs (0,
2, 10 or 50 mg/kg bw/d), glucose (1.8 g/kg
bw/d), or TiO2-NPs + glucose at the same
doses by oral gavage for 30 (interim
sacrifice) or 90 days.
Male Wistar rats (8 per group) were
administered by oral gavage a vehicle
control or TiO2-NPs at doses of 50, 100 or
200 mg/kg bw/d five d/wk for 8 weeks.

Test Article (source)
In simulated gastric fluid and simulated
intestinal fluid the particles were aggregated
(anatase: 135 nm, 420 nm; rutile: 148 nm,
360 nm, respectively).
Anatase TiO2-NPs from Shanghai Aladdin
Reagent Co. Ltd, China. Average size of the
TiO2-NPs was 24 ± 5 nm. Particles were
suspended in water or water + glucose by
sonication for 15 minutes (no further details
stated).
Anatase TiO2-NPs from AZ tech (Italy); mean
particle size was 8.5 ± 3.5. Particles were
dispersed by ultrasonic bath for 30 minutes
(no further details stated).

Result
consider the test article relevant to the hazard characterization
of food-grade TiO2.

The authors reported histopathological findings in the liver at the
highest dose but no changes in aminotransferases (ALT, AST) that
would be indicative of liver damage. The 50 mg/ kg bw/d dose
can therefore be considered a NOAEL, although Health Canada’s
Food Directorate does not consider the test article relevant to
the hazard characterization of food-grade TiO2.
Brain histopathology was noted at the mid- and high-dose. SOD
and CAT activities were significantly decreased at all doses and
other markers of oxidative stress at the mid- and high-dose.
Health Canada’s Food Directorate does not consider the test
article relevant to the hazard characterization of food-grade TiO2.
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Appendix J – Summary of Studies Investigating TiO 2 Effects on Gut Microbiota (not an exhaustive list)
Table 12. Summary table of test results of gut microbiota studies via the oral route.
Study

Species-strain, doses, and dosing regimen

Test Article (source)

Result

Cao et
al.
2020

6 week-old male C57BL/6 mice (n = 15 per
subgroup); Exposure via diet; Mice divided into
2 groups: low-fat diet (10 kcal% as fat) and
high-fat diet (60kcal% as fat). These two groups
were divided into 3 subgroups of 15 each:
control diet, diet containing TiO2-NPs, and diet
containing E171; Mice were exposure to a diet
with 0.1 wt% TiO2 for 8 weeks and then
sacrificed

Two test articles:
1. E171, anatase, mean size 111.9 nm (range
20 to 230) with 44% nano, Source: Precheza
Inc. (Czech Republic)

No general toxicity observed in obese or non-obese mice fed
E171 (potential adverse effects of TiO2-NPs in liver and kidney).

Li et al.
(2019)

Pinget
et al.
(2019)

Male C57BL/6 mice (8 weeks old) (28 per
group); Treated by oral gavage for 3 or 7 d;
TiO2-NPs suspended in PBS; Rats divided in 4
groups of 28: control or TiO2-NPs (25 nm) , TiO2NPs (50 nm) , TiO2-NPs (80 nm) at a dose of 1
mg/kg bw/d

Male C67BL/6JAusb mice (5-6 per group);
Exposure via drinking water for 4 wks at doses
of 0, 2, 10, 50 mg/kg bw/d (dose calculated
based on water intake measured per cage).

2. TiO2-NPs, anatase, mean size 32.7 nm
(range 10 to 90 nm), Source: US Research
Nanomaterial Inc. (Houston, TX, USA)

Both E171 and TiO2-NPs altered the composition of microbiota
in the gut of obese and non-obese mice compared to control
(increase in Firmicutes phylum and decrease in Bacteroidetes
phylum and Bifidobacterium and Lactobacillus genera). Effects
were more pronounced in obese mice compared to non-obese
mice and in obese mice fed TiO2-NPs compared to E171.

Three test articles:
1. TiO2-NPs, anatase, 25 nm; Source:
Shanghai Naiou Nanotechnology Co., Ltd.,
China

Both test articles decreased the cecal levels of short-chain fatty
acid.
Both test articles increased pro-inflammatory immune cells and
cytokines in the colonic mucosa (suggestive of an inflammatory
state), but the immune response was stronger in mice exposed
to TiO2-NPs. The effects are also more pronounced in mice fed
the high-fat diet (i.e., obese mice)
Short-term oral exposure to TiO2-NPs (25 nm) at a dose of 1
mg/kg bw/d for 7 days led to colonic epithelial injury, reduced
expression levels of tight junction proteins and reduced
thickness of the ‘luminal mucus layer’.

2. TiO2-NPs, anatase, 50 nm; Source:
Shanghai Naiou Nanotechnology Co., Ltd.,
China

This was associated with altered gut microbiota composition,
with reduction in number of Bifidobacterium compared with
controls.

3. TiO2-NPs, anatase, 80 nm; Source:
Shanghai Naiou Nanotechnology Co., Ltd.,
China
E171, anatase, 30-300 nm
Source: All Color Supplies PTY. TiO2 was
dispersed in drinking water using sonication
(no further details provided).

Examined microbiota populations in fecal samples or the small
intestine through 16S rRNA sequencing.
Exposure to E171 had minimal impact on their compositions of
gut microbiota, but altered the release of bacterial
metabolites.
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Study

Species-strain, doses, and dosing regimen

Talbot
et al.
(2018)

Adult male Wistar rats (n = 8 per group) were
dosed daily with E171 by intragastric gavage
(10 mg/kg bw/d) for 7 d.

Waller
et al.
(2017)

In a second experiment, rats (n = 10 per group)
were exposed to E171 via drinking water at
doses of 0, 0.1 or 10 mg/kg bw/d for 60 days .
In vitro model of human colon reactor;
Experimental conditions including control, the 5
different food-grade TiO2 samples, and the
industrial grade TiO2 sample; Testing spanned 5
days and each condition performed in triplicate;
Dose administered was equivalent to ~0.3 to
0.7 mg/kg bw/d (based on previously published
estimates of TiO2 exposure for adults
consuming a western diet); Particles were
dispersed by sonication prior to introduction
into the media

Test Article (source)

Result

E171 obtained from a French commercial
supplier of food coloring (the same batch as
that used in the study of Bettini et al. 2017).
Particles were ultrasonically dispersed in
water and 0.05% BSA per the
NANOGENOTOX protocol.

At the end of the exposure periods, rats were sacrificed and
the cecal contents collected for analysis of short-chain fatty
acids. Tissues from the small intestine and distal colon were
sampled for mucin O-glycosylation. The authors reported no
changes in microbial production of short-chain fatty acid or gut
mucin O-glycosylation patterns after either period of exposure,
suggesting the absence of mucus barrier impairment.
Inhibition of expected, natural shift in microbial composition
from Proteobacteria to Firmicutes phyla (observed during
control conditions) in the presence of industrial and ‘foodgrade’ TiO2 (effect large with ‘food-grade TiO2)

Two test articles:
1. Commercially available TiO2 acquired
from Arizona State University that represents
a form likely consistent with that used in
food, 122 ± 22 nm (used TEM), surface was
coated with inorganic phosphate, 98%
anatase, 2% rutile
2. Industrial grade TiO2; nominal size of 21
nm, 100% of particles in nano range; no
surface coating; mixture of 75% anatase and
25% rutile (Aeroxide® P25, Evonik Degussa)

Industrial and ‘food-grade’ TiO2 led to lower colonic pH (<5)
compared to the control (>5) (largest reduction seen with
‘food-grade TiO2)
Exposure to industrial or ‘food-grade’ TiO2 may have little
effect on microbial stability
Authors conclude that the inherent physical and chemical
properties of industrial and ‘food-grade’ TiO2 may produce
different microbial responses

Yan et
al.
(2020)

Zhang
et al.
(2020)

Male ICR mice (8 per group); Treat by oral
gavage for 28 d; Test articles suspended in
physiological saline by sonication); Mice divided
into 7 groups of 8: 10, 40, or 160 mg/kg bw/d
(TiO2 250 nm) or 10, 40, or 160 mg/kg bw/d
(TiO2-NPs 25 nm) or control (saline)

Two test articles:
1. TiO2-NPs, anatase, 20 nm
Source: Shanghai Jianghu Co. Ltd, China

Thirty male C57BL/6J mice were treated with
either vehicle control or 150 mg/kg bw TiO2NPs
for 30 days. Particles were dispersed by
sonication in 2% heat-inactivated mouse serum
and controls were dosed with sonicated
vehicle. Group sizes not stated but presumably
n = 15.

TiO2-NPs, 21 nm primary particle size, were
purchased from Sigma Aldrich Chemical Co.

2. TiO2, anatase, 250 nm Source: Shanghai
Jianghu Co. Ltd., China

Colon tissues were isolated under aseptic conditions and
contents were excised for 16S rRNA analysis.
Exposure to TiO2 or to TiO2-NPs led to changes in the
composition of the gut microbiota, especially the microbiota
associated with mucus.
The endpoints examined included small intestine and brain
histopathology, effects on gut microbiota (faecal bacterial 16S
rRNA gene sequencing), gut and cerebral cortex
transcriptomics, as well as locomotor activity, spatial learning
and memory ability. No histopathological lesions were
observed, although significant changes in the richness and
evenness of gut microbial composition were observed in the
TiO2-treated group. These changes were accompanied by
changes in gut markers of serotonergic activity although
inflammatory cytokines were unaffected. In an open field test,
centre-field activity, a measurement of anxiety-like behaviour,
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Species-strain, doses, and dosing regimen

Test Article (source)

Result
was reduced in the TiO2-treated group, although spatial
learning and memory were not affected.

Appendix K – Extended One-Generation Reproductive Toxicity Study with Additional Endpoints (LPT 2020 as cited in EFSA
2021a)
Table 13. Summary table of test results of the extended one-generation reproductive toxicity (EOGRT) study with additional endpoints for aberrant
crypt foci (ACF), neurotoxicity, and immunotoxicity.
Species-strain
(group size)

Test article, doses, and dosing
regimen

Male and female rats
(CD/Crl:CD(SD))

E171-E (anatase) was formulated in
the diet. The pristine form of E171-E
had a median particle diameter of
99.9 ± 2.0 nm with 50-51% of
particles < 100 nm. In the diet
preparations, the median diameter
ranged from 109.2 ± 1.4 to 113.7 ±
4.9 nm and approximately 31-43% of
particles < 100 nm.

F0 (20 per sex per
group)
F0 satellite - assessed
ACF
(30 per sex per group)
F1-1A - reproductive &
developmental
toxicity cohort
(20 per sex per group)
F1-1B – reproductive
& developmental
toxicity cohort
(20 per sex per group)
F1-2A - developmental
neurotoxicity cohort
(10 per sex per group)
F1-2B - developmental
neurotoxicity cohort
(10 per sex per group)

Exposure via diet in F0 generation
for 10 wks prior to mating until
weaning of F1 generation; F0
generation divided into 4 groups of
20 per sex: 0, 100, 300, and 1000
mg/kg bw/d
Exposure via diet in F1 generation
from weaning until PND 4 or PND 8
of F2 generation;
Exposure via milk in F2 generation
until PND 4 or PND 8 (i.e., study
termination);
Duration of dosing dependent on
endpoint investigated, with longest

Result
Study conducted according to OECD TG 443;
Internal Exposure (F0, F1-1A, F1-1B, F2)
The basal diet contained an amount of Ti equivalent to approximately 1.4 mg TiO2/kg bw/d and there were
variable measurable levels of Ti in blood and urine of control animals ranging fr om 0.008 to 0.046 µg/L
(blood) and 0.010 to 0.036 µg/g (urine);
Ti concentrations in blood of F2 pups elevated above background (dose -dependent) at doses ≥300 mg/kg
bw/d indicating exposure via placenta and possibly via milk; also indicates that the F1 da ms had absorbedat
least a small fraction of Ti from the diet (slight increase in blood Ti in F0 cohort in 1000 mg/kg bw/d group,
but not F1-1A or F1-1B).
However, blood Ti concentrations may have been elevated in F2 pups due to inhalation of E171 in dus t from
powdered feed and/or limited fecal excretion.
Urine Ti concentrations low in F2 pups with no clear increase with dose whereas urine Ti concentrations in
F0 and F1 generations may have been contaminated by Ti in feces and therefore, difficult to int erpret.
Clinical observation, body weight, food intake (F0, F1-1A, F1-1B, F1-2A, F1-2B)
No mortality and no treatment-related effects reported at any dose for any generation.
Hematology, clinical biochemistry, urinalysis (F0, F1-1A)
No treatment-related effects reported at any dose for any generation.
Thyroid hormones (F0, F0 satellite, F1 pups, F1-1A)
No treatment-related effects reported at any dose for any generation.
Sex hormones (F0, F0 satellite, F1-1A, F1-1B, F1-2A, F1-2B)
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F1-3 - developmental
immunotoxicity cohort
(10 per sex per group)

June 2022

Test article, doses, and dosing
regimen
duration of treatment up to 18
weeks
Concentration adjusted weekly using
food consumption values from
previous weeks to maintain constant
dose level in relation to bw
E171-E intake reported in mg/kg
bw/d for each test week calculated
based on relative food consumption
and nominal E171-E concentration
used in previous weeks
Analyses of the basal diet revealed
low background levels of Ti ranging
from 11 to 31 mg Ti/kg diet (mean:
17 mg Ti/kg diet) which was
estimated by the EFSA FAF Panel
(2021a) to be equivalent to a dose of
approximately 1.4 mg TiO2/kg bw/d.

Result
No treatment-related effects reported at any dose for any generation.
Pathology (F0, F1-1A, F1-2A, F1-2B)
All animals survived until scheduled necropsy;
No treatment-related effects on gross pathology or histopathology (including a qualitative and quantitative
neurohistopathological examination of F1-2A and F1-2B).
Aberrant crypt foci (F0 satellite 10/sex per group)
Study did not include a positive control group for the development of ACF (i.e., treatment with known GI
tract tumour initiator such as DMH).
No ACF were found in the colons of animals in any dose group.
Reproductive toxicity (F0, F1-1A (males), F1-1B (females))
No treatment-related effects on sexual function or fertility in males or females
Developmental toxicity (F0, F1, F2)
No treatment-related pre- or postnatal loss observed in F0 or F1 generations, no external or internal
abnormalities detected in F1 or F2 pups at termination, and no treatment -related effects on growth or
sexual development in F1 or F2 generations.
Developmental neurotoxicity (F1-2A)
No treatment-related effects on neurofunctional endpoints at any dose.
Developmental immunotoxicity
For KLH assay (F1-3, F1 satellite 10/sex per group):
In F1-3 cohort, a slight, but statistically significant decrease in the antigen specific IgM level was measured
at the highest dose tested (1,000 mg/kg bw/d) in males only (–9%) and without an apparent dose-response.
Satellite animals of F1 (10/sex, PND 55) acted as positive control (treated with cyclophosphamide) for the
KLH assay, but assay was not performed at the same time as the F1 -3 cohort and at a different age from the
F1-3 cohort (PND 87-96) and therefore, the positive control was not considered valid by the EFSA FAF Panel
(2021a) although Health Canada’s Food Directorate considered this to be a relatively mild deficiency; No
other control included.
Other immune parameters (F1-1A; F1-3):
No treatment-related differences in weight or histopathology of spleen, thymus, lymph nodes, bone
marrow histopathology, total and differential peripheral WBC count, and splenic lymphocyte subpopulation
distribution in F1-1A, but isolated observations in this cohort not sufficient to conclude on potential
immunotoxicity.
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Test article, doses, and dosing
regimen

Result
No treatment-related differences in splenic lymphocyte subpopulation distribution were observed in the F13 cohort.
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