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Executive Summary

Thepurpose of this document is to summarize the state of the science concerning the safety of titanium
dioxide (TiQ)usedas a food additive. Tids a white powder that has been approved for use as a food
additive in Canada for over five decades and is wseshiten or brighten many foods. Ti@ insoluble,

poorly bioavailable and has long been regarded as toxicologically inert via the oral route. However, the
safety of TiQwhen used as a food additive has recently come into question, largely as a obtudt
recoghnition that foodgrade Ti®, while not intentionally engineered as a nanomaterial, invariably
contains a fraction of particles in the nanoscale (<100 nm). Recent analiggis-girade Ti@samples on

the European market (where it is referred s E171 per European labelling requirements for food
additives) indicated thathe portion of particles with a diameter < 100 nm was as high as 30% on a mass
basis and ~70% on a particle number bégerleyseret al. 2020; 2021). Tigparticles in the anoscale,

as well as foogjrade Ti@ 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 dhe constituent particles (both primary particles and reduced
agglomerates) and are of uncertain relevance to human health, g3.$&d in food preparations is in the

form of larger, constituent agglomerates that are not dispersed to the same degreedvien, proteins

and other macromolecules present in food and biological matrices rapidly and avidly adsorb,to TiO
LI NI AOf Sax F2NXAYy3I | aO0O2NRBylF¢ GKFEG FEGSNAR LI NIAO
interactions with the gut environmd. It is perhaps not surprising therefore, that vivostudies which
administer TiQto animals via the diet an vitrostudies that employ a simulated food matrix tend not to
replicate the findings observed in studies using dispersed ifii€mple matices.

TiQ 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. TiQis also sonocatalytic and coerns have been raised that the energy applied during
sonication to deagglomerate Ti@ay also generate reactive radicals, potentially producing artifacts in
toxicity testing. While a large body of experimental toxicological literature exists for fadicles 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 challeing to determine the relevance of these experimental findings to human
exposure to the forms of TiDsed in food.

TiQ is not metabolized to any significant degree and while the vast majority of ingested particles are
excreted unchanged in feces, stuslim animals and human volunteers indicate a small fraction, likely on
the order 0f0.001%, may be systemically available via the oral route. In the gastrointestinal trgct, TiIO
particles may gain access to the gagsociated lymphoid tissue (GALT), whey may remain locally in
ALISOALF £t AT SR feYLK2AR F2ttA0tSa 1yz2é6y a tSeSNRa
their size. In cadaveric organ donors, Jifas been identified in various organs, notably those rich in
macrophages, such asdr and spleen, although there is no established link between organ burden and
either age or pathology. The initial concerns with human exposure tppBificles arose in part from a
non-guideline rat study funded by the French Agency for Food, Envinstatend Occupational Health &
Safety (ANSES) in which animals were exposed tegamde TiQdispersed in drinking water at a human
relevant dose (~1illigrams per kilogram of body weight per dayyg/kg bw/d) for 100 days (the Bettini
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et al 2017study). TIQLJ- NI A Of Sa 6SNB NBLRNISR (2 KIF@S I 00dzYdz
animals developed large aberrant crypt foci (ACF; a colonic lesion which may progress to neoplasia), at
higher rates than unexposed controls. However, the findingsGF /& the colon by Bettiet al. have not

been replicated in subsequent studies, even at doses orders of magnitude higher.

The rodent dietary model successfuifymicshuman exposure téood-gradeTiQ, as theadministration

of food-gradeTiQy incorporated into animal feedresultedin the accumulation ofiG LI NI A Of Sa Ay t
patchesn rodents as occurs in humarsllowing exposure to Tik¥ia the diet Riedleet al.2020) Several
studies in which foogirade Ti@Qwas administered via the diet arevailable 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 inflanmation, in rats or mice exposed to bif@corporated into feed for two years. This study
used a test article that is hightonsistent with the forms of Tixurrently used in foods, including the
fraction of particles in the nanoscalen addition, a stug designed to replicate the findings Bettini et

al. (2017)usinga dietary modefound no evidence of ACF in the rat colon following exposure to-food
grade Ti@for 100 days up tehe highest dose tested®86-300 mg/kg bw/d) ineitherthe presence or
absence of a carcinog@ninitiator. Similar findings were also observed in a recent extended one
generation reproductive toxicity study performed according to OECD guideline No. 443 (LPT 2020 as cited
in EFSA 2021a). This study was conducted with mditinsaspecifically intended to assess the potential

for food-grade Ti@ to produce adverse effects in the colon, and the test article selected was a
commercially available foegrade TiQ@ that was determined to have among the highest fraction of
constituert 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 preonception through to adulthood. Lasti)e available evidence indicates
food-grade Ti@is not genotoxidn vivg although the number of studies available is limited and more
researchis recommended to confirm these findings

In summarythe adverse effects associated with oral exposure to, i@ largely derived from nen

standard studies that administered stable, homogenized suspensions of ultrasonically dispersed particles.
While these intensive sample preparation steps are necessary and appropriate for particle
characterization and hazardantification for nanoscale materiais general,in the opinion of Health

/'Yyl RFQa C22R 5ANBOG2NI (S (K@ as aRonstityedt of fodddxiefal NI LINE
| SFfGK /FylFIRIFQa C22R 5ANBOG2NI (cBrnsRoktRe ugediiTi@s & Sy G A T &
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 enogh to warrant a more precautionary approach at thistime. As is the case for food additives
ISySNrftfex ISIHfGK /FylIRFQa C22R 5ANBOG2NY S oAt
the safety of TiQused as a food additive and this conclusionay be revisited should new scientific
information become available.
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1. Background

Titanium dioxide (Ti©) E171) is permitted for use as a food additive in Canada in accordanceé3ntith
Manufacturing Practice (GMP), which means thahe amount added must not excedtie amount
required to accomplish the purpose for which it has been add&iuh is a colouring agerhat is widely

used in Canada and internationally in various products such as confectionandegsssed nuts, dairy
products, baked goods and condimeftdn 1969, the Joint FAO/WHO Expert Committee on Food
Additives JECPPevaluated the safety of Ti@s a food colour additive and the Committee concluded that
this compound was insoluble, poorly bioavailable and did not produce systemic toxicity if absorbed,;
therefore, anacceptable daily intakéAD) 2 ¥ Gy 234G £ A YA (i (3BREA 1860DBuch Inaghd A 3y SR
numerical ADIs are assigned to food additives for which no toxicological concerns are identified through
their intended food additive uses. Ti@as also investigated in a chronic rodent cancer bioassay by the
United States National Cancer Institi¢Cl)n 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 Ti@as not carcinogenic by the oral routerats or mice
Food-grade TiQsubsequently came to be regarded as a rather innocuous substance that was considered
toxicologically inert via ingestion. In recent yeanewever, additional evidence began to emerge that
challenged this view.

In 2016the European Food Safety Authority (EFS&0)el on Food Additives and Nutrient Sources added
to Food (ANS)e-evaluated E171 as a food additive azmhcluded the oral bioavailability dfiQ, was
SEGNBYSt &heuse 650 (Ey7Ras dfood additivgdid] not raise a genotoxiconcerré (EFSA
2016) However, the ANS Parnidentified several data gaps that precluded the establishment of a health
based guidance valuaspecifically thdack ofreproductive toxicity data as well éise need foradditional
data concerning the specifications of E1The ANS Panel also recommendeat the existing European
Union (EU) specifications foFiQ (E171)be updated to include a characterization of particle size
distribution as well as to specithe percentage (in number and by mass) of particles in the nanogsale.
the time, it was considered that E171 mainly consisted of rared Ti@ with the fraction of particles

in the nanoscale being less than 3.2% by mBissioscale articles are knowrto 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 (Auétal. 2009).

1E171 is the European designation for titanium dioxide i@t meetsfood additives pecificationsEuropean
specifications for E171 and other food additives are set oGaimmission Regulation (EU) No 231/2012 of 9 March
2012 laying down specifications for food additives listed in Annexes Il and 11l to Regulation (EC) No 1333/2008 of the
European Parliament and of the Council.

2GMP is defined in thiglarketing Authorizatiofior Food Additives That May Be Used as Colouring Aderdd,and

Drugs Acthttps://laws-lais.justice.gc.ca/eng/regulations/SER 12204/pagel .html#h 784309

3TiGused infoods sold in Canada is required to meet fgaatie specifications set out in the Food Chemicals Codex
(FCC) or the Combined Compendium of Food Additive Specifications. The FCC is a compendium of standards for
purity and identity forfood 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 Oajeminf the United Nations. Both FCC and JECFA
specifications for O include chemical idertty and purity requirements, however, do notinclude limits on the size

of particles in the fooejrade material.

6
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In 2017, he FrenchAgency fo Food, Environmental and Occupational Heailtidl Safety ANSESssued

an opinion (2017SA0020; ANSES 2017) on a study funded by the French government (&eitiio17)

in which rats were exposed to foagtade TiQ (E171) via drinking water for 100ags at doses
ANBLINSaSY Ay KdzYl yet RADL7) ndiorted tGad B17H tredtment Prodiiced/ A
inflammatory effects in the colon and initiated preneoplastic lesions in the form of aberrant crypt foci
(ACF), in addition to promoting the growbf ACF in a chemicallyduced carcinogenesis model. The
ANSES expert committee concludit 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 als
stated the Bettinet al. (2017) study could not be used for risk assessment without first confirming these
same results are produced when E171is 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 studie@eringaet al. 2016;Bettiniet al. 2017; Guet al. 2017; Proquiret al.
2017)that had been published subsequent toeir 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 meetingewsRSA

expert ANSPanelin order to present their findings and address comments and questions from panel
members. The publication by Heringaal. (2016) was not a primary research study, but rather a risk
assessment of oral exposure TaQ nanoparticlegTiQ-NP$ 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 dod haz
identification of TiGQ-NPsin 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 EFBNS Panel related to the safety of Ji&171) as a food
additive.

In 2019, ANSES received a formal request from the French government to prawiEific

and technical support on the risks associated with ingestion of the food additive BNSES 2@).

Specifically, ANSES was requested to identify oral toxicity studiéS§ohat were conducted subsequent

to the publication by Bettiret al. (2017), and on the basis of these new studies update as necessary the
recommendations in the 2017 opinioiihe Committee identified 25 additional vivo oral studies using

food-grade TiQthat 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 solutionidation. While

GKS SELISNI& O2yaARSNBR (KSasS &aidRraASa Oz2dAd R KSf LJ
Yy20SR GKFIG GKS az2yA0lF GA2y ais iy répiesemidiive bf EHL &Y S NI
found in foodstuff§ ® ¢ KS SS52 VN Dl dZRSR GKF G 2F ( KSveregbletpS o a G dz
confirm or refute the potential carcinogenegsomoting effect of E171 reported in the study by Bettini
etal.(2017)¢ Ly UGKSANI 2LIAYAZ2Y Lzt A&KSR dadditbnalstdies H n m >
be undertaken to better characterize the physicochemical properties and hazard of E171. They also
AYRAOFGSR GKI G GKS LINRPOS&a F2NJ 2 omusthebdsgddnciariNg SG Ay
established benefitéechnobgical value, substitution impossible, value to the consumer or commanity)

YR LISYRAY3 6SGGESNI OKI NI OGSNRT IiGAz2zy 2F GKS KIFT I NR
that consumer exposure to nanomaterials in general should be limited.
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Further to the publication of the 2019 ANSES opinion, EfSAequested by the European Commission

to provide aurgent scientific and technical assistance regarding the opinion issued by ANSES
Approximately one month following publication of the ANSBRion, on 10 May 2019, EFSA issued a
ostatement 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 Safetye(ANSES)
(EFSA 20H). EFSA concluded the recent ANSES opinion reiterated previously identified data gaps and
dzy OS NIi | A vy (i noSdeiify Bny rRajotineviRfihdm@s that would overrule the conclusioree in

the previous two scientific opinions on the safety of titam dioxide (E 171) as a food additissued by

the EFSA ANS Panel in 2016 and 2048

In June 2019, the EFSA Panel on Food Additives and Flavourings (FAF) published another dp@ion on
that assessed data provided by industry in support of a pragp@eendment of the EU specifications for
E171 with respect to parametersrelated to particle size distribdtibnterested business operators had
NBaLRyYyRSR (2 9C{!Qa Hnmc OFff F2NJ IRRAGAZ2YIFf RI Gl
commaercial brands of anatase E171 and 1 form of rutile E171. According to the industry, only three EU
based manufacturers produce foggade Ti@ and the samples analysed were representative of all the
forms of E171 produced by these manufacturers. The 6 samypiee analyzed by 5 different laboratories
using various analytical methods includitrgnsmissionelectron microscopy (TEM), scanning electron
microscopy (SEM), scanning transmission eleatranoscopy (STEM);r&y disc centrifuge (XD&nddisc
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 havindisaneter <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 i®quivalent toa percentage of constituent particles with a minimum external
dimension below 100 nm by numbef lessthan 50% The FAF Panel also concluded that the previous
EFSA ANS Panel opinioB$$42016 2018) remairedvalid and in particularithe new data on particle

size distribution @l 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 damce on nanotechnology (EFSA 2018b). The FAF Panel also noted that
industry was planning to performnaextended onegenerationreproductive toxicity (EOGR3tudy to
address the data gap identified by the EFSA ANS Panel in 2016 and that this studpeladddaidditional
parameters to address theimour initiation/promotion potentialof E171as raised by Bettiwit al. (2017)

Also in 2019%he Office for Risk Assessment and Research of the Netherlands Food and Consumer Product
Safety Authority (NVWAjublishedan opinion on possible health effects of the food additive E§NIMWA
2019).The opinion followed an international workshop in which researchers who study the health effects
of food grade Tigand expertsin chemical risk assessment were invited to participate. A literature search

4 dgnificant technological advances in the metisoused to assess particle size distributions emerged following
9Cc{! Qa Hnnmc OI f thespezifichtish®iBoodigfderiQ.{n paMtculiad sagpfe preparation steps
leading to optimal deaggregation/agglomeration have been shown to beaial for the adequate characterizaton
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 igaifieants
impact on the number of particles inthe nanoscale detected.

8
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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 (20%Bacifically that the new studies were

not sufficient to call into question the conclusion®fC{ ! Qa4 HWnmc FaaSaavySyio ¢KS
that the studies conducted in rodents provided an indication that E171 may be associated with tumour
promotionin the gastrointestinal tract (Gl jut that none of these studies were conducted in accordance
with OECD guidelines and werat sufficient to conduct a wellubstantiated risk assessmerftheyalso

noted that there were no reliable dosesponse data ithe 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 permeabdgity wa
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 connectibiQtexposure can

be madethere is a need to further investigatealistic intake doses.

In 2021,EFSR BAF Panek-assessed the toxicological dataset for jlifPaccordance with the principles

set out in the Scientific Guidance on risk assessment of the application of nanoscience and
nanotechnologies in the faband feed chaifEFSA 2018b, revis@®21b). In contrast to the opinions
published by the EFSA ANS Panel in 2016 and #tdd8ssessmentook into consideration studies of
TiQ-NPs, which were not heretofore considered relevant to the hazard charaatenieof E171. In May
2021,the EFSA-AF Pangbublished an opinion that concluded E171 can no longer be considered safe
when used as a food additif&FSA 2021a$pecifically, th&AFRPanel raised concerns regarding (i) the
potential for bioaccumulationof TiQ-NPs; (ii) the potential for TOto produce immunotoxicity,
inflammation and neurotoxicity; (iii) the conclusion that no wadkigned carcinogenicity studies of ZHO
NPswere available; and (iv) the genotoxic potential of Jp@rticlescould notbe ruled out. Thé&-ARPanel
acknowledged that the evidence base was not conclusive, but given the many uncertainties a safe level
for the daily intake of Tigrould not be established.

¢CKS ! YAGSR YAY3AR2YQA C22R { il yRteNBplionbAEFSAGRY16 ! ¥ C{
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 Comméten 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).
URY NBGASgAYy3I GKS 9C{! C!C S@lfda A2y @gAGK NBaLI
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 TaniRA 2 EA RSé & 5dzS (2 GKS KSGSN
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 &id that the conclusions of the &

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 imfed 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,qbestiGried

this, noting that TINPs would not have a technical function in food as they would not provide colour
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and would thereforenot be of us® ¢ KS / h¢ O2y Of dZRSR G KIF GX a2y ol fly
the weight of evidence did nét dzLJLJ2 NIi G KS O2y Of dzaA2ya RNI gy o6& 9C{!
are interim conclusions and the UK FSA is currently undertakimgpapendentreview of the safety of

TiQ as afood additive

The most recent opinion by the FRERnel(EFSA 202)a@oncluded thaa safe level for the daily intake of

TiQ could not be establishedn account of various uncertaintieB response, a number of additional

studies were commissioned by interested business operators in order to address the deficieml@s in
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 gent forms of foodgrade TiQincluding the fraction of

particles in the nanoscale. Other studies that were conducted included cellular uptake stndigtso

genotoxicity studies and oral bioavailability studies. Additional data on the distributiomm@ndgeneity

2F 9mtmM AY G(GKS FSSR YIFIGUNRE dz&aSR Ay (KS 9hDw¢ &iddR
put out a call to industry requesting information on the methods used to incorporatgifi®foodstuffs.

In response, an industry consamn representing both manufacturers and end users of fgoade TiQ

informed Health Canada that sonication or other intensive methods intended to break apart agglomerates

are not used to incorporate Tidnto liquid or solid food preparations in Canada.light of the

F F2NBYSYyUA2ySRY | SIHfOdK /Iyl RIQa C22R 5ANBOG2NI (S
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 concéheirsgfety offood-

grade Ti@ as well as to illustrate some key uncertainties. Rather than serving as a comprehensive
overview of Ti@toxicity, it is intended to highlight ahprovide perspective on recent data, including those

studies that have brought the safety of fogdade Ti@into question. Recent assessmentsdmympetent

authorities described aboveincluding those from EFS2016; 2018a; 2019a,b; 2021 ANSE®017;
2019)andthe Netherlands NVWA2019 were reviewed and served aspragmatic starting poinfor

| SFfGK /FylFRI C22R 5ANBOG2Nr 6SQa NBGASGgd | &St NOF
studies in animals or humans was also undertak@h NBX &SI NOK f AONJI NAlFya 2F (K
Health Library in ordeto identify any critical new data for the assessment of human health(distails

of the search strategy may be found in Appendix A). Following the removal of duplicates,a fdtad

unigue references were identified and subjected to screening. In addittogeted searches by chemical

name and Chemical Abstracts Service registry number were conducted on the PubMed and PubChem
websites as well as using the Google Scholarckeangine, and citations from relevant review articles

were screened. Thanitial library search was conducted on 29 June 2@flbwed by a second library

search using the same search strategy on 19 January BO28&tudies obtained by hand searchingeth

cut-off date for inclusion in this report was 0darch2022.

51 SFEGK /Fyl RIQa C2 2&staferheNod indudtdyindiSatirigthasis oricRiah & h @ B&I o
incorporate TiQinto liquid or solid food preparationfinternational Association of Color Manufacturgrsrs
comm 11 March 202Z2Titanium Dioxide Manufacturers Associatipers. comml3 May 2022
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Study Screening Criteria

As part of level 1 screening, thides and abstracts of all studies identified in the literature search were
independently screened for potentially relevant datatlyo senior toxicologisevaluators based on the
following criteria:

1) Original research study,

2) Measured titaniun(Ti)or TiQ exposure or administered Ti@s a testrticle, and

3) Evaluated a toxicokinetic or toxicological outcomevivo (in any mammalia species) or in a
relevantex vivoor in vitromodel

lff addRASE GKFG YSG GKS 1620S ONARGSNRAI ¢gSNB NBG
entailed a full text review based on the same level 1 screening criteria. All studies thatevdirened 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 excludé@m further consideration.

Study Ranking Criteria

All studies were independently rankdor relevance and reliabilitipy 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 Bach study was evaluated based on five main criterigptgsentativeness

of the test article, 2) mode of exposure, 3) sample preparation method, 4) study reliability/quality, and 5)
study type.

1. Representativeness of TeAtticles: All toxicological or toxicokinetic studies that used fegrade
TiGQ or forms of TiQ that were highly comparable to foegrade Ti@ were considered to be
relevant to thisreview. The forms of Tigconsidered highly comparable to fogptade TiQwere
determined by comparing the physiochemical properties of a givepf@i@ to foodgrade TiQ
Forms of Tigxhat had a similar mean primary particle size, particle size distribution, % of particles
<100 nm, isoelectric point, maspecific surface area, surface composition, elemental
composition, crystalline forrgnd purity were considered representative of foggtade TiQ(see
WwSt SO yi wSTSNBYOS StadeTiE I 4 80 FRANY {aldiR24 vy H2 NO2
Studiesthat used TiQ-NPs (engineered NPs thatre wholly nanesized with a mean particle
diameter lesghan ~100 nm) were notconsistent withthe particle size distribution of foegrade
TiQ and were deemed to be of limited relevanfoe the present assessmentSince fooegrade
TiG can contain a significant portion of primary particles within the naatescstudies conducted
with food-grade Ti@will simultaneously evaluate any B8PS that may be present. However, in
rare cases, studiethat used TiQ-NPs were considered supporting evidence in the present
assessment, they wereconsidered a key studg an assessment bynathercompetent authority
or if the TiQ-NPs were administered via the datd the study was deemed to be well conducted

5 TiO-NPswill be reviewed by Health Canada in a separate assessment specific to nanomaterials.
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2. Mode of ExposureStudies that used foadrade Ti@or forms highly comparable to foegrade
TiQ in adietary dosing paradignvere giventhe highest weighsince this paradigm accounts for
the contribution of the food matrix and therefore, bestflects the mode of human exposure to
TiQ from both solid and liquid food preparatiohsStudiesthat usedfood-grade TiQ or forms
highly comparable to focdrade Ti@in nondietary oral dosing paradignfsral gavage, drinking
water exposure)were considered supporting evidenaince interactions with the food matrix
may not occurln the vast majority of dietargtudies, the substance in question is typically
administered in a solid food matrike., in feedand those toxicity findings are applied to a wide
variety of food groups, includingeveragesnd 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 effe@s is the case for foegrade TiQ), thisapproach is still
considered more appropriate than applying findings from toxigtitiies that do not account for
the contribution of the food matrix. ForthisreasanS | € G K / I Y I RI Qcéonsidee@ R 5 A NB
the findings from dietary studies with foegrade Ti@ more appropriate to approximate the
behaviour and properties of foegrade TiQin beverages and other food matrices compared to
studiesthat administered fooegrade TiQ@in waterin nondietary oral dosing paradigmse&the
WLYLI Ol 2F GKS C22R aldNRE yR DFadNRAYyGSadGAyl

3. SamplePreparation Method:Studies in whiciTiQ particles were intentionally dispersed using
ultrasonication were considered less representative of, Tdenused as a food additivel hese
dispersion methods are intended to identify intrinsiazard of the consituent particlesg both
primary paticles and reduced agglomeratelhe available evidence suggests,lp@rticles in
food, including beverages amther food matrices, are present in the form arger,constituent
agglomerateswhich have not been dispsed to the same degree, and there is alsondication
that TiQ dissociates or deagglomeratesin the @Tdefoiet al., 2021; Maruccet al. 2020).In
I RRAGAZ2Y S 1 SIFHEGdK /FylIRIFQa C22R GS5ANBOG2NI (S K
sonication $ not used to incorporate Tinto liquid or solid food preparations (International
Association of Color Manufacturepgrs. comml1 March 2022Titanium Dioxide Manufacturers
Association,pers. comm13 May 2022 For these reason$ S| £ G K / [dyDireitbr&ded C2 2
consideked studies that used intentionally dispersed Tigarticles via sonication not to blly
representative olhuman dietary exposure to Ti@s a constituent of foodnd therefore, these
studies weregiven less weight ithe presentassessmentompared tostudies in which particles
were not intensively dispersed and/or stabiliseadowever, these studies were still considered
supporting evidence in the revie®etheWt | NIiA Of S 5AALISNBA2YQ aSO0A?2

4. Study ReliabilityQuality: Studies conducted in accordance with internationally accepted
standards for toxicity testing (i.e., Gladhd OECD guidelirmompliant studies) were considered
the most reliable and of the highest quality and therefore, were accorded the higheightvin
this assessment. Neguideline studies were still considered for inclusion in this assessment on a
caseby-case basis (e.g., nayuideline studies considered key studies by other competent
authorities and norguideline studies considered reliallee | ST f G K / F yI R Qa C2 21

"While thefood matrixis often thought of interms of solid, complex foods, other foods such as bevalsmgbave
a food matrix, which consist of various proteins, sugars and polysaccharides, bioactives (i.e., flavonoids, phenolic
compounds), lipids, etc.
12
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5. Study Typeln vivo, invitro, and other studies were considerefdr inclusion in the present
assessmentalthoughin vivostudies were given the highest weight.

Ranking of Studies Retained

From the initial librangearch, aotal of 281 testarticlegexposures from 188 unique publications were
retained following screening by title/abstract and subjectedl¢wel 2 screening. Of these3 est
articlegexposures were screened out while 93 testiclegexposuresfrom in vivostudies and 8 test
articlegexposuresfrom in vitroor other studies were retained and ranked for relevance and reliability.
Of the 18 test articlegexposuresretained following full text screening, 18 were considered highly
relevant, 4 relevant and 126 were determined to be of limited relevariEer the second library search,

a total of 15 testarticledexposures from 12 unique publications were retained after screening by
title/abstract and subsequently moved forward to full text scnéwy. Three of thesetest
articlegexposuresdid not meet the criteria for inclusion and were screened out. The remainirtgst2
articlegexposureswere retained and ranked for relevance and reliability of which, one was considered
highly relevant and 1tvere determined to be of limited relevanceetils of the ranking results may be
found in Table 1 andAppendix CAdditional studies that did not meet the criteria for retention but
provided key support for conclusions in other assessments by compet#dréties were also considered

in this report on a casby-case basis

Table 1.Ranking ofest articledexposuresrom publicationsretained following level 2 screenirigr both
library searches. The italicized numbers represent the results obtainge ifirst 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(2) 5(0)
Relevant 44 (0) 19(0) 25(0)
Limited relevance 126(11) 62(10) 64 (1)

Genotoxicity Studies

The current reviewprimarily focused on in vivo genotoxicity studies with TiOas these studies were

considered more representative of reabrld exposure to foodjrade TiQ6 &8 SS Wt NI AOE S / 21
al iNAESZ |yYyR (4KS DI &0NRAYGS §lipweydr,in vitm gehotoSiaiztstudieS Ol A 2 v
with food-grade TiQhave also been briefly reviewelh vivostudies that administered Tilparticles via

the oral roue were given the highest weighfo ensure that the genotoxic potential of Li@as assessed

under conditions with systemic exposuin,vivostudies that administered Tiparticles by intravenous

or intraperitoneal injection were also considerad suppaing evidence in the presentssessment TiQ

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 thereforesivo sudies that administered TiQvia
inhalationwere not considered relevant and were excluded from the assessment.
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Relevant Reference Materials for Studying FeGdade TiQ

The TiQ@ database consists of studies conductasinga wide variety ofTiQ materialswith distinct
physicochemicaproperties and applications, including fogdade TiQ, nonfood-grade TiQ (such as
cosmeticgrade TiQand certain forms of pigmenrgrade TiQ), and TiI@NPs (see Table 4 in Appendix D

for a description of the physicochemical propert@sTiQ forms commonly used as teatticleg. Food

grade TiQ, which has been described pare TiQ (> P%), crystallingophase anataser rutile with a
specific surface arelbetween ~8 tdl0 ntg<t, with phosphate groups on the surfaeed not more than

2% aluminum oxide and/or silicon dioxide singly or combined, is the most relevant reference material for
studying human exposure to Ti@s a constituent of foodDudefoiet al. 20173 Geisset al. 2020; JECFA
2012. Foodgrade TiQcan also contain a percentage of 7HIPs as high as ~30% on a particle mass basis
and ~70% on a particle number basis (Verleydal.2020; 202}, and therefore, studies conducted with
food-grade TiQwill simultaneously evaluate the toxicity of anyDFFNPs that may be present. Verleysen
etaloH N HMO | f a2 anNBdippsdicedssmailét than 3@k were obsetvedA Yy LINR &G A Y S
of E171 (i.e., before it is added to food) as well as various food products on the European market that
contaired TiQ. Therefore, studies that administer T8Ps wholly in the nanoscale as testicles, and

in particular, TiIQNPs < 30 nn(e.g.,P25 Aeroxide ) are not considered appropriate reference materials

for investigating the toxicokinetics and toxicity fmod-grade Ti@ due to significant differences in ¢h
physicochemical propertieBetweenfood-grade Ti@and TiG-NPs, including mean particle diameter,
particle size distribution, specific surface area, surface compostiodcrystalline formIn geneal, the

risk assessment of nanomaterialsis a nascent and evolving field with a number of inherent challenges.
has been suggested that given the sheer number of potential variables and their influence on fate and
biological interactionsNPsmay only be assessable on a chgease basisQarriereet al. 2020;Nature
Nanotechnology2020) According to this vieywnanotoxicology is not sufficiently advanced to use read
across to conduct hazard or risk assessments, andahdts of toxicity tets using nofiood-grade TiQ-
NPsshould therefore be considerespecific to the particular particle being tested anot necessarily
relevant nor extrapolatable téhe nanoscale fraction ofood-grade materialHowever, occasionally,
studies that used TiENPs 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, ifi€he literature®. Inthe present assessment, the
term TiQis used when describing Til@ general and encompasses all particle sizes (i.e., both faincb
nanosizes) as well as all technical uses (i.e., food, cosmetic, pigment, etg.jni€iOparticles (also
described asnicroscale or micrgized TiQparticles) refer to particles with a mean particle size > 100 nm,
whereas Ti@NPs (also described as nanoscale or rsined Ti@particles) refer to particles with a mean
particle size < 100 nm, of which many are comprisEparticles wholly on the nanoscale. The terms food
grade, cosmetigrade, and pigmengrade TiQare used to describe various forms of F&pproved for
use in food, cosmetics, and as pigments in general, respectively. Note that all forms -gfr & iQ

are also pigmengrade, but not all pigmenrgrade forms of TiPare foodgrade. In the present review,

8 A lig of depositorsupplied synonyms for Ti(https://pubchem.ncbi.nlm.nih.gov/compound/Titanium
dioxide#section=DepositeBupped-Synonyms&fullscreen=trje
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the term pristine is used to describe fogdade TiQbefore it is added to food. There are multiple forms

of food-grade TiQ@ including E171, A20@&nd Unitane® 220, which have been described more
extensively in the present document. On the European market -fpadle TiQis referredto as E171 as

per European labelling requirements for food additives whereas in China it may be referred to as A200.
Unitane® €20 is the trade name for a form of foggade Ti@previously manufactured in the United
States by the now defuncAmerican Cyanamid Company. Note that,@y be found under other
identifiers or trade names in different countries. In the present assessment, the terngi@ate TiQwas

used when discussing the food additive use of, Tn@eneral; however, when awsly reported using a
particular form of foodgrade TiQ(i.e., E171, A200, Unitane®@P0), that particular form was reported
instead.

3. Composition,Properties, andUses

Titanium(Ti)is the ninth most abundant element in thg NI K Q& O NHzadistribbitgdRrimaya ¢ A RS f
accumulate in soil due to rock weathering and be taken up by plants (Dumon and Ernst 1988).
Anthropogenic sources ofiin the environment include combustion of fossil fuels, incineratiorief

containing wastes and emissions from inlizd processing off -containing metals, minerals and other
substances (WHO 1982). Therefore, background lev@lsray be present in environmental media, food

and drinking water. Although no biological role for Ti in mammals has been identified, Buman
nevertheless have 1620 mg of Tiin the body, making it more abundant than some essential elements
(Buettner and Valentine 2012; Swiatkowskaal.2019).

TiG is a white powder used as a pigment in various industries and is valued for its high refractive index.
PureTiG assembles in several crystal structures although only anatase, rutile or a mixture of the two are
used in foods. Foedand pigmentgrade TiQ are engineered products synthesized from purifiéd
precursors usingnly the sulfate &natase andutile forms) or chloride processesnly rutile forms)
(Ropersetal.2017}. In contrast,TiGQ-NPs may be manufactured by various methods, such as thgekol
hydrothermal, or flamespray pyrolysis processes. For many applications, including cosmetissrarad
therapeutic products surface coatings are applied 00, particles that alter their phsicochemical
properties. Therefore, toxicity studies using these materials may not be relevanQased as a food
additive, whichnormallyundergoes no surface treatment and is uncoated (EFSA)2Bdodgrade TiQ

also differs in surface compositiommpared toother TiQ, materials, such agiG-NPs, that are intended

for nonfood applications and manufactured using synthetic methods other tharsulfate or chloride
processes. The surface of fegdadeTiQ particles is covered by superficial phospha@roups resulting

from the synthetic method 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 ofiQ materialshavea significant impact on the behaviour of the material in various
environments,including biological media, thugiQ materials with surface properties that differ from

% Potassium Aluminium SilicaleasedTiO;, otherwise known as michased pearlescent pigments, are also

permitted as food colourants in Canada. However, these substances are chemically and toxicologically distinct from

the TiQ: 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 aind TN A abefb@uad tadeXch other by

strong physical forces anthnnot be separated froF OK 2 i KSNJ 6@ a0l YRl NRseW Si K2 Ra&
LIS NX SaO0Syd LIAIYSyida aK2dzZ R 0SS O2y aAmatielssk | aSLI N¥ dS
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food-gradeTiGQ may not be considered relevant models when studying the fateaifdy TiQ (D udefoi
etal.201739.

The ideal particle size distribution of foggade TiQranges from 206800 nm, which corresponds to
roughly half the wavelength of visible light and provides optimal light scattering, thus producing the
desired whitening effect (Winklest al. 2018). TiQparticles less thn 100 nm are transparerio visible

light and are not of functional significance as a pigment. However, despite having a mean particle size in
the desired range (20800 nm), primary particles in foegkade TiQ@form a broad size distribution that
invariably contains particles below 100 nwiehile this has long been recognized, the fractiopfary
particles in the nanoscale was thought to be minimal in fgoalde TigP C2f f 26 Ay 3 9C{! Qa
2016, new analytical methods with vastly improved size detection limits have been pesieand
optimized to quantify the particle size distribution of fegdade TiQwith greater precision and accuracy.
Based on these methodological improvements, recent analysis of pristine E171 from the European market
aswell as E17%olated from food m&ices using optimized extraction proceduriegicated that the mass

of primary particles with a diameter of less than 100 nm was as high as 30%, with a meahi%fin

twelve samplesalthough in some samples the NP fraction was as low as 2% by(Viesbysenet al.

2020; 2021 Table 2. It is unknown if the manufacturers of dise productswith only a small fraction of
particles in the nanoscal®ok steps tadeliberately reduce their number, although these results suggest

it may potentially be feasibleotproduce foodgrade TiG with a minimal fraction oprimary particles in

the nanoscaleOn a particle number basis, the percentageomary particles with a diameter of less

than 100 nm may be 50% or greater, although the percentage by number of paktith a diameter less

than 30 nm is on the order of 1% or less (EEEAJ.

Table 2Percentage of particles in the nanoscdélyy humber and by masamong 12oristine samples of
food-grade TiQ purchased in the European market and analyzed by Verlegsah (2020; 2021; data
extracted from Table W.2 of EF32219.

identifier | Structure Percentage o€onstituent Percentage o€onstituentparticles by
particlesby numbex100 nm mass< 100nm
E17102 | Anatase 74 33
E17103 | Anatase 64 29
E17104 | Anatase 67 32
E17106 | Anatase 65 29
E17207 | Anatase 73 31
E17209 | Anatase 71 32
E171A Anatase 40 10
E171B Anatase 70 30
E171C Anatase 56 20
E171D Anatase 18 2
E171E Anatase 65 27
E171F Rutile 20 3
16
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Mass is the most common metric used to expressdhecentration/dosesf TiQ particlesinin vitroand

in vivo studiesand may be the only anpracticable in the laboratoryowever, whether this exposure

metricis toxicologically meaningful given the nature of NPs is questionable. Unless based on a dilution
series with the same material, assessing exposure tgNR3 on a mg/kg basis is equivalent to treating

them the same as bulk scale, which essentially igeidhe very properties that make nanomaterials

distinct. If the toxicity of TI©ONPs 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 wtilinrasu
toxicological bias towards TiGormulations that contain smaller particles, which may not allow for
extrapolation to forms of TiQsuch asfood-grade TiG that cortain a combination of microand
nanoparticles For particles such as BiNPs that are insoluble or poorly soluble, mass is not directly

related to the number of particles and is insufficient to characterize the dose (Dekhab2015). Thus,

the use of mass as a dose metric in toxicological studies does not facilitatanemparisons with

human exposure estimates to characterize risktheir recent assessment, EESBAF PangR0219
aidlidSazr aGKS FAYRAYy3Ia Ay &aidzRASE gAGK 9mMTm 2V
inconsistent; in studies with T}NPs >80 nm effects were seen at a dose of 20 mg/kg bw/d whereas in
studieswithTigbt & f on yY SFFSOGa 6SNB 20aSNWSR i R2as
G2EAOAGE NBfIGSa (G2 a2YS 20KSNJ I aLISO0 ¢ad8OKLINGA 4.3 R
on a mass basis may be a mischaracterizafion exampleJoneset al. (2015) observedhatd I LI NI A Of S
with a diameter of 506m will weigh the same as 125,000 particleswitha10 RAl YS{ SNE @

TiQ particles are highly stable and are catesied to be unaffected by food processing (Winkddral.

2018). However, it is well documented that Tarticles, particularly uncoated particles, have a tendency

to agglomerate/aggregate, with smaller particles having a greater tendency to agglontbaaiéarger

particles (Parrino and Palmisano 2020). Therefore, to reliably characterize the particle size distribution of
food-grade TiQ, whether in pristine form oisolatedfrom foods,a number ofsample preparatiosteps

may berequired todeagglomerag particles such asa combination of optimized pH, sonication, and
centrifugation (Verleysenet al. 2021) While these dispersion and stabilization methods have been
meticulously validated for the purposes of particle characterization, they are alsoywisied for bothn

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 thEQ, as ingested in foodstuffs is not subjected to the same
deagglomeratiorprotocols, andherefore the testarticle when intentionally dispeasedwasconsidered
lessrepresentative ofood-gradeTiQ as encountered in thedigt S S Wt F NI A Of S 5A&aLISNEA
for more details) In their recent opinion, EF&& C! @028 nétédthat 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

gl a GAYOZ2NILRNIGReayS@FTOoOBmMamyAYy#ERI OF LIadA S£€3X oKAOK F
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 parsging large, weakly

bound agglomerates that are beyoritie ideal particle size range for its technical ubeeaking up
agglomerates into primary particles such as occurs under certain laboratory protocols would not be of
benefit in food preparation athe desired whiteningor opacifyingeffect will be lost or diminishedHealth

/'y RIFQa C22R 5ANBOG2NI S KIFa NBOSAGSR O2yFAN)I
incorporate TiQinto liquid or solid food preparations(International Associatio of Color
Manufacturerspers comm 11 March 2022 Titanium Dioxide Manufacturers Associatiqgrs. comm.
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13 May 2022 Moreover, the production process of fogaade Ti@involves high energy milling that is
far more intensive than the methods usedibaorporate the material into any known end use application,
including food manufacture (TDMA 2019).

Significant advances in the procedures used to characterize the intrinsic properties efraaelTiC

KIS 0SSy YIRS ¥F2f t 2addiiohad dath Eohderfidy theé specifications @ EEEE T 2 NJ
for example Verleyseet al2020; 2021; Geisst al. 2020; 2021). Itis now feasible to reliably characterize
pristine particles on the basis phrticle size distribution, shape, composition, faiwe chemistry, surface

charge and zeta potentidP among other parameters, using conventional methods. However,
characterization of Tigparticlesin situin complex food or biological matrices still presents considerable
challenges (Singbt al. 2014; Sz&al et al. 2014). Foods are complex and variable mixtures that often
contain particles with dimensions that overlap with the particles of interest (McClenetats2016). TiQ

particles are also present in foods in small quantities (typically 1% by taidéss) and it is generally
necessary to extract and isolate them to characterize such propertisiz@glistribution or aggregation

state. However, the procedures used to isolate the particles from other particulate matter may
fundamentally alter thgoroperties of interest and thus not be a true reflection of particle characteristics

as used in food. For exampleglil. (2021a) characterized the size distribution of ;a@xticles in coffee
ONBI'YSNI YR Ayaidl yd RNATYioducizhe Bifedive size EhdractedzatiireoNB & G |
TiQ-NPs, the studied powdered beverages have to be properly dispersed in liquid medium. However,
since Ti@NPs are well known for their susceptible agglomeration/aggregation, it is important to explore
suitabke working conditions to minimize these undesirable adverse effecEs 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 anic solvent (in the case of coffee creamer),
centrifuged, further vortexed and sonicated in carrier solutions containing eitheradpl$ted surfactant

or multiple nortionic and ionicdetergents The authors reported that most particles were still pretsin

the form of aggregaesand/or agglomera$ & = | f (nfaiy dadiiduatiNes can still be fouasd
RSSYSR Fa LINAYEFNE LI NIAOfSaéd |1 26SOSNE (KSasS al vyl
agglomeration state of particles, making it ditfit 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 method3dllmannret al. 2015;Szakaét al. 2014).

Similar to other jurisdictions, foedrade Ti@has been approved for use as a food additive in Canada for
over fifty yeargo colour (e.g.whiten or brighter) manyfoods (see Tabl&). Permitted maximum levels

of use for Ti@are limited byGMPand dietis considered to be the largest source of JJé®posure for the

general population (Ramogt al. 2020). In addition to food, other potential sourceshafman exposure

to TiQ and Ti@-NPs from the use of products available to consunieskide personal a& products such

as toothpaste, medicines such as some tablets or capsules, as well as sunscreens and cosmetics that are
applied to the skin. TiJs also reported to be the second most commonly used ingredient in tattoo inks,

and studies of the fate of tsoo pigments in skin have shown them to accumulate in draining lymph nodes
(Schreiveret al. 2017; Foersteet al. 2020). In addition, many orthopedic prostheses, such as artificial

10 Zeta potential is a measure of the charge on suspended particlessarsgd as an indication of the stability of
dispersions. A high zeta potential (negative or positive) indicates highly charged particles and physically stable
suspensions as agglomerationis less likely due to electrostatic repulsion of individuiépantiereas lower zeta
potentials (negative or positive) are associated with agglomeration.
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joints, aswell as dental implants are madd ¢fwhich may be a sourad exposure to FTNPs either locally

or systemically due to wear and/or corrosidgellular responses to TNPs may contribute to pathological
mechanisms underlying adverse local tissue reactions associated widsdd orthopedic implants (Yao
et al. 2017), and blood Ti levels have been proposasl a biomarker of orthopedic implant wear
(Swiatkowskaet al.2019). Intravenous exposure to fi@articles is unusual but has been documented in
intravenous drug users with a history of injecting crushed taldetded with TiQ(Filhoet al. 1991; Lima

et al.2004; Hamilton 2013; Gilbeet al.2021). In the casef intravenous exposuresubstantial quantities

of TiQ particles have been observed primarily in liver and spleen, and to a lesser extent in lurgs, lym
nodes and bone marrow.

Table3. Permitted food additive uses of titanium dioxide in Candidesper the List of Permitteddlburing
Agents

Food Maximum Level of

Additive FoodsPermitted in or Upon Usea_n_dOther
Qonditions
Titanium| (1) Q)

Dioxide | Apple (or rhubarb) and (naming the fruit) jam; Bread; Butter; | Good Manufacturing
Concentrated (naming the fruit) juice excdmizen concentrated| Practicé?

orange juice; Fig marmalade with pectin; Fish roe (caviar); Ice
cream mix; Ice milk mix; lcing sugar; Liqueur; Lobster paste;
(naming the flavour) Milk; (naming the flavour) Partly skimmed
milk; (naming the flavour) Partly skimmed miith added milk
solids; (naming the flavour) Skim milk; (naming the flavour) Sk
milk with added milk solids; (haming the fruit) Jam with pectin;
(naming the fruit) Jelly with pectin; Pickles; Pineapple marmalg
with pectin; Relishes; Sherbet; Smoketh;fiomato catsup

) 2)

Unstandardized foods Good Manufacturing
Practice

3) 3)

A blend of prepared fish and prepared meat referredto in Good Manufacturing

paragraph B.21.006(n) Practice

b.Y ablYAy3a GKS FTNHZAGE YR ayl YAy gertainfo&issat but isd 2 dzNE

Part B ofthe Food and Drug RegulatiolfDR) othe Safe Food for Canadians Regulatidrgodswith
prescribed standards (e.gB,11.128 [S]. Orange Juice B.11.130 [S[Concentrated (naming the fruit)
juice, as set out in the FDRjust comply with the specifications of the standards of identity in every
respect A food that does not meet the requirements of a standard carekabelled usinghe prescribed
name for that standardized food

11 Jtem No. 1,List of Permitted Colouring Agentdvailable online atttps://www.canada.ca/en/health
canada/services ffoodutrition/food -safety/food-additives llistspermitted/3-colauringagents.html
12 As per theMarketing Authorization for Food Additives That May Be Used as Colouring Aydrgs the words

G322 R Y| ydzFi AQHSIENN YLAIGINSI Oy O2f dzYy o= GKS SESYLIiAZ2Y
to the food in manufacturing and processing does not exceed the amount required to accomplish the purpose for

which ithas been added andif any other condition tlsat &t out in that column is met®
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4. Particle CoronaFood Matrix and the Gastroirgénal Milieu

The toxic potential of Tigparticlescanvary as a function of their size, shape, crystalline structure, surface
characteristics and degree of dispersigwinkler et al. 2018). It has also been demonstrated that
interactions of particles with complex food matricesand biological substratesnay rapidly and
substantiallyalter these attributes\(Valczyket al. 2010;McClementset al. 2016; McClements and Xiao,
2017 Deloidet al. 2017; Nierenberget al. 2018; Caoet al. 202Q Liu et al. 2020, such that the
toxicokinetics and toxicodynamics of J4OPs ingested with food may differ substantially from those of
pristine TiQ-NP dispersions. Proteins, lipids and other macromolecules have been shown to adsorb to
bt a G2 T2 Ndthatlalters SirfadéBhdracteristics and influences biological responses, including
interaction with epithelial cellsmacrophageand microbiota(DelLoidet al. 2017; Winkleret al. 2018)

The protein corona ia well-recognizedimitation in NRbased therapeutics, particularly via the oral route,
as it governs their fate and biological identity (Berardiand Baldelli Bombelli 2019; Raptpd2020)

and can significantly impact therapeutic properties, gastrointestinal transit and oraldlabity (Zhang

et al.2021) The majority of toxicity and genotoxicity studies of Jgarticles however fail to account for
interactions with foodand/or biologically relevannatricesto influence the toxicity of these particlesa

the oral route aad thus may not fully represerthtuman exposure to Tias 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 prido their use inin vivoor in vitrotoxicity 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 macrt@ooles with the resultant corona
OKFy3aAay3a GKS aaeyiKSGAOE ARSY (A iMeCletmantsetiak $016LJ NI A Of
Breznicaet al. 2020).L & KI & 06SSy SYLXKIFaAl SR GKFG gKIG | OStf
interacting withparticles 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
particleprotein complex (Cedervalet al. 2007; Wakzyk et al. 2010). The interactions with
macromolecules and the composition of the resulting coranea function of the type of matrix, surface

chemistry of particles as well as their curvature and diameter (Detiaadl 2017). Therefore, different

sized TiQ particlegagglomeratesand samesized particlegglomeratesn different matrices may be

assumed to have distinct corona compositions (Winlderal. 2018) and thus possess fundamentally

different toxicological propensities, further complicatingerpts to evaluate the human health risks of
dietaryTiQ, exposure based on extrapolation framonfood gradeest articlesand/or particlesdispersed

in simple matrices such as water. Given that binding of macromolecules alters particle size and surface
properties, it is likely that theprotein corona also has a significant influence on oral systemic
bioavailability. Therefore, studies in whicells or organisms are exposed to dispersions of pristing TiO
particles outside of a food or biologically relevant matrix may be usefidiémtifying intrinsichazard of

constituent particles (both primary particles and reduced agglomerales) are of questionable

BEKS GSNINY GLINRBGSAY O2 NRay(RGD7)id Hedcrit® thedyndrRic pootkin str&cREMNID |
spontaneously forms on NPs when introduced into a biological milieu.
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significance for human health risk assessment of dietary exposure tegi@mte TiQas the material is
encountered in the diet.

Itis important to note that the protein corona may either enhance or attenuate the targeting, uptake and
subgquent toxicity of particles depending on its composition as well as gasicular biological
environment (Walczy&t al.2010; Jeet al.2016; Liwet al.2020). While a naked particle may have a greater
nonspecific binding affinity to cell surfaces thameocoated in proteins, the opposite may be true if a
particle is coated with proteins for which suitable cellular recognition machinery exists. For example, Runa
etal.(2017) have shown that bare THIPs 21 nm crystalline form not stated) induce lipmkroxidation

of the plasma membrane in HeLa and A549 cells (0 > 3 k),Yak Guantifiad b8 malondialdehyde

assay which can be inhibited through passivation of the NP surface by a serum protein c8ramiarly,
Proquinet al. 2017 showed E171 suspeRSR Ay | I y1 Q& ol flyOSR alftid azft
minutesat 40 kHz) inducerkactive oxygen specigRO$production under celfree conditions while no

ROS production was observed in the presence of Ol@dne serum albumirBSAin themedium, 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 dhe protein corona of TiIGNPs (primary particle size not stated,
hydrodynamic modal diameter in culture medium 180 nm, range 230 nm) on human macrophages.

TiQ particles (10, 50 or 106 3 k)¥YWere incubated with macrophages in the presence of 10%
fluorescentlylabelled BSA. A doskependent increase in the induction of piraflammatory cytokines H

6 andIL-m iwas observed, although a similar trend was seen for theiafiimmatory cytokind L-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 phagwgtic cells such as macrophages and thereby promote inflammation. In
addition, just as proteins change the semed reactivity of particles,dsorbed proteins on the surfaces of
particles also undergo conformational changes, which may result in new epitome altered biological
functions or affinities (Parveest al.2017).The binding of proteimmay also be confounded by the surface
chemistry of the Tigparticles (i.e.the presence of phosphate ions, silica or alumina coating, ettgh

may differ etween particles intended for use in food versus other purpo3dé® 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 adrug delivery ceiers, anti-tumour agents vaccinesand
antibacterial productgs well as iiagnosics, imaging andsbiosensorgfor review see Liet al. 2020;
Martinez-Negroet al. 2021; Akhteret al. 2021; Baruket al. 2020; Lee 2021; Fasoli 202This work has
highlighted the complexity of nanrbio 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.
{AYAE NI 2 GKS & +cNiRsrtheyomPetitiveSoldding &f blapd skerGniK profeBsito 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 componentsoaf matrices. Over

time, however, the protein composition evolves through competitive binding as abundant but weakly
bound proteins are gradually replaced by less abundant proteins with greater binding affinities until an
equilibrium is reached (Vilanowt al. 2016; Litet al. 2020). These more stable, higffinity proteins are
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2F0SYy NBFTSNNBR (2 a GKS GKFRNRAPRNBYAYEISHKOUBL2 YA
O2NRBYlIé£¢d {2F0 O2NRY! LINB G SAya YlokeinsdaBdoizhARbedhh f & A
suggested that the sofhard corona interface is likely critical in establishing the true biological identity of

particles (Nierenbergt al.2018). However, due to the complexity of studying these transient interactions

in sity, the majority of studies of the nanbio interface have been conducted vitro and thus the

toxicological significance of proteparticle transformations within complex food matrices and under
physiologicallyelevant conditions remains poorly understood.

Impact of the Food Matrix and Gastrointestinal Milieu

Bettencourtet al. (2020) assessed thmpact of a simulatedligestion model on thephysicochemical
propertiesof TiQ materials (JRC Ni#02, NM103, NM105) dispersed in water in the presence of BSA
using ultrasonication and in accordance with the NANOGEN®Td®persion protocol. After the
dispersion protocol, the Tg3uspensions were subjected to three sequential gigm 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 impacbn size distributions of the three Ti@aterials tested andmsall particlesless than 100

nm in sizewere still detectable irach Ti@suspension after digestion. The hydrodynamic mean size of
NM-105 (analogous to Aeroxidd®25 Ti@-NP®) measured by dyamic light scattering (DLS) was observed

to decrease slightly after digestion, suggesting that this material may agglomerate less upon digestion. In
addition, the size range 0iQ agglomeratef/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 statd$Gfsuspensions
generated using ultrasonitian in the presence of BSA&portedby Bettencourtet al. (2020) is in contrast
with other studies that demonstrate very significant impacts of digestion on the agglomeration,of TiO
suspensions. Dudefagt al (2021) assessed the behaviour Bfl71and P3 TiQ-NPs through a
standardized statim vitro digestion protocol simulating the oral, gastric and intestinal phases (the test
suspensions were not sonicatedhelresults indicate significant agglomeration of Jgarticles as the

size distributions ofiQ 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 umon average and expanding until roughly 500 pm. &bihors suggest the extensive agglomeration
ismediatedo @ § KS | Ra 2 Nladinylageyand 2li¥alent ¢atiogsitosTiQMarticlesand bridging
between particleghat arealready agglomerated in watet.iet al. (2017a) also observed a progressive
increase in mean particle diameter of sonicated Jdpersions as they passed through a simulated GIT
model, suggesting that the particles became significantly more aggregated.

14 Final protocol for producing suitablenanufactured nanomaterial exposure mediauly, 2011.
https ://www.anses.fr/en/system/files/nanogenotox_deliverable 5.gAccessed 10 June 2021].
15 Aeroxide P25 (manufactured bigvonik Industries, Degussa, Germgagommonly used as a reference material

for TiQ-NPs in various studies. The material consists of mptede spherical particlesg§5% anatase/%5% rutilg
with amean particladiameter 0f21-24 rmand is considered an optimal photocatalyst
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Maruccoet al (2020) studied themolecular processes governing fransformaton in terms of
agglomeration and surface modification$ sonicated fooerade TiGQ and TiQ-NP suspensions during
the digestion process usirgnin vitrosimulated human digestive systeifhe &e distributionmeasured
using DLS for a suspension of aggited TiQ-NPs (55 nm primary, 100000 nm aggregatg¢shifted
slightly to smaller hydrodynamic radirom water to simulated saliva, however, a major shift in
distribution to largersizes was observedin gastricand duodenalfluids. Both foodgrade and
monodisperse TiI@NPsuspensiongxhibited continuous increasen hydrodynamic radius from water to
saliva, duodenal and gastric fluidghe authors also note thatgglomeration/aggregation wawot only
inferred by the shift of thesize distribution tahigher values, but also by the increase of the variability
among therepeat measuements suggestive of poor stability of the suspensiofihis study also
demonstrated that agglomeration ofiQ 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 theS8Q materials, whether subjected to saliva or gastric flurdyo or

to all three digestion phases was found to be irreversible, suggettatgrreversible aggregatiooccurs

in the gastric fluidand remainsunaltered in the duodenal compartmeniMaruccoet al. (2020) also
investigated the separate impacts of pHdaionic strength of the digestive fluids on the agglomeration
state, finding thathigh ionic strength appears to be the main driving foteading to agglomeration.
Lastly, the effect of simulated digestion on the cytotoxicityfégf}-NPs to human coloretal carcinoma
HCT116 cellsvas examined. A dosdependent 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 #hequire 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 tgride TiQis
likely to occurCacet al. (2019) reportedhat a series of complex mole@ul events occurred when TiO
NPs(< 30 nm by TEMyeretitrated into casein solutions, including dissociation of casein micelles, NP
protein complex formation, and complex aggregatidihe authors attribute thenigh degreeof NP
aggregation in this systemno two effects: first,charge neutralization reduced the electrostatic repulsion
between the particlesthereby promoting aggregationesond, bridging flocculation may have occurred
where individual casein molecules wemsarbed to the surfaces of numerod#s thereby linking them
together. The impact of a simulated food matrix on E171 toxicity fetker investigated byhese authors

in an intestinal epithelial modgCaoet al. 2020). The fooegrade Ti@was an anataserystalline form
with a mean particle size of 113+437.2 nmby TEMand 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, doselependent cytotoxicity and oxidative stress in a fasting food m@eM)but not in a
standardized food mode(SFM)based on thexAmerican dief, indicating a significant food matrix effect.

The effect of the food matrix on the corona of fegdade Ti@was also examined by Corestsal. (2020).

Three food models were processed in a simulagedtrointestinal digestion system in the presence of
food-grade Ti@, a FFM, a SFM, or a high fat food model (HFFM). The test article was the same as used by
Caoet al. (2020 described above. Following simulated digestion under the three conditionss Hpid
proteins were extracted from the corona and profiledpd¥ticlecorona 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 variemhder the three conditions, although coronas formed under
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SFM conditions were more similar to FFM than HFFM. The authors concluded thartlode corona
formed on foodgrade TiQparticles may passivate the surface of these particles, although theniesie
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 ofTiQ was irvestigated by Sohait al. (2018). TheliG particles used were an anatase form
(identified asTiG A20Q from the Shanghai Yuejiang Titanium Chemical Manufacturer Co., Ltd) that was
reported to be foodgrade with a primary particle size of 1050 nm byTEM and a BET specific surface
area of 8.2 /g, consistent with E171. The simulated digestive model had a sequential retmrttach
intestinal digestion cascade at appropriate pH and in the presence of relevant enzymes to represent
exposure to saliva, gag, and duodenal and bile fluids. Prior to mixing with digestive fluids, particles
GSNBE RAALISNBSR o0& az2yAl0FrdadAz2y Ay RAAGATESR gl GSNJ
simulated salivary fluid (pH 7.0), no significant change in the pastadedistribution, agglomeration state

or ion concentration was observed up to 60 oties. After dissolution in simulated gastric fluid (pH 2.0)

for 8 h, TiQ agglomerate size increased from an averag29if.4 nm to 454 49 nmbut no significant
releaseof 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 hydradyio diameter ofTiQ 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 casthele.
maximum dissolution for Tiacross all phasesasestimated to bed.42%and the authors noted that the
pronounced changesin particle size distribution, aggdoation 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 Ti@tis biodurable and
persistent, with @rend of increasing agglomerate size over time and along the Gl tract cascade

The impact of a SFM on the fate and toxicity of E1 2313 nm by TEM) in the GIT was also investigated

by Zhang and colleagues (2009) ¢ KS { Ca ¢l & Y2RStt SR 2y GKS adeLROol
dietary fibre, starch, fat and mineral consumption, based on food studies conducted by the US
5SLI NIYSyd 2F ! ANRKROdA ( d2NBQEL70) dvaskispérsaigScation pridd a4 S | NI K
to being added to either 5 mM phosphate buffer (fasting medium) or in the SFM at concentrations of

0.75% wiwor 1.5% w/w The simulated digestion of thEiQ suspension was performed in as&p GIT

simulator mimicking the conditions of ¢hmouth (2 mimite incubation), stomach (2 h incubation) and

small intestine (2 h incubation). The cytotoxicityTa} particles suspended in either fasting medium or

SFM was investigated by placing the digestae that had been passed through the simlated@tact

with a tri-culture modelof intestinal epithelial cells (Ca&y HT29MTX,andRaji Bcell§ and incubated for

24 h. The release tdctate dehydrogenaseanarker of altered cell plasma membras)evas quantified

as a marker of cytotoxicith dosedependent increase in cytotoxicity was observed when epithelial cells

were exposed to digestae containifigQ, particles dispersed in fasting medium. SFM digestae, however,

were significantly less cytotoxic than their fasting medium counterpartamigss of concentration, with

a 5fold decrease in toxicity associated with the food matrix effect at the highest concentration of 1.5%
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wiw. The authors concluded that these results highlight the importance of the food matrix in studies
investigating theoxicity of TiG particles in the GIT.

Similar results have also been observed in simulated gastrointestinal digestion systems ysMBsTiO

et al (202Db) studied the influence of a standardized food matrix on the physicochemical propefties o
TiQ-NPs in a threetagein vitro digestion model (mouth, gastric, intestinal). The particles were
engineered TiINPs with a reported mean particle diameter of 25 nm (crystalline form not stated) and
were suspended birief sonication(10 s)in either 10 mM phosphate buffer (without food matrix) am

SFMat 0.5% wiw, 1% w/w or 1.5% w/w. The hydrodynamic diameter of agglomerates was shown to
increase significantlguring digestion both with and without #ood matrix with the most significant
agglomeraton 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 predispersed TiQ-NPs and thus serve to stabilize the suspension under these
circumstances. Prior to digestiothe zeta potential was significantly decreased in the presence of the
food matrix and further decreases were observed in all digestive phases, with the largesadesr
occurring in the gastric phas€ollowing simulated digestion, human colon epithelial C2a®llswere
exposed to digesta mixed with serum free media and incubated for 24 h prior to cell viability analysis. Cell
viability upon exposure to T¥NPs djesta was higher in the presence of the food matrix than in its
absence. The authors concluded that the physicochemical transformations 8NP&in the presence of

a food matrix strongly alter their biological effects, and that the toxicity assessafiengested TIQNPs

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 actsigfic versuslynamic systems,

and the presence or absence of a simulated food matrix, thereby introducing heterogeneity in the results

(for review see Lefebvreet al. 2015). Taken together, however, the contrasting aggregatior/
agglomeration behaviour ofiG suspensions prepared using ultrasonication in water versus in the
presence of common biomolecules or dietary constituents suggest that Stifpensions in simple
matrices may be less relevant as tasticlesfor the study of fooejrade Ti@as a cortstuent of the diet.

CKAA gl a faz2z | 0ly2¢6f SRISR o0& (tkeSadninBtfation ofTI{(E t | Yy St
171) by gavage or drinking water is not fully representativihefuse of the food additive E 171 in faod

and that extrapolatingrbm such studies to the assessment of the food additive introduces uncertainty

& 0 S O intdzacfions with the food matrix may not ocaré  { AYAf I NI 83X ! b{9{ O6HAI
adverse findings in drinking water studies cannot be used in risk assessmeinthag 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 palttprotein 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 compositianture, 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 (McClemegitsl. 2016). An understanding of such
changes in the structure and compoaositi 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
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and gastrointestinal milieu in which they reside is fundamental to identifyglgvant toxicological
responses. A major limitation of most vitro studies with respect to their relevance to evaluating the
safety of TiQas a food additive is the use of overly simplistic models that fail to account for the influence
of these biologially relevant matrices on particle characteristics and toxicity (McClemetnas 2016).

For example, many studies investigate the cytotoxic or genotoxic potential of pristingdriles
dispersed in simple matrices such as water, which does not septethe 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 misleadimgvivo predictions. The relevance of these studies
would be greatly enhaced if particles were first passed through a GIT model to simulate digestion prior
to introduction in test systems.

5. Particle Dispersion

Various guidelinegechnical reportsand SOP$iave beerdevelopedto standardizesample preparation

and dosimetry for the safety testing of manufactured nanomaterelg. by the OECEFSAthe US EPA

and within the EU projects NanoDefine, NanoValid, NanOximet, NANoR¥Bagenotox, etg. These
protocols aim to harmonise samplergparation conditions such that theoretically comparable
suspensions in terms of particle size distribution may be produced among different laboratories (ANSES
2019).The necessity of stable dispersidias material characterization as well ascurate andepeatable

dosing is well recognized, artthe majority of the various methods for sample preparation of
nanomaterials published internationally advance the use of sonication for these purpdsesich,n
manytest systems described in the literature, Figarticles are sonicated in order to create stable
homogeneousdispersionsfor testing and characterization. Recently EFSA (2021b) has updated their
guidance on the risk assessment of nanomaterials in the &owl feed chain. This guidance does not refer

to sonication specifically, but emphasizes the need to test stable disperiwnglentification and
characterzation of hazards associated with nanomatesizdnd references several of the protocols
mentionedl 6 2 @S GKI G0 R2 S&aLRdzAS az2yA Ol (lksetiic chsesga®dd S NE 9
especiallywhen exposure occurs mainly through solid and liquid foeditional groups with food or
drinking water administratiorhave to be includedo determire whether hazards associated with the
nanomaterial are observednder realistic exposure scenag@esmphasis added]. The use of fegdade

TiQ as a constituent of food is almost certainly one of those specific cases, and the guidance from EFSA
isconsisBy i 6AGK | SIHEGK /FylFRFQa FLLNRIFOK 2F SEFYAYA:
nanomaterials in food products on a casgcase basis. Both EFSA (2018a) as well as an expert Committee
commissioned by ANSES (2019) have also opined that sahipatgcles may help in identifying certain
hazards associated with foagtade Ti@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 aganacknowledged that sonication is widely usedcreate stable dispersions of particles for

the testingof nanomaterialsin the case diood-gradeTiG there is also the potential for this practice to
produce artifactsBy increasing collision frequency and decreasing the free energy of particles, sonication
may result in deagglomeration of larger particle clusters while simultaneously promoting the re
agglomeration of previously fragmented clusters (Tauretai.2011) TiG, 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 narbi material inthe sampléMarinet al.2017). UWtrasonic disruption of TiO
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agglaoneratesmay also lead to the formation of highly reactive hydroxyl radicals in a process known as

a a2y 2% Bhis pracess is exploited in the area of water and wastewater purification, where sonolysis

of TiQ particles results in the degradation of vaws water contaminants by hydroxyl radical attack.

Although sonicatioanduced radicals formed in aqueous environments are highly reactive and thus very
short-lived, they may still drive oxidative and other chemical transformations, such as changesaie part

surface chemistry including oxidation or hydroxylation state, and may subsequently propagate further

radical chain reactions or recombine to form more stable (and thus lelngt) peroxides and peroxyl

radicals (Taurozat al. 2011). Indeed, Taurazet al. (2011)stated K & G XA G A a dzy/lj dzSa
sonicationspecific, radica¥ SRA I 6§ SR OKlI y3Sa KI @S 06SSy 20aSNBSR |
AAAYATFTAOFLyGEe FEGSNI 0KS adalLlSyaizy YSRAdzvandLINE LIS NI
O2yaSljdsSyate AyFtdzsSyOS Ada SySmae yhy SINNDGENOTIOXY R 6 A
dispersion protocolwhich is widely used itoxicitystudies, cautions that unanticipated side effects of the

particle dispersion process, such as partakeration and consumed hydrochemical reactivity/radical
F2NXIFGA2Yy YIEe@ 200dzNJ I yR aO02dZ R 0SS YOANOGENOIOXE NB A |
2013) The effectof sonication onTiQ-NP toxicity washownby Carriéreet al. (2014). These authors
dispersedTiG-NPs by either ultrasonication or through ball milfihgivhich produced similar particle size
distributions. However, the sonicated dispersion produced more deleterious effects on cell membrane
integrity and led to intracellular accumulation &OS in A549 cellgn foods, there are many other

molecules in thdood matrix to which the energy of excited Fi€an be transferred and the matrix can

effectively act to insulate the particle surface and prevent binding §fHBO and OH reducing the

formation of highly reactive oxygetentred radicals. Further, amgdicals that may be formed would be

much less reactive carbarentred radicals, with many acting as radical chain terminators, preventing

further increase in the concentration of highly reactive, oxidative species.

The dispersion medium may also exa@ehthe extent and degree of formation of sonicatimluced
reactive radicals, which may alter the toxicological properties of the dispersed suspéhammmzzét al.

2011). For example, BSA is widely useNRdispersion protocols, and Warg al. (2009) have shown

that even lowfrequency sonication induces tingependent, irreversible degradation in BSA structure
even in the absence of metal complexes. Prasadl. (2013) compared the genotoxicity of BHNPs
dispersed by sonication in three diffetemedia 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 onBleischer and Payne (2014) investigated the relationshipvéen 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 structureNBSmplexes are
recognized by the native albumin receptor acellular binding of complexes is inhibited by excess BSA.
However, in the presence of denatured BSA, such as occurs during sonication, theselroteimplexes

16Ultrasonicatiorrefers to the application of sound energy at frequencies largely inaudible to the human ear (higher
G Kl y F (Taurozzdt4l.2041). Health Canada identified a number of studies thabreed sonicating particles
at 60 Hz, which would represent an enormous difference relative to the 428Hz used in most studies, as acoustic
power is proportional to the square of the frequency. However, it appears that in these insthecasthorsare
erroneouslyreporting the frequency of thalternatingcurrent the device operates dp.g. 120V, 60 Hz) rather than
the operative frequency of the instrument.
17 Ball milling is a mechanical technique used to grind materials into fine particlemdatee al intended to be
reduced is placed in a rotating cylinder that is partially filled with balls anddrigtgy impacts between the balls
and the substrate homogenizes and disperses particles (see BhaghardD18 for a more detailed descriptipn
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interact with a different set of cell surface receptors (known as scavenger receptors)abathgreater

affinity for modified albumins, and excess denatured BSA enhances rather than inhibits cellular binding,

thus influencing cellular responseRecently, Charles and colleagues (2018) undertook a reviewvitfo

genotoxicity studieof TiQ-NPswithl @A Sg (2 dzyRSNAGF YR gKeé&x aS@Sy A
LlJzo ft AOIF GA2ya &aStSOGSR IyR Fyltél SR RArRenstxid f SI R
potential. The authors noted that, among other factors, modifications inducesbbigation may lead to

falsein vitrogenotoxic responses. Whether or not sonicatinduced radicaimediated changes also lead

to disparate results inn vivostudies of Ti@toxicity has yet to be determined. However, given that
generation of ROS iftenviewed as thenitial key event in the adverse outcome pathway of J(i8rand

et al. 2020 Braakhuiset al. 2021) the fact that sonication of particles may lead to ROS producides

further uncertainty and could possibly be a confounder of the ttase response

In addition, it is well established that Ti@ a photocatalyst capable of producing highly oxidizing ROS
upon absorption of a photon with sufficient energy (Catpl.2004). Ti@-NPs exposed to light can oxidize
hydroxide inwaterand produce ROS (Haynesal. 2017) such thatgenotoxicity assaywith TiQ-NPs

have been shown to produce conflicting results when performed in the dark versus labdeatorylight
(Gerloff et al. 2009; Woodruffet al. 2012; Di Bucchianicet al 2017).Ultrasonicated watermay also
partially dissociate into hydrogen and hydroxyl radicals (Tausdzi2011). It is perhaps not surprising,
therefore, that a synergistic effect on hydroxyl radical production has been observed between sonolysis
and photocataysis (Selli 208) Mrowetzet al2003; Vermaet al2014) and care should be taken to ensure
toxicity tests that are sensitive to ROS synthesise not conducted under conditions favouring
sonophotocatalysisPhotocatalytic activity requires light absorptioand & such the photoactivity of
particles varies as a function of their size/agglomeration stat @li2010; Pellegrinet al2017). Larger
particles and agglomerates such as those found in-fpedie TiQreflect and diffuse light, and therefore
have minimal photocatalytic activity relative to smaller particles (Bi and Westerhoff 2019). However,
when TiQis deagglomerated by sonication into smaller agglomerates or constituent particles there is a
rapid increase in surface area. The effect is it scattering becomes less dominant and absorption
becomes more significajthence photocatalytic activity increases (Pellegehal 2017). In addition, food
packaging providea degree of protection from visible and higher energy UV light throghdibsorption

by the polymer packaging itself as welleasyadded 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 alsaqvide 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 consideratgndies that administer
food-grade TiQthat has been dispersed via sonication in simple liquid matrices, such as pure avater

in open containers or materials intended to be transparent to ligased detection methods (e.g., DLS).

Health Canad@ &odDirectorateis aware that sonication is used by the food industry for certain
applications, such as the preparation of botanical extraiciactivation of pathogenic organismthe
removal of food allergens or pesticides, the modification of functiochatacteristics of lipids and proteins

as well as emulsification or homaogenization, typically at smaller scAlesr{itoyanniset al. 2017;
Mumtazet al.2019;Ranjhaet al.2021; Arrudaet al.2021). Food manufacturers also disperse and stabilize
TiQ in food matrices although Health Canddld C2 2 R & AoNa&reéi o tNd-use ®f higgnergy
ultrasound for these purposes. Indeed, aside from not being readily scalable, such methods would
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presumably be counteproductive if sufficient energy sppiedto break apart agglomerateanless they

are very large (i.e., outside the ideal particle size range for its technicalli€NPs in fooejrade TiG

will contribute to the efficacy of the product as a whitening agent if they are agglomerated biftthel

are dispersed into primary particles agglomerates that are too small to scatter light and impart opacity

A variety of mechanical methods such as kshgbar mixing, colloid and disk mills, and hmyhssure
homogenizers may be used to dispeimggregates of Tilby 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 particleigelscher(2011) states that
conventionaldevices such as higdhearY A E $Iddat defiver 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 ultrasw hasbeen proven as a highly efficient and effective means

to destroy the agglomerates, aggregates and even primary parti@asilarly, Akpaet al.(2019) report

that the mechanical forces generatedby R S NJ YAEA Y 3 | NB dedwitiNbethi§ha & LI2 6 ¢
energydzt G NI a2y AOF A2y éd 5AALISNBAZ2Y 2F | 33f2YSNradSa N
than the binding energy of the particles. Huang and Tarentjev (2012) state that mechanical high shear
mixing may produce a strairate as high as 4,006 and shear stress of no more than 20 kPa in viscous

liquids such as epoxy resins; in WA 24 O2 aA G & f AljdZARa adzOK & ¢ G§SNE
0St26 pn tlI X 2FFSNAY3I OSNER A Gasd ob soicatiois hodever, | OKA S
extremely high strain rates are produced during cavitation, up t8 49 leading to shear stress
approaching 100 MPa, or roughly®1€10° fold greater than the maximum stresses produced by high

shear mixing.

| S| f ( K s Fdod/Dir&to@te requested additional information from stakeholders regarding food
industry practices in dispersing bi@nd receivednotice that sonication or other intensive methods

intended tobreak down agglomerates into their constituent particles aot used to disperse Ti food

or beverage manufacture (International Association of Color Manufactysers,comm 11 March 2022

Titanium Dioxide Manufacturers Associatiopers. comm.13 May 2022 This is consistent with

information previouslyLINE @A RSR G2 | St GK /Iyl Rl Qbe podu@igh 5 A NB O
process of foodyrade TiQ 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 mediaiegtural health products the primary route

of TiQ exposure for those who are not occupationally exposed. A number of studies have investigated
the oral bioavailability systemic distribution and elimination of Ti@ both rodents and humans. In
general, all Tigparticles are insoluble in aqueous solutions and only minimally degraded under conditions
representative of the gastrointestinal milieu (Winkler al. 2018) with the vast majority of ingested TiO
particles being eliminated unchanged in fecdswever, the gastric epithelium is protected by tipet-
associated lymphoid tissuéGALJ, which immunologically surveils contents of the gut. In the small
intestine, tih & Y dzO2al f f&8YLKEFGAO (GAaadzsS F2N¥a FIIAINBIFGSa
layer ofPe@ SN & LI (s@peSadizedxlly called ryficrofold (M) cells, with the unique ability to
violate the mucosal barrier and capture and transpuatticles from the intestinal lumen (Dillon and Lo
2019). While these cells typically traffic calcium phosphate particles, peiicles are also within the

29
State of the Science @itanium Dioxide (Tipas a Food Additive



Food Directorate, Health Canada June2022

2LIAYEFE &ATS NIXy3aS 2F a OStft dzZJil 1S F yR \yirkodza YI &
the gut lymphatics (Barreto da Silea al. 2020). Upon accessing the lymphatic system, small particles

may be translocated systemically whereas those greatertfigrty | NS STFFSOGA GBSt & NI LI
patches and persist undegraded (EFSR62@Particlesnay accumulate to the point of resembling tattoo

fA1S a0NHzOGdNBa G GKS o0l asSa 27F obSeevEdiddcieaghiti OKS & =
age in childrefyouth aged 1.6 to 18.1 years (mean 12.2 yeamjlergoing intestinabiopsies for
suspectedinflammatory bowel diseasealthough particles were detected in less than half (42%) of the

biopsies conducted and were not confirmed to be ;l8@ecificall(Hummelet al. 2014). Particles taken

up by M cells may also be transcy§oR (12 | R2l OSyid RSYRNAGAO OStfta f2
dendritic cells themselves may directly sample particles in the intestinal lumen viajuigttion like

structures with epithelial cells (Rescigeal. 2001).

Studies in Rodents

Riedeet al. (2020) investigated whether a murine dietary model could be used to mimic human exposure

to TiQ. The authors posited that in order to be considered successful, it must be demonstrated that
administration of fooegradeTiQ incorporatedintodieNBS & dz2f G & Ay G KS | OOdzydz | (A 2
patches, as occurs in humans. Male and female C57BL/6 mice were exposed to 1, 10, or 100 mg/kg bw/d
food-grade TiQin feed for 18 weekfnataseDs,119 nm, range 5@ 350 nm) at which time they were
euthanizedandth&la K NBSai SR t SeSNRa LI 6§OKSa sSNB SEOAA:
and SEMequipped with energylispersive Xay spectroscopy (SEEDX)As observedn humans, dose

dependent uptake of Tikparticc Sa Ay GKS oF&asS 2F tSeSNna LI §d0KSa
conclude that the dietary model is a physiologically relevant oral dosing approach for human health risk
assessment of foedrade TiQ. The authors did not examine whether particlesiicobe detected in

tissues other than those of th&1T Additional endpoints examined in this study are described below in

0 KS aS nimurbtgxicigyylinflathmation and Effects on the QI®

The absorption, distribution and excretion of fegdade Ti@incorporated into diet vere assessed in a
GLPcompliant study in rats carried out in accordance with the OECD 417 (Toxicokinetics) test guideline
(Farrell and Magnuson 2017). Fegrhde TiQ(anataseDso= 133¢ 146 nm) was incorporated into feed

at a rominal concentration of 200 ppm and male and female Sprdgaeley ratsrf = 10 per sex per
group doseequivalent to 30 m@iQ/kg bw/d assuming daily consumption of 3@get/d by a 200 g rat
received either Tigor a control diet (no Tigadded, backgyund concentration Z 9 ppm) for seven days.

After seven days, the Tidiet was withdrawn and three rats per sex were sacrificed at 1 h, 24 hand 72 h
following replacement of the Tig@ontaining diet with the control diet. Animals were housed individual

in metabolic cages after withdrawal of the test diet and all excreta including cage washings were retained.
TheTicontent in excreta, whole blood, liver, kidneys and muscle was determined by Inductively Coupled
Plasma- Atomic Emission Spectrometry BHBES). The majority of Ti was excreted in feces with
concentrations in urine below tHemit of quantification LOQ<0.04 mg/l.equivalent to <2% daily dosg/L

for all samples except the 0 to 24 h urine sampledoe rat (0.05 mg/L) collection of urineand feces
began after withdrawal of the test diet and therefore no mass balance recovery was estinvhete

blood Ti concentrations were also below thmit of detection(LOD in both treatment and control
groups. In tissues, Ti levels were below tlL(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

30
State of the Science @itanium Dioxide (Tipas a Food Additive



Food Directorate, Health Canada June2022

LOD. Sporadic observations of levels above the LOD were in the range of 0.1 to 0.3 etgvigght, and
occurred at similar levels and frequenicyTiQ-exposed ratas those in the control group. The authors
conclude that fooegrade Ti@ administered in diet is not appreciably absorbed and distributed in
mammalian tissues, and there is no damce of accumulation ifiver, kidney and muscléollowing
repeated oral exposuréor 7 d

A second GL-Bompliant, multisite toxicokinetics study of 5 different grades of Jws carried outin
accordance with OECIL7 test guidelines and a summanpoet of this unpublished study was submitted

to Health Canada by industry (EBRC 2022). In this study, male and female @GDastated, 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 ,Ja@ministered by oral gavage and the total Ti content of
whole blood was measured for 96 h pakising. The relative oral bioavailability of the various grades of
TiGQ was compared to a soluble Ti refererméstance (Titanium(lV) bis(ammonium lactato) dihydroxide
solution¢ 50 wt. % in KO) thatwas administered orally (100 mg/kg bar)intravenously (1dng/kg bw)

The test articles included a foatade form of Ti@identified as E17-Ewhich had a mediamarticle
diameter (SD) of 99.2 2.0 nm and contained approximately 50% of constituent particles in the
nanoscale (LNE 2020)he other four particles were identified as G@a rutile TIO2NP coated with
alumina and hydrophobic organibs,=9.2 + 2.0nm), G25 (uncoated anatase TiG8P,Dso=5.5+ 2.0

nm), G31 (uncoated pigmentary rutile Ti) Dsp= 146.9 £ 5.9nm) and G419 (igmentary rutile TiQ
coated with alumina and polyoDsq=177.5 £ 3.99m). Details of the vehicle and the dispersion pratb

were not provided. Blood was collected at 0, 0.5, 1, 2, 4, 8, 12, 24, 48, 72 and 96dogingtand Ti
concentrations measured by IBPS/MS following microwavassisted acid digestion of wheltdood
samples using #$Q. This method accounts for theidavailability of particulate TiOas well as any
dissolved Ti. Blood Ti concentrations of vehadatrol treated rats were highly variable with several
males considered statistical outliers and excluded from data processing. The mean blood Ti
concentratons of male and female rats were below 0.2 pg Ti/g blood following oral administration of all
test articles. Administration of the soluble Ti reference resulted in blood Ti concentrations up to 90 pug/g
blood and 0.9 ug/g blood following i.v. and oral dgsirespectively. The highest blood Ti concentrations
following oral dosing were observed in the group that received the-fp@dtle TiQtest item E171E. The
resulting areas under the curve (AUC) were plotted for rats exposed to the reference substaltycerora

by i.v. and compared to the AUC of rats that received EELIB} oral administration. The maximum relative
oral bioavailability of E17E was determined to be 0.0013% (rounded to one significant figure for the
purpose of this report). The measureabdl Ti levels of the other four forms of TMdere below the LOD

after background correction (LOD not stated). The authors concluded that oral bioavailability of all TiO
grades tested was close to the LOD of the analytical system. They also stated shaeagents used in

the process contain low but measurable background concentrations of Ti, which makes analysis of low
levels challenging. In addition, tlaeithors reported that thebackground level of blood Ti in controls rats
washighly variable, espegily in maleswhich is consistent witlime zero levels measurediring dietary
studies

As part of a series of experiments, Bettatial. (2017) examinal the fate of TiQ in rats that were
administered ultrasonicated particles in wateNANOGENOTO#ispersion protocol) In the first
experiment, adult male Wistar rats € 10 per group) received a vehicle control (water) or 10 mg/kg bw/d
of foodgrade TiQ(E171) by intragastric gavage for 7 da@enfocal microscopymagingusing laser
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diffraction to detectlight-diffracting TiQ particles and cell autofluorescence to detect cellular structures
were used to examine the fate of Ti@long the gufliver axis In an additional experiment, the
agglomeration state oparticles recovered from thiiminal ontentsof the jejunum and coloof rats 6

= 4 malesy h afterreceivinga singlegavagedose of 10 mg/kg bw E17Were examined. The authors
report that light-diffracting TiQ particles werefound in thet S & S N & thd sindll f@stinetAer
colonc mucosa anthe liver of ratseceivinge171 for 7 daydut not in the controls They also state that

in comparison with the initial bolus, the dispersed particles did neagglomerate in the gut or during
intestinal transitln images reported from fik experimenta large number of laseeflective particles are
observed in the Tigxest suspension prior to gavage, aswell as along the intestine in the luminal content
of the jejunum. A much lower number of laseaflective particles are observed in the colon. Based on
other evidence reportedin this study, it is likely that the olbsel laserreflective particles are accurately
identified as TiQ However, it is noteworthy that the spatial resolution of the methodology used is
insufficient to demonstrate the agglomeration state of the imaged partidl&M images of the colonic
mucosashow the presence of E171 aggregates (>200 nm in size), but do not clearly indicate the presence
of deagglomeratedPslt is also worth noting the dispersed particles were stabilized with BSA, which is
known to induce changes in binding affinity both arggparticles 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 acumulation in tissues. Male mice were treated with either vehicle or E171 in water
(without deagglomeratiomno 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 deae administeredtotal Ti
concentrations were measured in tissues of four mice from each group by triple quadrupole inductively
coupled plasma mass spectrometry (@B)and E171 and TiO2 particles from the large intestine were
also measured by single pizcle ICPMS (sglCRMS) In mice administered E171, significant increases in

Ti content in the liver and large intestine were observed (1.8 and 3.6 fold increasgsscontrol,
respectively). In the large intestine, particles were determined to be griign micrescale although a
detectable proportion of TI@NPs was also observed (single particle analysis was undertaken in large
intestine samples only). RRAGA 2yt RSOFAfAa 27F (KA amniudotzkcdy, I NB
Inflammation and Béctsonthe GID 06 Sf 2 6 @

Coméreet al. (2020 also examinedi@sorption kinetics after a single dose of 40 Bfyy 1kg bw (dispersed

in water following theNANOGENOT@i6persion protocol) in fasted C57BL/6 misex not specified)
The presence of Tiarticles in segments of the gut (jejunum, ileum and colon) and in the blood were
measured byconfocal microscopy of EM following administration of the test article or vehicle control.
The authors estimate that approximately 0.007% of the administered d@seabsorbed in jujenal and
ileal villiat the 4 h time point, although levels returned to baseline at 8 h and relatively little absorption

NI

200d2NNBER Ay (KS 0O02f2yod Ly tSeSNna LI G§OKSax tS@St 3

h. Laserreflecting confocal microscopy was used tietect reflective particles in blood that were
presumed to be indicative of Ti@articles; reflective particles were observed ladseline but were
significantly increased by 3.&8nd 4.%fold at4 and 8 h, respatively. However, blood Ti as quantified by
ICRMS remained below the LOD (< 0.02 mg Ti/kg) at both time pointa second experimeity the
same authorsex vivojujenal loops of anaesthetized mice were greated with aphosphatebuffered

saline (PBS)control or one of the following pharmacological inhibitorsm nn Ya - 0OHXZInZXc
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triaminopyrimidine)(TAR an inhibitor of paracellular tight junction permeabilityv n n ofb5#4N-ethyl
N-isopropyl) amiloridgEIPA, to inhibit micropinocytosis), n > a t @olblack 2lathrirmediated
endocytosiy orMm T > a -Yydlo@etfin(a i /,%o inhibit raft-dependent endocytosjs After 30

minutes of incubation, the lumen contents were rinsed and replaced with PBS with or widhout > 3 K Y
of sonicaed E17Jandfurther incubaedfor o n  Ufes yinhibition of the paracellular pathway TAP
reduced absorptionof E171 particleby 66% relative to controls, whereas inhibition of endocytosis
showed only slight but nesignificant decreases, suggestingyoa 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 théack of a food matrix.

Several studies have also investigated the fate of orally ingestedNR€ Cho and colleagues (2013)
investigated theabsorption, distribution, and excretion diiG-NPs in male and female Spragbawley

rats ( = 11/group). The prticles (80% anatase/20% rutile phase ;M@h a mean diameter of 21 nm)

used for testingappear to be similar to P25 (NID5) and were suspended in distilled water (details of
the suspension protocol are not reported). Rats were treated by oral gavalyeither a distilled water
control or Ti@-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. pon terminal sacrifice, blood as well as tissue samples from the liver, spleen, kidney,
and brain were collected and analyzed Tdrcontent by ICRMS (method detection limit = 0-1 nglL).
Following 90 dysof exposure there was no significant increaséhimTicontent in sampled organs, even

at the highest dose tested, and no evidence of a dose response. Very high concentrationsnrdio
detected in feces, with no significant increase in urflevels in feces were approximately 4 orders of
magnitudehigher than urinary levels)rhe authors concluded that L®IPs 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 throughGhe

Geraetset al.(2014) exposed male Wistar rats{ 3/group) by oral gavage to one of 4 different JFiIPs

for either 1 or 5 consecutive days at a dose of 2.3 mg/rat/d (corresponding to dose8-&16 mg/kg

bw/d). The testarticleswere NM-101 (anatase; 6 nm primary particle size), {02 (anatase; 20 nm
primary particle size); NMO3 (rutile, 20 nm primary particle size, coated with@3land a polysiloxane
polymer layer) and NMO4 (rutile, 20 nm primary particle size, coated with@3). 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) @nd liver, spleen and mesenteric lymph nodes (MLN) were collected. Tissue
samples were analyzed for the presence ®fby highresolution ICRIMS. Of the 30 liver/spleen samples

of exposed animalgne liver sample (NMLO2 group) was at the LOD and 1 digample (NMLO3 group)

was above the LOD but below the LOQ; the LOD and LOQ were @03¢ A k 3 (i »&a dS\ k1Ty K Ay
respectivelyNoTi levels above the LOD were detected in spleen of any exposed animals, albfitigh

three untreated contros, one had a Ti concentration at the LODboth the spleen and liveAll MLN
samples containediconcentrations above the LOD although only in the-lNd4 group were levels in
exposed animals greater than unexposed controls. In this group, the totalltddtent was estimated

to represent approximately 0.003% of the administered dosdich was considered a worst case
scenario, although it should be noted that this is a fine (~24 nm) coated cosgrate rutile particle and
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thus not representative offiO, 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 therefataded

that TiQ-NPs have very limited oral bioavailability in the rat. Similar resudre weported by Janest al.
(2014) and MacNicoé#t al. (2015); the results of both these studies indicated tfatontent of blood,
tissues and internal organs were not significantly different from controls following oral administration of
TiQ-NPs (additional details may be found in Apperigix

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 gedsist
accumulate in tissues following chronic exposure. However, high variabilityimf&ike and background
(basal) tissue levels of Tiin both humans and laboratory animals complicates accurate determination of
kinetic parameters such as the eliminatidaltlife (EFS/R0219. In their recent opinionthe EFSAAF
Panel(20213 identified the potential for Ti@NPs to accumulate in liver, lung and spleen with-tadis
ranging from 83 days in liver and lung, 350 days for spleen and 450 days for wtipld hese estimates,
however, are based on intravenous injection of ;FNIPs in rats and are extrapolated from the last
sampling time point at 28.d’here is inherent uncertainty given the length of the sampling period relative

to the estimated haHives and the fact that no experimental study could appropriately measure a 450
dayhalf-life in rodents.It has een recommended thathe sampling scheme duration should be at least

4 times the average measured hifé in order to have confidence in the reped halflife values Colucci
etal.2011). In this casehowever,the estimated haHife of 450 cysis 16fold greater than the sampling
durationof 28 days

The biokinetics of orally and intravenously administered,"N®s in female Wistakyoto ras 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
pn YY Ay RAI YSi{ SN K lrypartidlesyvihia diangter o270 nen.\Skispehsie LINR Y |
of [*8V]TiQ-NPs were administered to ndasted rats in a single bolus by oral gavage in the rangeqf 30

yn >3k{13 066 2N AYy | airaydatsS AyGNlI @Sy2dza Hoys@SOiGA2Y
individually in metabolism cages for collection of urine and feces; at1 h, 4 h, 24 h, and 7 dad@spost

four rats per time point for each route of exposure were sacrificed“dxdadioactivity was measured in

blood, organs, tissues and all esta. An additional four rats were sacrificed at 28 days in the intravenous
experimentonly. Inthe oral kinetics study (Kreyliegal.2017a), almost all retainedV]TiQ-NP beyond

the gut distributed to the organ free carcass, with only small and togfeneous fractions observed in
organs such as liver and spleen, whereas the liver collected virtuat§valliQ-NPs following intravenous
administration. Tk authors noted thisslikely due to theobservationthat orally ingested Tigs taken up

and translocated via the lymphatics, where it may be retained in lymph nodes and only slowly released
into the blood (Kreyinget al. 2017a). Assumind®V is a reliable surrogate marker for FHOPS,
approximately 0.6% of the administered doseas 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. Howeveuf low b
detectable levels persisted in organs such as the brain and uterus seven days after dosing, suggesting the
potential for bioaccumulation of Ti@$Ps under conditions ofepeated exposure, assuming these
measures are not confounded Hye leaching of sable 48V from“8V-labelledTiG, particles The authors

note that studies on longerm biokinetics following repeated oral doses are still lacking. When comparing
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the oral and intravenous kinetics of BHNPs in the rat, strikingly different biokinetics veesipparent,

f SFRAY3 GKS | dzZiK2NR G2 02y Of dzRS GKFG GAYyGNY @Sy 2 dz
assessing the biodistribution and potential health effects occurring after oral exposure to
TIQY I y2 LI NI A Odt &.2017ap YNBS &t Ay 3

It should be noted that the majority of studies that investigated the toxicokinetiCE@FNPsSn rodents
administered particles by oral gavage. Gavage studies conducted with insoluble particles have several
issues that may complicate interpretation ofetinesults, 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 whichnatoodd
reflective of howhumansare exposedhrough the diet for example, higher bolus dosesTa) may lead

to greater agglomeration of particles and paradoxically lower exposure to primary partibketadk of
exposure to a food matrix prior to inggan may also potentially affect toxicokinetic properties

Studies in Humans

The JECHA969)evaluation of TiQreferences an unpublished report from the chemical industry in which
five male volunteers ingested 5 g of fagdade Ti@suspended in milkor 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 detectedfrom which the Panel concluded thab significant absorption of Ti occurred.
However, signifiant technological advances have improved analytical capacity to detect Ti in biological
matrices since that timand urine does not appear to be a significant route of Ti excretion éClah

2013) Peleet al. (2015)more recently investigated the oral bioavailability of fogdade TiQ@. Healthy
volunteers with normal intestinal permeability € 7) ingested capsules containing 100 mg of fguade

TiQ (anataseDso0f 260nm) in a fasted stated (participants were offerboeakfast and lunch 1 h and 4

h postdose, respectivelyand although the Ti content of the meals was not quantified, they were reported
i 2 fie&from added Tig). Blood samples were collected at baseline as well as at intervals up to 10 h
postingesion and analyzed for TiQarticlessemiquantitativelyusing dark field microscopy as well as
for total Ti by ICIMS.Findings from darkeld microscopy roughly mirrored Ti measurements by-NM3P

in the same samplesSignificant increases in blood Tingebserved from 2 h onwards, peaking at 6 h.
The highest blood'ilevel 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.

Joneset al.(2015) conducted a study in humans to compare the absorption gENK3 with that of larger
particles. Human volunteers (four adult males and five adult females) received single oral doses of 5 mg/kg
bw TiQ (equivalent to 300 mg for a &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 paatksc

serial blood (baseline, 2, 4, 24 and 48 h miste) and urine samples (24 h baseline up to 72 h-post)

were collectedTitanium content in blood and urine was measured by-M3?No significant differences
between pre and postdose biomarketevels 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 Jonesal. study was 13.7 ng/ml, which is greatéan the peak level
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observed posingestion in Pelet al. (2015); whether or not TiDwas administered in a fasted state in

the Joneset al. study is not stated. However, the baseline Ti levels in this study appear unusually high, as
recent investigationsising high resolution IGRS consistently indicate basal Ti levels in serum and whole
blood are less than 1 ng/ml (Balcaenal. 2014; Swiatkowskat al. 2019), suggesting the possibility of
contamination or interference(spwiatkowskeet al. (2019) ale cautioned that standard I@RS, which

was used by both Pelet al. (2015) and Jonest al. (2015) to quantify blood Ti, is not an appropriate
method to measure Ti in biological sampldsg to a range gbolyatomic and isobaric interferences

The matermalfetal transfer of Ti@particles during pregnancy was investigated by Guil&rdl. (2020)

by analyzing the Ti content of the placenta and meconium as well as througawoperfusion model

to study transplacental passage of fegtade Ti@. In the first study, fulterm placentae were collected

from 22 uncomplicated pregnanciesin Toulouse, France. Meconium samplds8] were also collected

in thefirst few days after birthalthough 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 particlesin the placenta?) was characterized using Ti&ith
EnergyDispersivexray analysiSTEMEDX) and the majority of particles (17 of 26) were determined to

be below 100 nm. In meconium, Ti was detected byMSPnnine of 18 samples, with concentrations

NI} y3IAy3a FNRBY ntigsnenSizé ghalysisp pEMEDXEF B3 particles from two megoum
samples determined 82% were in the naramge(<100 nm) although this included particles of Si, Al, Fe
and Zn in addition to Ti. The EAFS®APanel (2024) also noted that the authors did not control for the
possibility that Ti particles in meconiumay have come from the diaperdiaper crean2 NJ FNRY Y2 (i KS1
milk as infants had nursed prior to collection. In the second experiment, the authors user ‘&wo
placental profusion model to characterize transplacental transfer of E171. Placentae wrsegewith
(n=13) or without it =2) E171 at a concentration of i§/L for 1 h with samples collected from the fetal

flow every 5 minutes. Following perfusion, Ti was detected byMEkh most fetal exudatg®.41 to 3.46

ng Ti/mL) although92% werd y G KS NI y3S 2F GKS o6fly]l tS@St ondo
allow for quantification of the total number of particles in fetal side exudetevhich Ti@ particles
increased from 10 mintes after E171 perfusion, reaching a plateau at3Dminutes Pooled liquid
fractions of placental exudate 2030 minutes after perfusion with E171 were analyzed by &EMA

total of 300 TiQparticleswere sampled and measurdyy taking the smallest dimension of each particle
within agglomeratesWith 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 andegizadent oral
absorption of TiQparticles may occur primarily via the GALT, with the absorbed material mainly being
retained in the intestines, liver and spleen (Winkler al. 2018; Heringeet al. 2018). Heringa and
colleagues (2018) investigated the human organ bardf nane and micrescale Ti@particlesin 15 post
mortem human livers and spleersi{men andninewomen, 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.@2nig O.
Ti/kg tissue (mean 0.08 £ 0.1 mg Ti/kg), respectively. Ti content was beld@hattecorrectedLOD (0.01
mg/kgtissue ineightof 15 liver samples anoneof 15 spleen samples. Particle size ranged frorb%%

nm in the liver and 8520 nm in thespleen, with 24% of Tiparticles <100 nm, although this is likely an
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underestimate as thepl CFHRMSmethod used for particle size characterization had . @®Dof 85 nm.

Using SEMEDX, the authors determined thalhé larger particles consisted of aggloratrs of smaller
primary particles in the 7850 nm range. Based on total Ti concentrations and the maximum Ti
concentrations in particles, and taking into account the LQ®&f 85 nm, it was assumed that all Ti was
present as particles. Within subjects) oorrelation 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 TiQ particle levels in tissues.

Systemic uptake of TjQvas also evaluateth postmortem tissue samples by Peters and colleagues
(2020). Samples of liver, spleen and kidney were obtained $eranmen andeightwomen who died at

the age of 6498 years; parts of the jejunum and ileum were also examined in a subset of 12uativid

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 (jejmyuand 0.26 mg/kgssue(ileum) of which particulate T3O
accounted for about 80% of the total Ti concentration. Primary particles, aggregates and agglomerates
were identified that ranged in diameter from 5600 nm, with a mode of approximately 1QA60 nm
approximately 17% of the detected Gifarticles had a diameter <5QL00 nm.The smallest detectable

TiQ particle sizevas50 nmin this spIC;HRMS methodGiven the age of the subjects, it is reasonable to
assume that steady state levels had beahieved in organg@ndno association of particle burden with
agewas observed

Additional details on studies that inform the toxicokinetics of ;ifChumans and experimental animals
may be found in Appendii&

7. Toxicity
Acute Toxicity

TiQ particles are of low acute oral toxicity in animal studies. Two OECD guidetmgiant studies were
identified in the published literature, one in mice (Wagigal. 2007, aystalline structure not specified
25, 80 and 155 nmarticleg and one in rat§Warheitet al. 2007, 79% rutile and 21% anataseedian
particle size 14@m). Both studies estimated arbDk, effect level of greater than 5000 mg/kg bw, which
was the highest dose tested\n additional study that investigated the acute oral toxicity i@,INPs

(Ft SNJ 3S aAl Pacoardingdo tlgOECKP @uidgline 420 (Fixed Dose Methaimberved no
mortality at the highest dose tested of 2000 mg/kg kstudies summarized in Appendiy. F~our
additional, unpublished study reports are also summatizethe European Chemicals Agen®&CHA
dossier for Ti@ although basic information on the test article (crystalline form, size, purity, surface
treatments, etc) and dispersion methods generally lackingthese reports consistently demonstrate
that the acute oral Dso of TiQ particleswas greater than the highest dose tested in all cases, which
included a 1971 study in which male GIg#?® rats were administered TiBy oral gavage at doses up to
25,000 mg/kg bw. Under many classification schemes éoteatoxicity (such as the GH} substances

18 TheGlobally Harmonized System of Classification and Labelling of Chei@id&lsis 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 Dsoof greater than 5000 mg/kg bw are regardedtasngpractically noroxic or of
low acute toxicity via the oral route

Carcinogenicityand Chronic Toxicity

Most of the availablecarcinogenicity research on TiQertains to exposure via the inhalation route in
occupational settingsThe International Agency for Research on CarléR §classified Ti@as possibly
carcinogenic to humans (Group 2B) based on sufficient evidence roinggenicity in experimental
animals (i.e., increased incidence of lung tumours in rodents followingtemnginhalation exposure). At

the same time, IARC noted there was inadequate evidence in humans to assess the carcinogenigity of TiO
(IARC 2010). Wk many other international reviews/regulations related to the carcinogenic potential of
TiQ via the inhalation route have been published (e.g., most recenttiiygJ!°), inhalation exposure to
food-grade TiQoutside of occupational settings is not exqted 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 fgpdde Ti@ were identified in the published
literature. However,one oral cancer bioassay with Unitane®20 (a test article consistent with the
current forms of fooegrade TiQ) was identified (NCI 1979)hree different lots of Unitane®Z20 were
used for this bioassay. According to tlentity/purity reports obtained from the National Toxicology
Program (NTP), all three lots@hitane® €20were describedoy the manufacturerAmerican Cyanamid
Company, Wayne, New Jer}@g anatase with 98% minimuiQ and met the United States Food and
Drug Administration (FDA) foedrade specificatio?8 (MRl 1974; 1975a,b). The elemental analysis
conducted by the Midwest Research Institute (Kansas City, Missouri) confirmed all lots cortamned
levelsof impurities ofthe trace elements aluminum, phosphorsuand silicon in the 0:1.0% rang¢MRI
1974; 1975a,h)which is consistent with thelemental compositiorof food-grade TiG (Dudefoiet al.
2017a)Based on a draft report obtained from the chemical industry, UnitaB2@had &z, by number
rangingfrom 113 to 135 nm when analyzed by SEM and 109 to 124 nm when analyzed TEM; a mass
specific surface area ranging from 8.4 to@gnand was found to contain a significant portion of particles
on the nanoscale (280% and 28l4% of particles < 100 nm bymber as determined by SEM and TEM,
respectively; TDMA 2022a), which is consistent withDagoy number, specific surface area, and portion
of NPs in the current forms of foegtade Ti@(Dudefoiet al. 2017a; EFSA 2019b; 2021a; Verleysad.
2020; 2@1; Geiset al.2020; 2021). The EFSA ANS Panel (2016) reported a slightly higher arithmetic mean
diameter for Unitane®-Q220, which ranged from 180 to 320 nm, although no analytical method was
specified and this may be an inference based on its usevt@pigment. Similarly, Winklest al. (2018)
inferred from the optical properties of Unitane®@Q@0 that a significant portion of particles had a mean
diameter in the 206800 nm range conferring a white colour. Overall, given that manufacturing methods
for food-grade Ti@have not changed significantly over time, the information presented above supports
that Unitane® €20 is comparable to the current form of T&ded in food and therefore, it is considered

an appropriate tesarticle for characterizing the potential health hazards associated with oral exposure
to food-grade TiQ.

19 hitps://eur -lex.europa.eu/legatontent/EN/TXT/PDF/?uri=0J:L:2020:044:FULL&from=FR
20FDA Regulation 8.316.
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Unitane® @20 was evaluated in a twygear cancer bioassay with male and female B6C3F1 mice and
Fischer 344 rats (NCI 197@)hich was conducted according ta&th976 NCI guidelines for carcinogenicity

testing in small rodents (Sontag al. 1976¥1. The dietary concentrations selected for the cancer bioassay

were based on a &eek rangefinding study in which male and female B6C3F1 mice and Fischer 344 rats
(n=10 per sex per group) were exposed to Unitan&220 at levels up to 100,000 ppm in the diet without
evidence of adverse effeé& Based on these findings, the NCI set the highest dietary concentration at
50,000 ppm %% wiwE g KA OK ¢ & { K S alldwyd fde hs¥ oiréhrohicYtodsgays in the

/ P NOAYy23SySara ¢SadAy3da tNRIANIYES yR (GKS2502¢6Sai
wiw). Animals if = 50 per sex per group) were exposed to Unitan@R® incorporated in the diet for

103 weeks aiconcentrations 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 iy 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 amddfle rats, respectiveBA. Surviving

animals were euthanized on week 104 and a full histopathological evaluation of major tissues/organs as
well as all gross lesions was completediemale mice, a statistically significant and doskted trend in

mortality was observed, with 45/50 (90%) surviving to 104 weeks in the control geosys39/50 (78%)

and 33/50 (66%) in the lovand highdose groups, respectively. In treated animals, increased incigence

of several nomeoplastic lesions also occurredhnth sexes of both speciebut were not considered
treatment-relatedby the study directors, who concluded 4 KSNB g1 & SaaSyaaialrftte vy
2F GAGlI yAdzy RAZEARS Ay G(G(KS R2aSR NldGa 2NJ R2aSR Y

> N

An increased incidence of neoplastic lesiaves 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 as considered by the study directors to be within the rargfe
historical controls of the same strain and age (NCI 1979). A statistically sigrfmamrArmitage test

for a positive doserelatedtrend in the incidence of keratoacanthomas in male rats was also reported
(0/49, 0/50, 3/50); however, in a separattistical analysis, the study directors noted that the increase

in the highdose group did not achieve statistical significance and therefore, was not considered
treatment-related. A statistically significa@ochrarArmitage test for gositive doserelatedtrendin the
incidence of &€ell 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 rioconsider the effect to be treatmentelated. TiG isalsopoorly absorbed via

the oral route with very low levels dFiQ particles detected systemically in experimental animals and
human cadaveré 8 $S W¢ 2EA 021 Ay S A Qam thaehHid,ithe BiglogitalopRu@iBility T 2 NJ R S
of neoplasia outside of the GIT in rassnot clear at this timeA slight increase in the incidence of
hepatocellular carcinomas was also observed in male mice in thedbgghgroup relative to concurrent
controls, bu 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 wihree dose groups instead of two dose groups (Hayat2011;

Hentz 2010).

221 3-week rangefinding study described in NCI (1979).

23 Calculated by the EFSA ANS Panel (2016) according to guidance on converting chemical substance concentrations
in feed b daily doses in experimental animals (886 A 201fdr more details).
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recorded in mice of the same strain and age. The study directors reported no other treateiatet]
differences in the incidence of neoplasia between treated ricgither sex and concurrent controls and

no doseresponse relationship/trend was observed for any lesion, including neoplastic lesions in the
intestinal tract.Based on these findings, the studiyectorsconcluded that dietary exposure tdnitane®
0-220was not carcinogenic to male or female B6C3F1 mice or Fischer 344 rats at concentrations up to
50,000 ppm dief5% wi/w),which was the highest dietary concentration testé®dince Unitane®-220 is

highly comparable to the current form of TLi@und in foal, the above findings also provide strong
support that chronic exposure to foegkade Ti@is not carcinogenic in male and female mice and rats
when administered at very high concentrations in the diet (5% wagivalent to doses of 2250 to 8359
mg/kg bwd depending on sex and species

Preneoplastic Lesiofis the Colon

Six studiesvere identified in thepublishedliterature that investigated the potential for foedradeTiQ

to induce the formation of preneoplastic lesions in tB¢T Threeof these studiesvere published by a
research group fronthe Universidad Nacional Autonoma deékdcoand Maastricht UniversityUrrutia-
Ortegaet al. 2016; MedinaReyeset al. 2020; Proquinet al. 2018a). These studies were not guideline
compliant and evimated the potential for subchronic exposure to Etrdpersed by sonicatiain drinking

water or by oral gavag® induce the formation of intestinal tumours and other markers of tumour
progression. However, due to limited reporting of study details at asesome identified limitations in

the study methodology and/or desigmone were considered appropriate for inclusion in the present
assessmentThe main concerns with Urrut@rtegaet al.(2016) pertairdto the lack of a vehicle control

for the gavag 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 standardizedtduinadequate descriptions of study
methodology.For the MedinaReyest al. (2020) study, the evaluation of intestinal adenomas appdar

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 rmprphometric evalations, the
incidence of intestinal adenomas in control mice fed a regular diet after 16 weeks of treatment was
significantly higher thanthose previously reported in mice of theesaax and strain at 24 montli38%
versus4%;Braytonet al. 2012, and the observation of increased goblet cells in E171 treated animals
(which is evidence of an arttimorigenic effect) is inconsistent with the observation of intestinal tumours.
Theresults of tle Proquinet al.(2018a)studywere alsodifficult to interpret given thdimited description

of alterations in crypt architecturat 7 daysas well as the low number of mice in each experimental
condition 6= 2 per sex per group per time poj.

Of the remaining three studies identified in the literature, two were fgandeline subchronic studies that
administeredE171 to rodents eithein drinking water(Bettiniet al. 2017) or via the diet (Bleviret al.

24 A reviewer of the cancer bioassay noted the potential significance of the increased incifl€@wel badenomas
2NJ OF NOAY2Yla 2F UGUKS GKe@NRAR Ay FSYIFfS NrXida FyR NBO?
FAYRAYIEA AANGEGE2Y Y By RITGiAER2EYD (2 NI @ hoXidn canlBion@ah YeYéadmdA 2y  { 2
about the posdile carcinogenicity ofJnitane® €@20](i 2 C A a O K @dwiven norobjddflofiben the external
review panelalthoughit does not appear that the study directors modified their conclusion. It was noted by an NCI
staFF YSYOSNIJ GKI G-OBKS$ GHzar@NBRSEFBSIXKS KENRAR gl a y20 |y
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2019) whereas the third was perfbed in accordance with OECD guideline 408 (repeated dos&p0
oral toxicity study) in which E171 was administered to t®ral gavageHanet al. 2020). A seventh
unpublished GLFand OECD 443 guidelisempliant EOGRT study, which was commissidnemhdustry
to address endpoints of concern raised thye EFSAANS Panel (2016; 2018ahd NVWA(2019)
investigated the potentiahitiating effects ofundispersed E17ih the colonusing a dietary model AT
2020as cited in EFSA 2021a

Bettiniet al.(2017) investigated the potential for subchronic exposure to E171 when dispersed in drinking

water byultrasonication to initiate and promote the formation of preneoplastic lesions in the colon of

adult male Wistar ratsidditional experiments werperformed by Bettinet al. (2017) and are described

St A4S KSNB Ay GKA& NBLRNI 6aSS GKS We2EAO21AySGAOl:
9FFSOGa 2y (KS DL¢Q &4S0iGA2yaoned ¢2 SBE+2hagdupli KS LR
were pretreated with 1,2dimethylhydrazine (DMH; 180 mg/kg i.p. in 9 g/L NaCl) to initiate colon
carcinogenesis seven days prior to E171 exposunmgoatinal doses of 0, 206g or 10 mg/kg bw/d in
drinking water for 100 days. To evaluate the pdiehinitiating effects of E171, a second group of rats
were exposed tmominal doses dd (control,n=12) or 10 mg/kg bw/d E17f € 11) in drinking water for

100 days without préreatment with DMH A French commercial supplier of food colouring predidhe
samples of E171 used in the above experimehte E171 sample was primarily composed of anatase,
had a median particle diameter &fL8+53 nm(range 20 to 340 ninwith 44.7%of particles< 100 nmas
RSGSNX¥AYSR o6& ¢9a3 | YR owTEMEDX Gialgss. SThe (E271 pddaiNgs ivere
dispersed in drinking water by ultrasonication using the NANOGENOTOX dispersion pratgol (
sonication forl6 minutes at20 kHzin a 0.05% w/v BSAThe E171 drinking water dispersions were
prepared two tothree 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. Houdpexs comm 15 February 2022 The
stability of the E171 drinking water dispersions and stock solutiere analyzed in triplicate by DLS over

an 8day 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. Hopeesaopmm 15
February 2022)For both experiments, rats from the same dose group wexesed 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-i@9 period (~223 mL/day/rat; Dr. Houdeapers

comm 15 February 2022The 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 0gav irfor the 200 pg

and 10 mg/kg bw/d doses, respectively (Dr. Houdgaars comm 15 February 2022 The E171 doses
varied slightly over the course of the @y experiment with mean exposure doses of 225 pg/kg bw/d
(range 200 to 250 pg/kg bw/d) and 11.97 mg/kg bw/d (range 10.65 to 13.84 mg/kg bw/d) for tharidw
high-dose E171 groups, respectivéDr. Houdeaupers comm 15 February 2022Thelow and highdoses

used in both experimentaere selected to approximate dietary exposure to E171 in adults and children
respectively

(@]}
A,

For both experimentshe colons were removed at the end of the 1@8y treatment period, stained with
methylene blue (0.1%) for 6 mites andthe entire epithelial surface wasxamined for aberrant crypts
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(ABCsand ACFRat 40x magnification using a light microscope by two readers blinded to dose group (Dr.
Houdeau,pers comm 15 February 2022based on the procedure outlined by Bird (1987ABC#ACF

were first identified in miceby Bird (1987)asthe earliest morphologic precursor lesion in the colon
following treatment with a colon carcinogemdthey have since beenadatified in humans (e.gRretlow

et al. 1991); althoughthe 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)n rats pretreated with the genotoxic carcinogen DMH and subsequently exposed to
dispersed E171, a statistically significant increase in the mean numBe®fand large ACF per colon
(defined as >ABCsper ACF) were observed in the hidbse E171 group ralive to DMHonly controls
(ABCs ~540 versus ~460, respectively and large ACF. ~45 versus ~35, respectively). No statistically
significant differences in the mean number ABCsr large ACF per colon were observed between the
low-dose E171 group and tHeMH-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, Bettinet al. (2017) concluded E171 when dispersed in wateulsasonicaton promoted the
development of preneoplastic lesions in the formA&d Csnd ACF in the colon of carcinogeeated rats.
However, he mean number of ACF per colon in the Dty controls was not different from the low

or highdose E171 groups and whilestatistically significantlifference was observed between the mean
numbers of large ACF per colon in Diditly controls compared to the higiose E171 group-85 versus

~45), this difference wasmall in magnitude. Sinogery few of these lesions progress to neoplasiath

most lesions spontaneously regressmger time in rodents (Cheoet al. 2015; Shpitzt al. 1996) and
humans (Schoeat al. 2008) and considering DMH pteeatment in rodents can result in intendividual
variability of approximately 2@0% in ACF formation (see Blevinsl. 2019; Rodriguest al. 2002; Won

et al. 2012 for examples of intandividual variability within DMH treatment groups), the slight increase

in large ACF per colon in the higbse E171mpup was notconsideredtoxicologically 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 (Bettali2017). In these 1z, one to

three ACF were observed per colon, of which no more than tli@€svere observed per ACF, with the
exception of one ACF with 2BCsNo ACF were observed in the remaining seven rats treated with
dispersed E171 or in controls. Based on theseirigs, Bettinet al. (2017) concluded that E171 when
dispersed in drinking water hyltrasonication initiated preneoplastic lesions in the colétoweverthe
spontaneous formation obne to threeACF \ere only observed irthe colon of approximately a tid of

the E17Mreatedrats (4/11; ~36%pf which only one ACF had greater than th®BCs per focus and
GKSNBTF2NB> YSi GKS I dzi KihéNgpatanRdbsF fargidtionAoR2 ACF i fot an  f I NJ
uncommon observation in control mice and rats in #i®sence of a colon carcinogenesis initiator despite
colon cancer in these species being exceedingly rare. For example, Fuetkaw@002) reported that
~42.5% of untreated, male and female F344 sypsntaneously developed A@ithe colon over a 16

week period (~112 days), of which ~77% of ACF HAARBCs per focus and ~23% of ACF#4aaBCs per

focus, but the spontaneous development of colorectal tumours was found #b84%. In another study,
approximately 35 ACF spontaneously developed pamciol Wistar rats receiving saline by gavage for 90
days, with the majority of ACF comprised§fABCs and only one or two ACF wédhABCs per focus; no
tumours were reported (Singét al. 2022). However, neither of these studies were likely long enaagh

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
42
State of the Science @itanium Dioxide (Tipas a Food Additive



Food Directorate, Health Canada June2022

fully assess whether any of the ACF would progress to neoplasia nor were they directly comparable to the
findings reported in Bettinet al. (2017) due to the difference in rat strains and dosing paradigms. In the
Bettiniet al. (2017) study, iyen thatso few ACkvere 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., Alraatal.2006a; Magnusoet al.1993; Pretlowet al. 1992; Kristiansen 1996), the
finding of ACF in the colon of Elif¢ated ratsin 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 waer.

On the other hand, not all studies report finding ACF in control rodents in the absence of a colon
carcinogenesis initiatoe(g., Rodriguest al.2002) and in Bettiret al. (2017), more convincingly, no ACF

were observed in theoncurrentcontrol rats, which is considered the best comparison gratipere is

also evdence that at least some ACF may progress to adenomas and cancer over time (e.gt ahpitz

1996), with some arguing that the clinical significance of the potential for a singléoAftégress to

colorectal cancer must not be overlooked (Clappeal.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 thahe Bettiniet 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 cbtmwever, these
experimental conditions are not fully representativetafman dietary exposure to Ti@s a constituent

of food. TiQ particlesin solid and liquid food preparations are present in the form of larger agglomerates

that have not been disperseto the same degree and the available evidence does not indicate that TiO

AY FT22Ra0dZFFT RSFIFT2YSNIGS 2N RAaAlI 3a20A1F 0SS Ay (K¢
C22R al GNAE IyR GKS DI a0 NRAYNISKHGAYE £/ layilf RISAAD G520/
has alsoreceivedconfirmation from industry that sonicationis not used to disperse Tidn food or

beverage manufacture (International Association of Color Manufactypers,comm 11 March 2022

Titanium Dioxide Manufaturers Associatiorpers. comm13 May 2022 Moreover, in Bettinet 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 presebbth solid and liquid food
preparations, which can interact with foagtrade TiQparticles altering their physicochemical properties

YR AYFEdzSYyOAy3d GKSANIAYGISNY OlAz2zya Ay GKS DL¢ 648
a A t A GiolzGbr o details). As a result, the applicability of the sample preparation method and mode

of exposure in Bettiret al. (2017) to human exposure to Tidom foodstuff is uncertain and therefore,

this study was considered to have unclear relevateéhe hazard characterization of Ti@s a food

additive.

The above interpretation of the Bettiat al.(2017) study is consistent with previously published opinions

by other competent authorities, including ANSES (2017) and the EFSA ANS Pandllf2CUSEES expert
committee considered the increase in large ACF in ratdneested 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 uncertainiy 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 promotingtefté 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 oéts evaluated to be too low to determine the potential significance

of this finding. Overall the expert committee acknowledged that the Betiral. (2017) study could

identify potential hazards associated with E171, but questioned whether the expetéieonditions

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 confirmete 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 Bettiet al.(2017) to evaluate the potential for E171 to induce preplastic 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 feire&tEdlrats in the

absence of a colon carcinogenesig imA I §2NJ G2 0SS dadzydzadz f¢éT | fGK2dz3
observation of ACF in carcinogtrrated rats also exposed to E171 were considered sufficient to raise
concerns about the potential initiating or promoting effects of E171 on account of thatie twoeyear

OF yOSNJ 0A2F aaleé Ay YAOS FyR NI}ida O2yRdzOGSR o0&
administration of TIQ(E171) by gavage or drinking wai®not fully representative of the use of the food

additive E171infoad 0 9 C{ Therefaraythielredevance of the results of the Betéihal. (2017) study

to the assessment @171 as éod additiveis uncertain because interactions with the food matrix may

not haveoccured.

The subchronic oral toxicity of E171 dispersed in goeaus solution by ultrasonication was also
investigated in an OECD 408 guidelimenpliant repeated dose 9@ay study (Haet al.2020). Fiveveek

old male and female Sprague Dawley rats (LO 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 weelkspgrsing 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. Yoopers. comm22 September 2021). Tissues and organs were collected
during necropsy, stained with hematoxylin and eosin, and examined for macroscopic and microscopic
abnormalities. No treatmentelated abnormalities in organ weight, gross anatomy, or histopathology
(including the gastrointestinal tract) were observed ialmor 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-observedadverseeffect 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 NOABEabexposure 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 paricles in distilled water, which Health Canada has confirmed with industry does not reflect its use
in food manufacturelfternational Association of Color Manufacturgeers comm 11 March 2022
Titanium Dioxide Manufacturers Associatiogpers. comm.13 May 2023, as well as the gavage
administration of E171 in distilled water, which does not take into account the impact of the food matrix,
this studywas considered to havenclear relevance to the hazard characterization of, E® a food
additive.
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In recognition of the fact that different oral dosing paradigms can alter the properties gfpaidicles

and their interactions with biological substrates, Blevinsl. (2019) attempted to replicate the findings

of Bettiniet al.(2017) using a dietary ndel. Sixweekold male Wistar Han IGS (Crl:WI (Han)) rats16

per group) were fed a diet containing E17Inaminalconcentrations of 0, 40, 400 or 5000 ppm for 100
days (equivalent to 1-1.5 (basal diet)3.0-4.1, 19.025.7 or 236-300 mg/kg bw/d based on food
consumption, measured Ti concentrations in the diet, and body weighfdiatae presence or absence

of the colon carcinogenesis initiator DMRHCI(180 mg/kg i.p.)The E171 sample used in this study (E171

E, anatase) was supplied by the Titani Dioxide Manufacturers Association (TDMA) and was
characterized by two independent contract laboratories. Analysis by SEM indicated th& Bpartcles

had an average diameter of 1405 nm with approximately 36% of particles < 100 nm. The
physicochemial properties of EL7E have also been described extensively in several published reports
(see EFSA 2019b; Verleysdral. 2020). The diets were analyzed in triplicate from the top, middle, and
bottom for homogeneity and E171 concentrations and were régabito 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
& Kaminskipers comm 15 February 2022 At the end of the 10@ay 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 welleaddbelopment of ABCs/ACF in a
blinded manner (except for gland length and goblet cell number) by an experienced-dexifebd
pathologist.Additional experiments were performed by Blevatsl. (2019) and are described elsewhere
AY (KAA WRUFNL2BHACBG&I LyTFElIYYFiA2Yy FyYyR 9FF¥S0OGa

For the histopathological assessment, sections from the duodenum, jejunum, and ileum aswellasal cm
transverse segment from the distal colon was removed, fixed in 10% buffered formalitheangaraffin
embedded. Tissue sections approximately gm 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 numbergwblet 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. F&Glrend 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 samplegre standardized such that comparable locations in the
proximal, mid, and distal colon were examined for each rat (Drs. Cohen & Kam@skicomm 15
February 202P Each colon sample was divided in approximately # sulbsections and the number of
ABG 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 tbelon samples from being evaluated, with
approximately 280% of the surface area evaluated per rat (Drs. Cohen & Kampeski,comm 15
February 202R The portion of the colon examined varied among rats, but was similar across groups (Drs.
Cohen & Kamiski, pers comm 15 February 2022 To normalize the surface area of the colon samples
that were analyzed, the number of ABCs and ACF péwamestimated for the observable colon with no
differences detected between groups with respect to the locatibABCs 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 %ofi colon was observed in the rats preated 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 & Kamingldrs comm 15 February 2022

In rats pretreated with DMH, a total of four intestinal tumours were obseryeatiese included two
invasive adenocarcinomas in one rat treated with Ditily, a single adenoma in one rat treated with
DMH + lowdose E171, and a single adenoma in one rat treated with DMH-tos& E171. No tumours

or histopathological abnormalities we observed in rats treated with DMH + highse E171 or in the
absence of DMH prreatment, 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 10(dgaysShetye
and Rubio, 2004) and considering tumour incidence in BMBlted rats exposed to lowor mid-dose
E171 was not above background levels in concurrent Bl controls, this finding was not considered
treatment-related. No differences in the @n number of goblet cells per gland or in mean colonic gland
length across the E171 exposure groups, with or without DMHtng@ment, with the exception of
increased colonic gland length in the DMHly controls compared to negative contrdBietary eyosure

to E171in the absence dDMH pretreatmentalsohad no effect on the mean number ABCor ACF per
cn? of the coloncompared to negative controls, with mean ABCfdor E171 exposure groups ranging
from 0.22.7/cm?versus 1.9/crafor controls andmean ACF/cifor E171 exposure groups ranging from
0.1-0.9/c? versus 0.8/crifor controls. Similarly, dietary exposure to E171 had no effect on the mean
number of ABCs or ACF perZmhcolon of DMHreated rats compared to controls, with mean ABCicm
for E171 exposure groups ranging from 12&84/cn?versus 17.1/crifor controls and mean ACF/érfor
E171 exposure groups ranging from -&@1/cn? versus 5.4/crafor controls.Overall, the findings by
Blevinset al. (2019) indicate that when administeredavihe diet, E171 exposure at a dos#-30times
greater than the highest dose administered by Bet#ghial. (i.e., 236-300 versus 10 mg/kg bwi/d,
respectively) did not initiate or promotéhe development of ABCsr ACF in the rat colorDietary
exposure b E171 at doses up to 2800 mg/kg bw/d, with or without DMH prereatment, also did not
increase tumour incidence in the intestinal tract of rétthough this study was likely not long enough to
assess whether tumours would eventually fogrend no treament-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 DMily rats compared to negative controlShe difference in
findings betwea the Blevinget al.(2019) and Bettiret 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 T@& a constituent of food preparations.

An unpublished, GLRnd OECD 443 guidelisempliant 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 Tahlé&ppendixK. For the ACF evaluation,

FO satellitemale and female CD/Crl:@prague Dawlewats (= 10 per sex per group) were administered

an anatase form dE171(E171E)at nominaldosesof 0, 100, 300, 01000 mg/kg bw/d in the diet fotO

weeks prior to matig until weaning of the F1 generationl8-19 week9. 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 d dppecaimately 1.4 mg Tibg

bw/d. The pristine form of E17& used in this study was supplied by the TDMA and had a median particle
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diameter (SD) 089.9+ 2.0 nm with approximately 561% of particles < 100 nas determined by SEM
(LNE 2020). The nurbsize distribution and median size of the constituent EE7darticles 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 109.2.4 to 113.7£4.9 nrm and approximately 343% of
particles < 100 nras determined by SERLNE 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, aggregian or particle segregation occurred (TDMA 2022b). The physicochemical
characteristics of EL7E have also been described previously in EFSA 2019b and Vedegs@020.

The FO satellite animals were sacrificed at the same time as the FO main study animals (after weaning of
the F1 animals) to allow for comparisons to be drawn between the ACF evaluation for the FO satellite
animals and the histopathological analysis of @ for the FO main study animals. The colons of the FO
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 magnifieatiordied
fashion by the study pathologist based on the definition by Shwteal. (2016%°. No evidence of ACF
were observed in the colon of male or female Edr&ated rats or controls. The morphological variability

of crypts in two caudal regions oféhcolon was slightly increased in a few rats, but did not meet the
Shwteret 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 femél€s 110, 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 higdose E171 group (3/3 for males and 3/5 for females). Consistent with the above
findings, no treatmentelated histopathological changes were observed in male and female FO main study
animals (1 = 20 per sex per group) exposed to 0, 100, 300 or 1000 mg E1x4/étgn the diet, including
histopathological changesin the GIT. Overall, the results of the EOGRT study irfelicételitl not initiate

the development ofACF in the coloof male or female rats when administered at doses up to 1000 mg
E171/kg bw/d in he diet, which was 100 times greater than the highest dose used by Bettadi (10

mg/kg bw/d). The EOGRT study was also consistent with the study by Bétvas (2019) where
unsonicated E171 was administered via the diet and no evidence of AChseagadl in theabsence of

a colon carcinogenesis initiator. The potential promoting effects of E171 were not evaluated in the EOGRT
study.

Summary

Overallthe study results suggesting oral exposure to fgydde TiQinitiated or promoted the formation

of preneoplastic lesions in the colon, includéBCsind ACRyere limited to a single neguideline study

in which E171 was administered after ultrasonication to disperse particles in simple matrices @ettini

al. 2017). In this study, male ratsexpo®d to E171dispersed in drinking water byltrasonication
developed ABGmd ACF in the colon at doses of 10 mg/kg biefdLO0 days, with and without DMH pre
treatment. However, the magnitude of effect was small and considering most ACBt ¢wogress 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|B &74ubsequent

26 ACF were defined as an aberrant focus with more thantwo ABCs (Sitate2016).
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study conducted in accordanosith OECD 408 guidelines (Hah 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, whichwas 1006fold higher than the doses administered by Betéahial. (2017).In the present
assessment, lese findings have unclear relevance tbe hazard characterizatioof TiQ as a food
additivedue to the administration ofiltrasonicatede171particles via drinking water, whichdhot take

into consideration how interactias with the dietary matrix and/onow the disruption of agglomeratesin

the test articlemay haveanfluenced the potential toxicity of these particldavo dietary studies with E171
were conducted following the publication of the Bettat al. (2017) stug, neither of which found
evidence that E171 induced the formation of ACF in the colon (Blevials2019; LPT 2020 as cited in
EFSA 2021aBlevinset al. (2019)was a norguideline studyconducted to replicate the findings of Bettini

et al. (2017) in aietary modelandfound no evidencehat dietary exposure t&171for 100 daysat the
highest dose tested2@6-300mg/kg bw/d)initiated or promoted the developmeraf ABCs o ACF in the
colonof male rats The highest dose tested in Blev&isal.in which no effects were reported wa4-30

times greater than the dose at which effects were observed in Begtial. (236-300 versus 10 mg/kg

bw/d, respectively) which supportsthe notion that the dietary matrix and/or thedisruption of
agglomerates ithe test article may influendenitigate the toxicity of foodgrade TiQparticles.The lack

of intestinal lesions observed in this study was consistent with resutsabsequent GLRnd guideline
compliant EOGRBtudy with additional parameters evaluatingCF in the colon, which reported null
findings LPT 202@&s cited in EFSA 2021a). In this study, no evidence of ACF were observed in male or
female rats following dietary exposure to EXfél ~1819 weeksatthe highestdosetested (1000 mg/kg

bw/d) in the absence of a colon carcinogenesis initiator. The highest dose tested in this study was 100
fold higher than the dose at which effects were observed in Bedtial. (10 mg/kg bw/d) There was also

no evidence of carcinogenicity (including intestinaidas) in a tweyear cancer bioassay whémitane®

0-220 @form of TiQ highly comparable téhe current form ofTiQ found in food was administered at
dietary concentrations up to 50,000 ppra% 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 1O7&hxll, the studies by Blevies

al. (2019), LPT (2028 cited by EFSA 2031and NCI(1979) suggest the food matrix may attenuate the
formation of intestinal lesions in the colon, including ASiRce dietary studies are more representative

of human exposure to foedrade Ti@, these studieswere accorded greater weight in this hazard
characterization of Ti@as a food additiveBased orthe overall weight of evidencthat was conducted

as part of this subject review, no consistent evidence of preneoplastic lesions in the colons of rodents
following exposure to foogirade TiQvia the oralroute was identified. fiere wasalsoa low level of
concern for carcinogenicitgnd chronic toxicity based on the available information

Genotoxicity

Previous safety assessments and opinions of-fpadie Ti@did not raise any concerns with respect to
genotoxicity (EFSA 2016; 2@1801%,b). However, with the publication of new scientific results
suggesting TiENPs may be genotoxic along with new analytical research revealingyfaold TiQcan
contain a higher percentage of primary particles withive nanoscale than previously believed, the
genotoxic potential of foodjrade Ti@has come into questionT heEFSA-AF panalecently reevaluated
the available genotoxicity database for Fi@hcluding an assessment of genotoxicity studies with-TiO
NPs which were not previously considered relevant to the hazard characterization of EE320219.
While an immediate health concern was not identifiedthy FAF Pangh number of genotoxicity studies
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reporting positive results when TiQarticleswere used as the test article were identifiels a result, the

FAFPanel concluded the genotoxicity of Fi@articlesthat may be present in foedrade Ti@could not

be ruled outanda cutoff value for genotoxicity in terms of particle size could notleeermined The FAF

Panel considered that several modes of action for genotoxicity may be acting in parallel, but indicated
G§KSNB g4l a dzyOSNIFAyGe a 2 6KSGKSNI I GKNBAK2f R Y
section below for discussian)

For the present assessment of the potential genotoxicity fgoaide Ti@, it was notedhattheC! C t I Yy St Q&
2021a conclusionon genotoxicitywas largelypased onstudiesthat used TiQ-NPs(of which many used

TiG-NPs< 30 nnm) to characterize the genokic potential of TiQadded to food However, less than 1%

of primary particles detected in pristine samples of fapade Ti@as well as food products with TiOn

the European market were smaller tha@ nm(Verleyseret al.2020; 2021). In additiorgue to significant

differences in physicochemical properties between fgwdde Ti@and TiQ-NPs (e.g., mean particle

diameter, particle size distribution, surface area and composition, etc.);NK3 and in particular, TiO

NPs < 30 nm, were not consigéel appropriate test articles for the hazard characterization of aa

F22R | RRAUGAGS 0aSS WwSt SOI vy GradeSTRES NEY OB A 2y (ISR | If 3L
for more details). Finally, given that fogalade TiQmay already contain a peentage of TiQNPs as high

as ~30% on a particle mass basis and ~70% on a particle number basis (Veteis2d20; 202},

genotoxicity assays conducted with fogdade Ti@Qwill simultaneously evaluate the genotoxic potential

of any Ti@-NPs that mg be present and separate assessment of studies with MPs is considered
unnecessaryTherefore, the current review focussed orvivogenotoxicity studies involving foegrade

TiG. However, due to the limited number of vivogenotoxicity studiesvith food-grade Ti@available,

studies that used nofood-grade TiQparticleswith a mean diameter 100 nm were also considered

relevant and included in the present assessmefihere possible, a determination was made about how

closely these test artiek resembled foodrade TiQand those considered comparable (based on a similar

mean primary particle size, particle size distribution, % of nanoparticles, isoelectric pointspeag

surface area, surface composition, elemental composition, crystalline form, and pueitg)givenmore

weight. In vivo genotoxicity tudies with TiG-NPs werealso reviewed (summarized inTable10 of

AppendixH) since they formed the basis of the EFSA FAF Panegj2izdion on genotoxicityput were

not consideredin the weight of evidence ibhe current assessmenof food-grade TiQfor the reasons

2dzif AYSR 1 620S YR Ay (KS WwS{ QHde/TIQRwWETANBZFOS al |
genotoxicity studies with foodrade Ti@were also reviewedHoweverthe known potential forfalse

positivein vitroresultsis high ¢ee Kirklancet al. 2005; 2007 andtherefore, in vivogenotoxicity studies

with food-grade Ti@as well ashe two-year cancer bioassay withnitane® €20were accorded greater

weight in the present assessment.

In Vitro Genotoxity

The majority ofin vitro genotoxicity studies identified in the published literature evaluated the potential
for E171 to induce DNA damage iniarvitrocomet assay (Browat al. 2019; Dorieret al. 2017; 2019;
Franzet al. 2020; Gaet al. 2019; Proquiret al. 2017) and have produced mixed results. In human €aco

2 intestinal epithelial cells, positive results were reported followingh2dr exposure to a single, non
cytotoxic concentration of E171 (0.143 pgArequivalent to 1 pg/r) dispersed by sonication with and
without co-exposure to the genotoxicity carcinogen AOM (20 pg/ml) with similar levels of DNA damage
observed in E171 and E171+AOM conditions (Proairal. 2017). However, only a single E171

49
State of the Science @itanium Dioxide (Tipas a Food Additive



Food Directorate, Health Canada June2022

concentration was tested ithe 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 pg/mlfor 6, 24, and 48 hours did not produce DNA damage inZ3zalls in the presencer absence

of formamidopyrimidine DNA glycosylase (Ppddut repeated exposure to the same E171 concentrations
twice a week for three weeks led to a slight increase inggugitive sites (but not DNA strand breaks) at
both doses (Dwer 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 (IGRS of lysed cells) could not distinguisktlWween Ti accumulation in cells and Ti
bound to the cell membranelhe TEM images of cells weaitso 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 studgre reported by the authors texceedthe estimated
dailyintake of TiQ in humansby approximately 10,006bld, the concentration was expressed in pg/ml
instead of pg/cm, and only the folechange in % tail DNfsom 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 G&ceells, acute exposure to E171
(dispersed by sonication) at necytotoxic concentrations of 3.9, 7d 15.6 pg/cni (equivalent to 12.5,

25, 50 pg/ml) for 4 hours did not increase DNA strand breaks oséigitive sites compared to negative
controls(Brownet al. 2019). A visual scoring neidwasused 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 observeaus mu
secreting HT2MTXE12 cells when E171 was administered at-ogiotoxic concentrations of 0.5, 5, or

50 pg/ml for 48 hours (Fraret al. 2020). The E171 suspensions in this study were intentionally prepared
(bath sonicated for 10 minutes) to select fuigger agglomerates to resemble the particle size distribution

of E171in 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.

Cace2 and HT2MTXE12 cells are considered appropriate cell lines for evaluating the potential
genotoxicity of dietary exposure to foagtade Ti@, however,in vitro assays with only a single cell line
may not accurately represent the complex environment of the gastesiimal system. Two studies from

the same group of authors evaluated the potential for E171 to induce DNA damagelhuwes of Caco
2/HT29MTX cells. In the first study, the authors assessed the potential for acute and repeated exposure
to E171 (dispesed by sonication) at concentrations of 10 or 50 pg/mlto produce DNA damage in a mono
culture of Cace cells (results also described in previous paragraph) awditare of Cac€2/HT29MTX

cells (Dorieret al. 2017). For the acute exposure experimeriietmone and cocultures produced
negative results at both E171 concentrations with and without Fpg. Similarly, no differences in DNA strand
breaks were reported in the moror cocultures at eithecconcentratiorfollowing repeated exposure to

the same E71 concentrations twice a week for three weeks; however, a slight increase iseRpijive

sites was observed at 50 pg/mlin the-cdture, whereas both 10 and 50 pg/ml produced a slight increase

in Fpgsensitive sites in the monoulture. These findingsuggest that the caulture of Cac&/HT29MTX

cells may be less sensitive to E171 exposure compared toXeeks 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-dkilk sites however, manipNAdamaging agents form
DNA adducts or base alteratioas opposed to dirett inducing strand breaks (Azquethal.2013). The use of
certainDNA repair enzymesan overcome this limitation and enhance the sensitivity of the comet assay by
converting lesions to breaks. Fpg specifically is a DNA repair enzyme udetefdingoxidative DNA damage, as
the enzyme attack8-oxo-7,8dihydroguaning8-oxo-dGuo)and other purine oxidation productsemoving the
damaged base which is then converted to a break (Collins 2014).
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decreasing cellular uptake of T}NPs in a compler vitrointestinal epithelial model (Garciaodriguez

et al. 2018). However, as mentiongmeviously the study findings reported by Doriet al. (2017) are

difficult to interpret. In a followup study by the same authors, no evidence of DNA double strand breaks
(as measured by 53BP1 immunostaining araik8dGuo levels) was observed in-calture of Cace
2/HT29MTX cells following 2hour exposure to 50 pg/ml of E171 dispersed bgication (Dorieret al.

2019). However, only a single concentration was tested in this study and as was the case in the previous
experiment, the concentration tested wd®,000fold higher than anticipated human dietary exposure.

The cellular uptake of #1E171 particles was also not evaluated.

Many of thein vitrostudies described above used undifferentiated Gaaells harvested after only a few
days of culture to evaluate the potential genotoxicity of E171. C&aells undergo spontaneous
differentiation after approximately two to three weeks in culture to resemble mature enterotikéscells
and therefore, differentiated Cae®d cells are considered more representativerovivoconditions (Ude

et al. 2017; Vilaet al. 2018). The cellular uptakef oliQ-NPs was reported to be increased in
undifferentiated Cace cells with TIQNPs aggregates observed within the cell and nucleus wheregs TiO
NPs were found primarily within the apical membrane of differentiated €acells and only in low
numbers within the cell and none in the nucleus (Mégal. 2018). The Caed cells used by Proquet al.
(2017) as well as those used in the moaod coecultures in the chronic exposure experiment by Dorier
et al. (2017) were undifferentiated and both studiesopuced positive results. In contrast, negative
results were reported in the acute exposure experiment by Daie.(2017), which used differentiated
Cace2 cellsin both the monand coecultures. However, in a followp experiment by Doriegt al.(2019),

a coculture of undifferentiated Cac@ cells and mucusecreting HT28TX cells produced negative
results. Browret al. (2019) also used undifferentiated Ca2Zaells and the levels of DNA damage in the
treatment groups were not statistically diffent from concurrent controls. Overall, no clear pattern was
observed regarding the potential genotoxic effects of E171 in differentiated and undifferentiatee2Caco
cells.

Other cell lines have also been used to investigate the potential for E171 toeifdNMA damage vitra

In human HepG2 liver cells, DNA strand breaks anes€&pgjtive 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&r 15.6 ug/cni, equivalent to 12.5, 25, 50 ug/ml (Browhal.2019).Evidence

of cytotoxicity was also reported at the highest dose tested (15.6 pu¢)/end a visual scoring method

was used to analyze the nuclei for DNA damaige (Inclear ifthe scoreg wasblinded tothe 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, 8r9, 7.8,
15.6 pg/cni (equivalent to 3.13, 6.25, 12.5, 25, 50 pg/ml) increased the level of DNA strand breaks (but
not Fpgsensitive sites) at the highest dose tested compared to negative controls, but with no obvious
doseresponse relationship (Browet al.2019). Cells weraandomly 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;I®ur exposure to E171 at concentrations of 0.98, 1.95, 3.907.8,
15.6ug/c? (equivalent to 3.13, 6.25, 12.5, 25, 50 pg/ml) did not result in any significant changesin DNA
damage, oxidative stress, pb3ediated cellular stress, or unfolded protein response compared to
negative controls (Browret al. 2019); however, due tcexcessive levels of cytotoxicity observed
(approximately 25 to 75% of control), these findings were difficult to interpret. Positive results were also
reported in human BEAZB bronchial epithelial cells following exposure to E171 at concentrations up to
160 pg/ml (up to 41.6 pg/ci Geaet al. 2019), but this assay lacked a positive control group and the
relevance of E171 exposure to lung céfisvitro to human dietary exposure to foegrade TiQ is
uncertain.
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Twoin vitro micronucleus assays with E171 were also identified in the published literature. In human
colonic epithelial HCT116 cells-Bdur exposure to E171 (dispersed by sonication) at concentrations of

5, 10, 500r 100 pg/cn? (equivalent to 50, 100, 500, 1000 pngf) resulted in a concentratiedependent
increase in the incidence of micronucleated binucleated cells per 1000 binucleated cells at 5, 10, and 50
pg/cn? (Proquinet al. 2017). No evidence of cytotoxicity was reported untter test conditions, but the

cells exposed to the highest concentration (100 pg#eould not be assessed due to the presence of
agglomerated particles, which interfered with the identification of micronuclei. The authors also reported
GOMTM ©aSSYSRE (12 Ayl(SRWORTARY SHRDOKANPBG NP Y SHB RN
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 gomtipol In

the second study, no evidence of micronuclei or hypodiploid nuclei were observed ilNHIT2R12 cells
exposed to E171 (dispersed by sonication) at concentrations of 0ds,3®) pg/ml for 48 hours (Franz
2020). The concentrations tested werenfiomed to be norcytotoxic. As mentioned previously, the E171
suspensions used by Fragizal. (2020) were intentionally prepared to generdtggeragglomerates that

more closely resembled the particle size distribution of E171 in the food matrix. Howtbeegoresence

of these agglomerates interfered with the detection of micronuclei in the flow cytordedised scoring
method used in this study, making the null findings reported difficult to interpret. The cellular uptake of
particles was also not evalted.

Four genotoxicity survey studies of multiple chemicals that evaluated the potential fertd'i@duce
bacterialand mammalian gene mutations, chromosomal aberrations, and sister chromatid exclmanges

vitro were also identified in the published literature (Dunkalal. 1985; Ivettet al. 1989; Myhr and

Caspary 1991; Tennaet al. 1987). In these studies, the Bi@aterial was sourced from the N?FP

repository of all chemicals tested in carcinogenicity bsags (Radian Corporation) and therefore, it is

highly likely that this test article was the same material used in the NCGy#aocancer bioassay (i.e.,

Unitane® @20; anatase; 11335 nm and 10924 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, masspecific surface area, and percentage of particles < 100 nm by number, Unit228® 0

can be considered highly comparable to the currentform ob M@ RS R (2 F22R 64aSS W/ I 1
| KNEYAO ¢2EAOAGEQ aSOUAZ2Y FT2NJ Y2NBE RSUFAfaod 2 KA
were conducted with outdated protocqldid 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 Dunkedt al. (1985) and Tennangt al. (1987) may not be suitable for the
assessment of nanomaterials (Unitane@20 may contain up to 44% nanoparticles)nsoluble patrticles,

in generalsince they may not be readily taken up by the bacterial cells used in this &xsalet al.

2012; OECDR014 Kumariet al. 2010. TiQ-NPs are also known to have antibacterial/bacteriostatic
properties (see Khashaat al. 2021; Lopez de Dicastilld al.2020), which further limits the suitability of

the bacterial reverse mutation tedor the assessmentfahese materialsThein vitro sister chromatid

exchange assay in mammalian cells usetvbit et al. (1989) and Tennangt al. (1987) was also deleted

08 GKS h9/5 AY Hnmn RdzS (G2 abF tF01 2F dzyRSEWNB Gl YRA
0 (KS (Sad¢ 6h9/5 wnmTtO® !a | NBadfgd 2F (GKSa$s
appropriate for inclusion in the present review.

Three unpublishedn vitrogenotoxicity assays with E171 commissioned by the TDMA were also reviewed
(BioReliance 2021a,b,c). All three assays used HE184the test article (anatasagedian particle diameter

28The NCl is the predecessor of the NTP.
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(SD) of 99.2 2.0 nm with approximately 581% of particles <100 nm as determined by SEM; LNB 2020
and were conducted in accordance with current@@Eguidelines 471 (bacterial reverse mutation test
476 (in vitro mammalian cell gene mutation test), and 4&7 {itro mammalian cell micronucleus test).
However, as mentioned abovthe uptake of nanomaterials and insoluble particlleg bacterial cells may

be limited andTiQ-NPs are known to possess antibacterial/bacteriostatic properttesefore, the
bacterial reverse mutation test may not be suitable for assessing the potential mutagenicity of
nanomaterials Poaket al. 2012; OECD 2014 Kumariet al. 2010. Since E17E is known to contain a
significant percentage of TiQarticles within the nanoscal&@-51%< 100 nn), the results of the bacterial
reverse mutation test with E17& (BioReliance 2021a) were not considered furitiéine present review.

For thein vitromammalian cell forward gene mutation assay at the HPRT locus of Chinese hamster ovary
(CHO)cells,E171E did not induce forward mutations at concentrations up3tdug/ml (suspended in
serum free medium by vortex iming) in the presence or absence of metabolic activation (BioReliance
2021b) However,in a subsequent TEM imaging analydise cellular uptake ofE171E was not
demonstratedn CHO cellexposed to 30 pg/mivith or without metabolic activation (Evaesal. 2021a)

and therefore the negative resulmaybe related to the lack of exposur® the test article For thein

vitro mammalian cell micronucleus assay in human peripheral blood lymphogyk), E171E did not
increase micronuclei induction abncentrations up to 30 pg/mL in the presence or absence of metabolic
activation (BioReliance 2021€)ell samplesvere collected for electron microscofypaginganalysis to
confirmwhetherE171E wagaken up by HPBLsh& resultsof this analysisvere nd available at the time

of this reviewand therefore, itwas uncleaif the absencef genotoxidty wasrelated to the lack ofellular
internalization of E17-E or a true negative result

In summary, both positive and negative results were obtainechfrovitrogenotoxicity studies with focd
grade Ti@. 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., ling cells
the use of outdated or inappropriate genotoxicity assays (e.g., bacterial reverse mutation test, sister
chromatid exchange assayincertainty in the biological relevance of some positive results, poor
experimental design, and lack of compliance witftODEest guidelines. Three guidekoempliantin vitro
studieswith E17XEcommissioned by industry were submitted to Health Cardutangthe course of this
assessment The bacterial reverse mutation assay may not be suitable for assessing the potential
mutagenicity of nanomaterials and thereforeasnot considered in the weight of evidencéhein vitro
mammalian cell forward gene mutation assay in CHO cellfnarnitomammalian celinicronucleus assay

in HPBLs were both negati@wever,the internalizationof E171E in CHO cellgas not demonstrated

in asubsequent imaging analysis ate uptake of E17-E in HPBLsadnot beenconfirmed at the time

of this reviav. Therefore the lack of genotoxicitpbserved in both assays may tmdated to the lack of
E171E exposureOverall, the inconsistenbr unclearfindings observed along with the questionable
reliability/relevance of many of the availabie vitro genotoxicity studies do not allow for a formal
conclusion to be drawn regardj the potential genotoxic effects of foagtade Ti@ in vitro. It is
recommended that additional, guidelimompliant studies that evaluate the potential for fogdade TiQ

to induce genotoxic effectis vitroare conducted, particularly studies that usemplexin vitrointestinal
models that more closely resemblevivoconditions.

Additional details on the vitrogenotoxicity studies with foodrade Ti@discussed above may be found
in Table 7of Appendix H.

In Vivo Genotoxicity

DNA Damage
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Two ron-guideline studies that evaluated the potential for fegdadeTiG to induce DNA damage vivo

were identified in the published literature (Bettiat al. 2017; Jenseret al. 2019). Another two non
guideline studies that used ndbod-grade TiGQ with a mean particle diameter > 100 nm were also
identified (Murugados®t al. 2020; Sychevat al. 2011). All four of these studies administered the test
article via the oral route antlave been described in more detail below as well as in Tables 8 and 9 of
Appendix H.

Bettiniet al. (2017) treated adult male Wistar rats€ 10 per group) with E171 (anatasg;018+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 2. d2nysr to
administration, the test article was dispd 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 path@inning

y2i NBLRNISROU FyR tS&8SNRa LI GOK OSftfta ¢SHie 02t SC
sites using the alkaline comet assay-@/LJA 0 ® ! G204+t 2F wmnn tS@SNRa LI ¢
median % tail DNA was calculatedf 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

2N St SOUNRLIK2NBaAAAD 9mT M LI NI A GtedSais canfBridy exdBuieS O G SR
b2 SOARSYOS 2F 5b! aidiN}ryR oNBlFI1a 2N 2EARIFIGAQGS 5b!
or control rats with or without FpgiK S 1 Said | NOHAOf S FyR (GA&aadzS &l YLX Sa
in Bettiniet al. (2017) were considered relevant to the assessment of a8 food additive; although it

was noted that the study deviated from OECD guideline #8%iyo mammalian alkaline comet assay)

due to the use of only one dose group and lack of a pesitiantrol.Overall thein vivoalkaline comet

assay (+/Fpg) was considered negative.

Jenseret al. (2019) investigated the potential for E171 (99.8% anatase, 0.2% rutile with three group sizes
(1356, 305+61 and 900+247 nm as determined by TEM) psedHeom Bolsjehuset (a supplier of candy
ingredients) to induce DNA strand breaks and oxidative DNA damage. Female lean Zuckerl(Ep¥ZIUC

rats f = 10 per group) were exposed to foegdadeTiQ at doses of 50 or 500 mg/kg bw/d by oral gavage
once aweek for 10 weeks. Stock solutions of fepadeTiQ 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 usemi@diately. 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 adsay ¢t/
hOGG1)KBrO3 (3nM) exposed THR cells served as the positive control. Thethod did not indicate if

the authors controlled for ambient light during slide preparation, lysis or electrophoresis. Randomly
chosen nucleoids (100 per slide) were viguattored with a fluorescence microscope using adlass
scoring system (score ofDfor each nucleoid) with reviewetdinded to dose groupto determine the
degree of DNA damage (arbitrary score rang#0). The level of DNA damage in liver and lisgue

(i.e., DNA strand breaks, Far hOGG3sensitive sites) was not significantly elevated at any dose level
relative to control.In addition, E171 exposure did not affect the repair of KBid@ced oxidative DNA

29 Bettini et al (2017) also evaluated a nasized Ti@material with a mean patrticle size of 22 nm (P25;-N0b),
which is not representative of the particle size distribution of fapdde TiQ(see Tabld0in AppendixH for
summary).
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damage in lung tissue samplésowever 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 gtmupsialysis of

DNA damage 24 hours after last exposure instead-@hdurs after last dose (which may have allowed
DNA repair to occur), the use of antdateddosing regime (once per week for 10 weeks instead of two

or more consecutive days) as well &g tuse of a visual scoring method to determine the level of DNA
damage (instead of using automated or seantomated image analysis software). Overall, these
limitations raised some questions as to the reliability of the study findingsraakle the negatie results

difficult to interpret.

Murugadosset al. (2020) evaluated whether exposure to nfwod-grade TiQ@ (117 nm, anatase, JRC
NM10200a) induced DNA damage in peripheral blood cells from female C57BL/6JRj mi&B per

group) following a singleade of ~10, 50, or 250 ug piMouse° (equivalent to ~0.6, 2.9, 14.7 mg 7iQ

bw31) administered via oral gavatfe The Ti@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 t@ - 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 adminisigzmther the small or large agglomerates suspension
medium via oral gavage. Mice were euthanized three daysgusing and blood samples were collected

and analyzed in an alkaline comet as$&yipheral blood cells from untreated miexposed to kdrogen

LIS N2 E A R S fo1E minutesserved 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 meam%DINA was calculated, but it was unclear if the
selection of comets for analysis was conducted in a blinded manner. A significant positive result was
observedstartingat 10 pg (0.6 mg/kg bw) with large agglomerates, and 50 ug (2.9 mg/kg bw) with small
agglomerates, but there was no evidence of a dosgponse. However, the Ti@articles 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 thissiZe & Wa2RS 2F | OGA2yQ aSOGA2y F2

reported change in blood Ti levels in response tg frigatment (suggesting low bioavailability), the study
deviated from OECD guideline 489 due to the inclusion of only a single sampling time§ postdosing
(instead of multiple sampling times at both62hours and 1€6 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 findigs. The biological significance of the dossponse 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 stuiig 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 estimateddm graphical data (see Figure 4c,d in Murugadbss$.2020).

31 Assuming an average body weight of 17 grams foramé&cold femaleC57BL/6Rj mouselfttps//www.janvier-
labs.com/en/fiche_produit/2_c57kbjrj mouse/#onglet .

%2 A nanaesized Ti@material (17 nmJRCNM10202avas also evaluated by Murugadetsl.(2020), whichis not
representative of the particle size distribution of fogdade Ti@(seeTable 10 ippendifor summary).
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human exposure to foodrade Ti@through the dietis uncertain. In addition, the relevance of this study
for the assessment of Ti@s a food additivés questionable due to insufficient characterization of the
test article administered (JRCNM10200a), which prevented reasonable compaitisdood-grade TiQ

Sycheveet al. (2011) examined the potential for a cosmetic grade of, [&datase;160t59.4 nm as
determined by electron microscopy) to induce DNA damage in liver, brain, and bone marrét bdle
CBAXxB6 mice were exposed teds of 40 or 200 mg TiRg bw/d for 7 days via oral gavage= 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 contralgreas 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 analike 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 detegaméno 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 increasenean% tail DNA was observed at both dose$6:0.84

in negative control versus 99t1.21 and 6.81.13 at40 and 200 mg/kg bw/dHowever, 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 patticles would have had to gain access

02 GKS ydzOf Sdz&a 'yR AYUSNIOG 6AGK 5b! T GKSNBE Aa
2F 1 OGA2YyQ aSOGA2Yy F2NJIRSOGFAfavd C2NJ t AGSNI I yR
dosecompared to controls. No information on organ toxicity was reported sygtiemic exposure to the

test article in the bone marrow, liver, and brain was not confirmiBge study protocol also deviated from
OECD guideline 489 due to the use of only two doses, the analysis of DNA damage 24 hours after
last exposure instead of@ hours after last dose (which may have allowed DNA repair to occur), as well
as the lack of a positive contrdlhese limitations raised some questions as to the reliability efstiidy
findings and therefore, the results of this study were considered unclear. The relevance of this study for
the assessment of T}@s a food additive was also questionable sitieetest article administered was

not sufficiently characterized to allv for comparison with the form of T)@dded to food. Syche\et al.

(2011) also evaluated the same test article @®®.4 nm anatase) in an vivomicronucleus assay, which

y
o N

has been summarizedin thba A ONR y dzOf SAK/ KNRY2a2YLf 1 6SNNI GA2yaQ

In summary, a total of four neguideline studies that assessed the potential for,férticles > 100 nm

to induce DNA damage vivousing the alkaline comet assay were identified in the published literature.
Two of these studies administerewn-food-grade Ti@particles > 100 nm to mice by oral gavage, with
positive results reported in peripheral blood cells (Murugadetsal. 2020) and bone marrow cells, but

not liver or brain cells (Sycheeaal. 2011). However, not enough information wagailable to determine

how closely the tesarticlesused in these studies (a JRC nanomaterial and a cosmetic grade) resembled
the current form of TiQadded to food and therefore, it is unclear whether either study was appropriate
to evaluate the potentiafor foodgrade Ti@to induce DNA damaga viva In addition, it was unclear
whether the small and large agglomerates experimentally generated in Murugadads(2020) had
similar properties and/or behaved similarly to T&yglomerates consumed aan of the diet and the

33 A nanosized Ti@material (33 nm) was also evaluated by Sycleted.(2011), whichis not representative of the
particle size distribution of foodrade TiQ(see Tabl&0in AppendiHfor summary).
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biological significance of the small increase in mean % tail DNA reported in Sgtlaey@011) in bone

marrow of mice exposed to a cosmetic grade of, Ti@s uncertain, especially since this study also lacked

a positive controlFinally, to induce DNA damage, the Jparticles 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
0a4SS Waz2RS 2F ! OlA2yQ & %<0 lnkertsintics anNJimRaSiang, deitharstdely ! a |
was considered appropriate for the assessment of ithesivo genotoxicity of fooegrade TiQ in the

present review. The remaining two studies administered fgoade TiQto rats by oral gavage, with both
producing negative results (Bettiet al. 2017; Jenseret al. 2019). However, Jenseet 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 apprafeitarget tissue given that exposure to fegdade TiQ

occurs via the diet. Therefore, the lack of genotoxic effects observed in Jehs#n(2019) could be

related to the lack of systemic tissue exposure to the test article on account of its lobi@ashilability,

rather than a true negative finding. As a result, this study was not considered appropriate for the
assessment of tha vivogenotoxicity of fooejrade Ti@. A few limitations were also identified with the

Bettiniet al.(2017) study (i.g single dose test, lack of a positive control); however, a target tissue relevant

to dietary exposure to foograde TiQg | & S @I f dzr G SR 0A PSPPI t SESNNa LI GO
was confirmed. Therefore, the results of this study were carsid valid.

Overall, the available evidence considered appropriate for evaluating the potential fogfaatt TiQto

induce DNA damage vivowas limited to a single, neguideline comet assay (Bettiei al. 2017). While

this assay did not provide grindication that oral exposure to foegkade TiQ induced DNA damaga

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 guidetiompliant studies with food grade

TiQ are recommended to confirm the negative results observed in Bettial.(2017).

Micronuclei/Chromosomal Aberrations

No studies addressing the potential for fagdadeTiG, to produce micronuclei/chromosomal aberrations

in vivowere identified in the published literature. However, twovivostudies that used &rm of TiQ

that is highly comparable tthe current form ofTiG found in food(Unitane® €20) as well as twm vivo
studies with noAfood-grade TiQ particles > 100 nm were identified. Three of the four studies investigated
the potential forTiG particles > 100 nm to induce micronuclei; two of which administered the test article
via the oral route (Donneet al. 2016; Sychevat al. 2011) and the third by imaperitoneal injection
(Shelbyet al. 1993). The fourth study evaluated the potential f6iQ, particles > 100 nm to produce
chromosomal aberrations administered via intraperitoneal injection (Shelby and Witt, 1995). Each of
these studies have been summeed below andn Table 8 an® of Appendix H.

Donneret al. (2016) examined whether oral exposure to three pigmgrades of Tie(pg-1, pg2, and

pg-3; source unknown) induced micronuclei in rat bone marrow usingnarivo micronucleus assay
conductedin compliance with GLP and OECD test guideline 474 ¢t9%BiAg pgl 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 masgecific surface area was reported to®4. nt/g, the isoelectric point was

34Donner etal. (2016) also evaluated three nasized Ti@materials with a mean particle size of-43 nm, which
are not representative of the particle size distribution of fegrdide Ti@(see Tablé0in Appendifor 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 J#Dd taken together, suggest that the anataselpg
material was f[ghly comparable to foodrade Ti@. The pg2 and pg3 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, with3pglso reported tde coated (no additional information
provided about coating). The masgecific surface areas were reported to be 7.1 and 17/t mith an
isoelectric point around pH 6 and 4, respectively for2pgnd pg3. The whole particle and surface
elemental compeitions were reported to include Al for gyand Al, Si, and Nb for 3 While both of

these test articles were well characterized, only a single commercial rutile form obfeatt Ti@ has

been characterized to date (see EFSA 2019b and Verleys#2020)andtherefore, not enough data
wasavailable on the current rutile forms of Ti@dded to food to determine if the pg and pg3 materials

used in this study were comparable to fegdade TiQ. Male and female Crl:CEprague Dawley or Wistar
Crl:WI(Han) rats(= 5 per sex per dose;= 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 &ettlesor negative control (sterile water)

via oral gavae. 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 samplkere 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
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 immatutetad erythrocytes were reported for any of

the TiQ testarticles However, Ti concentrations measured in the blood (at 48 and 72 hours) and liver (at
72 hours) were consistentld.14 pg/g blood and.316 pg/g liver, indicating low oral bioavailabildfy

the test article regardless of dose. There was also no evidence of arefmense, with similar Ti
concentrations measured across all threelpgose groups and negative controls. Therefore, the lack of
genotoxic effects observed for the three pigmegriades of TiQwere considered to be related to the lack

of exposure to the test articles on account of their low oral bioavailability.

Sychevaet al. (2011) investigated micronuclei induction by cosmetic grade pedticles &natase;
160£59.4 nm as dedrmined by electron microscopy) via the oral rotitdMale CBAxB6 mice were exposed

to doses of 40, 200, or 1000 mg 7/Kg bw/d for 7 days via oral gavage=X 6 per group). The particles
were dispersed in distilled water prior to administration. No ottletails 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 @amples 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 wereratseed 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 presena# micronucleated cells and evidence of cytotoxicity. A statistically
significant increase in micronuclei formation in bone marrow PCEs was reported at the highest dose tested

3% A nanosized Ti@material (33 m) was also evaluated by Sycheval.(2011), whichis not representative of the
particle size distribution of foodrade TiQ(see Tabl&0in AppendiHfor summary).
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(1000 mg/kg bw/d) with average frequencies of 6.0 per 1000 PCEs versus 3@PePCEs 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 3cdied
evidence of cytotoxicity was obsexd 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 adgittoxas
reported in the forestomach and colon epithelia, but with no apparent eesponse relationship. There

was also evidence of cytotoxicity in spermatids at the highest dose tested. Overall, the increase in
micronuclei incidence in bone marrow P@sconsideredsmall 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 vivomicronuclei assay were considered equivocal. In addition, systemic exposiire lhlone 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 f@i@ccount of its low
systemic oral bioavailability. Thesufficient characterization of the test article administered also did not
allow for reasonable comparison with fogptade Ti@, and therefore, the relevance of this study for the
assessment of Tias a food additive was considered questionable. Sychewh (2011) also evaluated

the same test articlg16(t59.4 nm anatase) in aim vivo alkaline comet assay, which has been
summarized in the previous section.

In two separate genotoxicity survey studies of multiple chemicals (Stegllay. 1993; Shelbyand Witt

1995), the potential for Tido induce micronuclei and chromosomal aberrations was evaluated. The TiO

material used in both studies was sourced from the NTP repository of all chemicals tested in
carcinogenicity bioassays (Radian Corporationgréfore, it is likely that this test article was the same

material used in the NCI twyear cancer bioassay (i.e., Unitane@20; anatase; 11335 nm and 109

124 nm by SEM and TEM, respectively; up to 44% of particles < 100 nm by number), which can be
corsidered highly comparable tothe currentformof JIORRSR (12 F22R 060aSS W/ I NOAyY
¢2EAOAGRQ aSOGA2Y FT2NJ Y2NB RSGFAfaLD

In the first survey study, Shelley al. (1993) evaluated the potential fariG (Unitane® €20) to induce
micronuclei. B6C3F1 male migex 5 per group) were exposed T0Q 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/dn the second experiment. All doses were prepared using corn oil as the test vehicle
and particles were suspended in solution using a-Wak Tissumizer® homogenizer. It is unclear what
effect this instrument would have had on the agglomeration status ok ttest 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 200@ite 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. Bt the fir
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 1.3€ 1000 PCEs, respectively), but no clear glesponse. Inthe

36 CurrentOECD test guideline 474 (2016) recommends that at least 4000 immaturecenytés per animal are
scored for the incidence of micronucleated immature erythrocytes.
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second experiment, a statistically significant increase in the frequency of micronuclei in bone marrow
erythrocytesof a similar magnitudevas observed at the intermediate dose (1000 mg/kgd)wompared

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 teste@@lhg/kg bw/d; 2.00 per 1000 PCEs) and no overall linear trend
was detected. The authors reported thathen thehighestdose group was removed from the trend
analysis, a significant linear trend was observddwever, the magnitude of effect with respect the
increase in micronucleated bone marrow erythrocytes at the 1000 mg/kg bw/d dose level was small and
there was no evidence of dosesponse in either experiment. Furthermore, the elevated test results at
the 1000 mg/kg bw/d dose level (i.e., 3.50 a&@0 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 ofrthévo micronucleus

assay were considered negative.

In the second swey study, Shelby and Witt (1995) evaluated the potentialli@ (Unitane® €20) to
produce chromosomal aberrations. B6C3F1 male mice 8 per group) were administered a single
intraperitoneal injection of 0, 625, 1250, or 2500 migy/kg bw in cornoil (no details were provided with
respect to the preparation of th&@iQ/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 athe 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 injectedl\With colchicine two hours prior to tissue
harvesting. Mice were euthanized at 17 and 36 hours qosing and bone marrow (femur) samples were
collected and analyzed for the presence of chromosome aberrations. The frequency of chromosomal
aberrations inbone marrow erythrocytes was not significantly elevated at any dose level relative to
control at either sampling time. Therefore, the results of theivochromosomal aberration assay were
considered negative.

In summary, a total of four studies usifige different test articles that evaluated the potential féiQ
particles > 100 nm to induce micronuclei/chromosomal aberrationivo were identified in the
published literature. A cosmetic grade ®fG administered via the oral route increased muouclei
formation in bone marrow PCEs at the highest dose tested (Syateala2011); 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, atide 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 protsusrastypical

nuclei in the forestomach and colon epithelia, which are more appropriate target tissues for evaluating
exposure to Tigparticles via the diet. The cosmetic gradelad} used in this study was also insufficiently
characterized to allow foreasonable comparison with foagrade TiQ. As a result of these limitations

and uncertaintiesthis study was not considered appropriate for the assessment ahthirogenotoxicity

of TiQ as a food additive in the present revielm. another study, with was conducted in accordance

with OECD guideline 474, three pigment grade$iG} (anatase pel, rutile pg2, and rutile pg3) also
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administered via the oral route did not induce micronuclei formation in bone marrow cells (Dehakr
2016). While thephysicochemical properties of the anatasebmaterial was consistent with foegrade

TiG, not enough information was available on the rutile forms of, Ei@ed to food to determine if the
rutile pg-2 and pg3 materials were comparable to foagtade TO,. 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 iof vhe
gerotoxicity of foodgrade Ti@. The two remaining studies administered UnitaneZ20 (which is highly
comparable tahe current form ofTiGQ added to food via intraperitoneal injection and reported negative
results in ann vivomicronucleus assay (Shelbyal. 1993) and aiin vivochromosomal aberration assay
(Shelby and Witt, 1995). The administration of UnitaneZ2@by intraperitoneal injection ensured target
tissues were sufficiently exposed increasing the potential of identifying a genotoxic éffeatyer, 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 Kirldanal. 2019).
Furthermore, the intraperitoneal administrationf Unitane® €20 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 compauandva Therefore, in the press
review, due to the limited number ah vivo genotoxicity studies conducted with relevant test articles,
studies that administered foodrade Ti@ or test articles comparable to foegrade TiQ@ by
intraperitoneal injection were still considered in theayall 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 (Sheéiyal. 1993; Shelby and Witt 1995) were considered
relevant for evaluating thpotentialof food gradeTiG to induce micronuclei or chromosomal aberrations
in viva These studies administered a testicle highly comparable to the form ofiG found in food
(Unitane® €20) via intraperitoneal injection and both produced negatesults. While there is some
guestion as to the physiological relevance of exposure tg p&iticles via intraperitoneal injection,
neither study provided any indication that foggade TiQ induced micronuclei or chromosomal
aberrationsin viva Additional research is recommended to confirm these findings, specifically guideline
compliant studies that administer food grade Ti@a the oral routeand examine appropriate target
tissues for evaluating exposure to Fi@articles via the diet (e.gcolon epithelia)

Mutagenicity

No in vivo mutagenicity studies with foodradeTiQ or nonfood-grade TiG particles > 100 nm were
identified in the published literature. Of the five vivomutagenicity studies that were identified, all used
TiIQ¢NPs wih a mean particle diameter ranging from 12.1 to 22 nm (Laatral. 2014; Sadiet al.2012;
Suzukiet al.2016; 2020; Trouilleet al. 2009) and all produced negative results (Sedle10 of Appendix
H). However, none of these test articles were congdeappropriate reference materials for investigating
the potential mutagenicity of foograde TiQ, due to significant differences in their physicochemical
properties Therefore no conclusions can be drawn regarding the potential for fg@teTiG, to induce
gene mutationsin viva Additional research is recommended to confirm whether fgodde TiG is
mutagenidn viva

Summary
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Some positive genotoxicity results with fegdade TiQhave been observeih vitro; however, confidence

in the reliability and relevance of these findingas low due to poor study design, naompliance with
OECD test guidelines, the use of inappropriate cell lines,eandssively high exposure concentrations
tested, among othedefidencies The potential for false positive resultsimvitrogenotoxicity studies is

also known to be high (Kirklaret al. 2005; 2007), which underlines the importance of considering the
results ofin vivogenotoxicity and carcinogenicity studies whemnating the genotoxic potential of TiO
used as a food additive. A review of tinevivogenotoxicity literature identified a few studies with non
food-grade TiQparticles > 100 nm that produced positive results (Murugaeoss.2020; Sychevat al.
2011); however, the relevance of these studies was uncertain due to the insufficient characterization of
the testarticles administered, which prevented reasonable comparison tédime of TiQ added to food.
There was also low confidence in the reliabitifythese results due to the lack of adherence to OECD test
guidelines, poor experimental desiglgw systemic exposure to the test article, and questionable
biological relevance of the positive genotoxic effects. The remaininiyogenotoxicity studiegentified

in the literature produced negative results: two with fegdade TiQ (Bettiniet al. 2017; Jenseret al.
2019), two with Unitane®-R20 ¢ a test articlehighlycomparable tathe current form ofTiQ added to

food (Shelbyet al. 1993; Shelby ahWitt, 1995), and one that tested both foednd pigmentgrades of

TiQ (Donneret al. 2016). The null findings reported by Done¢al. (2016) and Jenseet al. (2019) were
considered dubious given that tissue exposure to the test article was not dérabtes and therefore,
these studieswere not considered in the overall weight of evidence assessment of genotoxicity. The
remaining three studiesvere considered appropriate to inform on the potential genotoxicity of the forms
of TiQ added to food. Baseodn the studies by Shel®t al.(1993) and Shelby and Witt (1995), there was
no indication that fooegrade Ti@ induced micronuclei/chromosomal aberratiomsvivg however, the

test article in these studies was administereditiyaperitoneal injection, wich was considered to be a
lessphysiologically relevant route of exposure. There was also no indication that oral exposure 1o food
grade Ti@induced DNA damage vivobased on the results of a single, rguideline study (Bettirat al.
2017). Finallytherewas no evidence genotoxicityas expressed in the form of an apical endpdioit
food-grade TiQ. A twoyear cancer bioassay mice and rats using very high dietary concentrations of
Unitane® 0220 (50,000 ppm or 5% wi/w) did nshow any evidence fbcarcinogeniity (NCI 1979).
Similarly, a recent GERnd OECD 443 guidelisempliant EOGRT study commissioned by industry to
address endpoints of concetf) found no evidence of ACF (which some consider a preneoplastic lesion
for colorectal cancé®) in the colon of male or female raexposed to fooejrade TiQ(LPT 2020 as cited

in EFSA 2021a)Vhen taken togetherthe above findings indicatihere is no immediate concern for the
genotoxicity of the current form of Tigadded to food.However, due to théimited number of available
studies with foodgrade TiQ or test articles comparable to foegrade TiQ@, additional research is
recommended, particularly wetlonducted studies that adhere to modern OECD test guidelines for
genotoxicity.

Immunotoxicity, Inflammation and Effects on the GIT

Itis evident from both human and animal studies that;fi@ticles are taken up in the intestinal lymphoid
F2tt A0t Sa 1y26y Fa tSeSNNa LI (eCKSrmn i 20 SOEHNZO § tat &
LI G6OKSa FLIISEFEN G462 06S dao062GK AYYdzy2t23A0Ftte | yR

%7 For a summary of the other endpoints examined inthe EOGRT study please see Appendix K.
38 Information onthe use of ACF as a potential biomarker of colorectal cancer in laboratory animals and humans can
be found in Appendi.
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substantial particle burdens in these tissues there is no evidence einflaonmatory or otherwise
undesirable signalling by affexd cells. Less clear is the potential for Slp@rticles 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. Vandysopulations 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 || major
histocompaibility (MHC) complexes, which stimulateh&lper 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-ream@bmcroparticles (Manolovat al. 2008)

andin vitro studies have shown that murine dendritic cells produce-ipflmammatory cytokines when
incubated with dispersed T¥NPs (Winteret al. 2011). Several studies have demonstrated that,TiO
particles, includingood-grade Ti@, may influence cytokine production as well as alterations-aell
subsets in the GIT, especially when dispersed in simple matrices (e.g. 8edtird017; Talamingt al.

2019). However, thesare considered to be intermediatdfectsand theywere not replicated in studies
where E171 was administered via the diet (Bleehal.2019; Riedlet al. 2020 LPTR2020as cited in EFSA
202139.

In their recent assessment, the EFS# | y St O2y Of dZRSR G KIF G aazu$ TFAYRA
YR AYFELYYFOGAZ2Y 6AGK 9mT M XYI2021§ SheFARARAaRtiled 0SS 2 F
30 studies considered relevant to the assessment of inflammation and immunotoxicity, of which nine
were of sufficient quality and relevant for hazd characterization of E171 while several others provided
supporting evidence (the criteria used to establish quality and relevance are described in Appendix C of
the EFSAAF Pandl021laassessmenandrelevant studiesare summarizeth Appendix 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 thedietary studies where E171 was administered (Riet.

2020; Blevingt al. 2019; LPT 2028s cited in EFSA 202138ixadditional studies administered foegrade

TiQ well dispersed in water, two of which were drinking water studies (Pieget. 2019; Bettiniet al.
2017),three were gavage studies)(rutia-Ortegaet al.2016, Haret al. 2020 Mortensenet al. 2021) and

one in which the suspended particles were dripped into the mouth with a pipette to be swallowed
(Talaminiet al. 2019).

Pingetet al. (2019) exposed male C67BI/6JAusb mite 66 per group) to E171 via drinking water at
doses of 0, 2, 10 or 50 mg/kg bw/d for 4 weeks,TW@s dispersed in drinking water using sonication (no
further details provided) and the dose was calculateddoben water intake measured per cage. JWas

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. DecredsecRgene expression, a key
componentof the intestinal mucus layer, and increased expressiomefb3 a gene associated with
antimicrobial defense, were also observed at doses of 10 mg/kg bw/d and above, suggesting TiO
exposure is associated with alterations in gut homeostasis, alththege changes were not associated
with any histopathological alterations amckpression of other antimicrobial peptides such as granzyme
B, cathelirrelated antimicrobial peptide (CRAMP), regenerating {gkived protein 3 gamma (REG3
gamma) and fysozyme (PLYZz) were unchanged. The changeMic2 and Defb3 expression were
reported to beaccompanied by a reduction in colonic crypt length, an increase in colon macrophages and
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CD8T cells, as well as increases in mRNA transcripts for the cytakiresukin (1L}10,tumor necrosis
factor TNBh = | -§; Buggestive of an adaptive immune response to E171 exposiifeough no
consistentdoseresponserelationships wer@apparent

Talaminiet al.(2019) also exposed mice to fogdade TiQin water (E171anataseDspo=201.2 £ 8.5 nm)
without sonication or other deagglomeration methods to better simulate realistic conditions of exposure.

In this study, 8 weekld male NFR mice (4 per group) were dosed 3 days/week for 3 weeks with E171
freshly dispersed imater, 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 quantitativetine polymerase chain reaction (QFPICR), a
statistically significant increase in-1b (but not TNF or I.-:10) mRNA transcripts were reported in
stomach (~ 75%) and whole intestine tissues (~ 75%), but not liver tissues. A statistically significant
reduction n liver 110 mRNA transcript expression was observed (~40%). The study was limited to one
dose andin the opinion ofthe EFSA-AFPanel(2021a)these changes are indicative of an adaptive
response to oxidative stress and not evidence of adversity.

In addition to the 106day studies described above, Bettini and colleagues (2017) exposed adult male

Wistar rats(=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 Frenolmmercial supplier and was primarily composed of

TiQ anatase with a particle size distribution ranging from 20 to 340 Dgp 11853 nm by TEMDX);

44.7% of particles by number were <100 nm in diameter. The woseselected 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) alzserved that was concomitant with a decrease in T helper

(Th) cellsthe same findings wer@soobserved aker 100 day®f E171 administration via drinking water

An increase in the frequency of Gl resident CDHe®dritic cells (DC) was also observed after 7 days,

however effects on DC cells were transient and not observed after 100 days of treatment. besaut
suggested the increase in Gl resident DC populations may be compensatory to the local inflammation
induced by Ti@exposure, although this is difficult to reconcile with the decreases iniaffaimmatory

Tregs and inflammatory Th cells reported. Té#ects of E171 treatment for 7 days on mucosal
AYFELFLYYFGA2Y YR AYYdzyS OStf NBaLRyaSa Ay t Se&SNK
Relative to control rats, E171 treatment did not induce changesjeloperoxidase activitgga marker of

neutrophil infiltration) or in cytokinelevels(i.e., TNF, IL-10, Il-m | idterferon~ IFR) and 11=17) in

mucosa of the small and largeintesthe Ly | RRAGA2y Y OStfa 6SNBE Aazfl 48
and cultured with anttCD3/CD28 antibodies timduce cytokine secretioin order to examineex Vivo

immune cell responses. In cells cultured from rats exposed to E17Z1 IFR SONB G A2y RSONB|
Aaz2zftlrGSR TNRY t SeSNRa LI 6O0KSa FyR AyONBmnattrk Ay (K
cytokine IE17 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 ANSES (2017) not sufficient to affirm an impairment of immune
homeostasis. These findings also diverge somewhat from a previous reportehdied inflammation

in the small intestines (Nogueied al.2012) that observed increases in prdlammatory gtokines 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 ekoSure.
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Blevinset al. (2019) attempted to replicate the findings of Bettitial.(2017) using a dietary model. Male

Wistar Han IGS (Crl:WI (Han)) rats=( 15 per group) were fed a diet containing E171natninal
concentrations of 0, 40, 400 or 5000 ppm for 7 and 100 dagsedon food consumptigrmeasured Ti
concentration in dietand body weight data, these concentrations corresponded to doses of 1.81 (basal

diet), 4.76, 31.43 or 373.86 mg/kg bwifr the 7 day study and doses of 1115 (basal diet), 3-4.1, 19.0

25.7, 0 236:300 mg/kg bw/d for the 100 day studfctualTiG concentration as well as homogeneity of

particle distribution in the diet were measurég splCRMS In the 100 day study, as in Betgtial. (2017),

E171 was administered alone or following pretmeant with 1,2dimethylhydrazine (DMH) to initiate

colon carcinogenesisn contrast to Bettinet al. (2017), detary E171 exposure did not significantly alter

/5nb ¢K OSffta 2N FOGAGIFISR ¢K OSftfa o6/5nbX /5Hp
mononuclear cells (PBMC), or systemic or GIT resident Cld&a8ritic cell populations after either

period of exposurgsuggesting an absence of increased local inflamma8onilarly, neither acute nor

subchronic dietary E171 exposure had an effectToag cell populations in these tissues nor did it
significantly alter inflammatory cytokine levels in plasma, GIT tissue or in lymphocytes isolated from
LISNALIKSNI f o6f22RX aLX SSy FyR tSesSNRa LI (ip&Bad ¢ KS
Bettiniet 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 mdléearale SD rats in a study
conducted according to OECD TG 408 (gtaat. 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 8@dicles were dispersed in distilled water

by at least 10 miates 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. comm09 September 2021No mortality or effects on body weght, clinical chemistry,
urinalysis, organ weights or gross or histopathological endpoints were observed. Gene profile analysis
indicated that changes in immurresponse associated microRNAs were associated with E171 exposure
Aslightbut statistically gynificant decrease in relative lymphocyte count (~8%) was observed in high and
low dose malesand dterations in granulocytenacrophage colongtimulating factor GM-CSFn females

and plasma IgMboth sexes)were observed at the highest dose tested, lgiven the lack of a dose
response 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-Ortegaet al.(2016) also evaluated the effects of fegdade Ti@on biomarkers of immunity (1L

2, TNP X -LX0lafd GMCSF)n colonic tissueMale BALB/c mice were divided into 4 groups(6

per group): (i) an untreated control group; (i) an E171 only group; (iii) a carciwodeared colitis
associated cancer (CAC) model and (iv) a CAC + E171 grotieg CAC modelazoxymethane
(AOM)/dextran sulfate sodium (DSS) was used to chemigallyce colon carcinogenesi&ingle
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 single intraperitoneal injection of saline solution on weelMice in the

E171 grap received 5 mg/kg bw/d TiQdispersed in wateby sonicationyia 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 umteel controls for any of these markers.
However, the CAC groujisplayed a trend towardswer levels of all cytokines relative to contrekich
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was statistically significant in theAC + E171 grofgr all markers except GMSF This result iglifficult

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 appeard EL had an antinflammatory effect in the CAC model, this

could potentially be explained by increased cytotoxicity irréSident cytokineproducing immune cells

leading to immunosuppression. In the opinion of the EFSA FAF Panel (2021a), these chdikgbstare

be secondary to colon tissue damage produced by the initiator. This study was also reviewed previously
bytheEFSAb{ t I ySt o6Hnmc0OI gK2 02y O0fdZRSR (KIFIG a0KS ai
69 mMTMUO & F  F22RKINIRSIIADSENT oMyUTKE diiS [ FEdENE / F Y I Rl Q.
changes in markers of inflammation in a CAC model only appear to be of limited relevance for risk
assessment, particulariy consideration of the fact that only a single dose was administierédus study

The effects of oral exposure to fogitade TiQon inflammation and immunity in the GIT of male and
female rat pups was investigated by Mortenseh al. (2021). Lactatingsprague Dawley rats with
standardized littes of five male and fie femalepups at PND -3 were acclimated for % days prior to
dosing. Between PNDI0, 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 wedkbghyage

(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 2
5 minutes until the change in diartex 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 sacrified 4 h after the fourth and last dose on PND 10 anddinedenum, jejunm, 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 thptesein vitrodigestion 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
microscopywith hyperspectral imaging (EDMSI) was used to evaluate intestinal uptake of particles. The
majority of particles were present in the lumen, although some particles were also detected in thie gast
mucus and a smaller number still in the underlyingtegdial tissue; the percentage of E171in all areas of
intestinal tissues was higher in female pups than in male pups. There was no increase in liver Ti
concentration based on IEGRS. Histopathological analyses included an evaluation of changes in the
number ofintraepithelial ymphocytes (IEL) and granulocytethe 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 granulocytesaased in both the duodenum and the colon. No

sign of active inflammation was observed. The authors concluded that oral exposure to E171 well
dispersed in water leads to the recruitment of immune céfisjoung rats, with the strongest effect
observed inthe small intestine, although whether this early life exposure is associated witkéong

effects on intestinal homeostasis is unknown.

Ina previous assessment of T&3 a food additiveahe EFSAANS PangR016) identified concerns related

to a lack of data on reproductive and developmental toxicity and recommendedalmatitigeneration

or EOGRT study be conductaccording to the current OECD guidelinasGLPand OECD 443 guideline
compliant EOGRT study (LPT 282€ited in EFSA 202lmas theefore 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 Taf2in Appendix K The material tested was a commercial
formulation of E17 that was administered in the diet. The FO 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 fth& &2 generation. Effects on
developmental immunity in the F1 cohort (10/sex per growgye assessed by measuring the primary

IgM antibody response following exposure to a sensitizing antigen, keyhole limpet haemocyanin (KLH). A
small but statisticallgignificant decrease in the antigen specific IgM legéPg) was measured at the
highest dose tested (1000 mg/kg bw/d) in males onigh no apparent trend towards a decrease at
intermediate doses Satellite animals dhe F1cohort (10/sex) were KL#inmunised 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 cohotharelwas no separate
control for the cyclophosphamideespmse; therefore, in the view of the EFSA FAF PaB6éR(3 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 absengeatment-related
differences in weight or histopathology of spleen, thymargilymph nodesas well as no changedione

marrow histopathology, total and differential peripheral WBC coongplenic lymphocyte subpopulation
distribution in this sameF1 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 sardsthus thedeficiency identified in

the KLH assay is considered to be of marginal significance in the present assessment

The influence of dietary exposure T@Q-NPs was investigated in a mouse model by Hudad (2017).

In this studyC57BL/6dnice oI ¢6ysex not specifiedwere administered either a control diet or one
containingTiG-NPs at a concentration of 0.1% for approximately one month.TT®eNPs are described

as anatase with primary particle diameters of 10 or 50 mpur¢hased from DK Nanotechiogy Ca.

Beijing, Chinamethod of manufacture not statgdFollowing 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 th&iG-NPs, pranflammatory cytokines (Hw i |26, IL-m H TN, and nitric oxide
synthase?) were elevated and aninflammatory cytokines (4 andIL-10) were reduced relative to
controls. The authors suggest these alterations may lead to impairments in host immune ejefens
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 shoalso be noted that the dose of 0.1% in diet was
selected to correspond to human dietary intakeldicH 1 TYGdkg bw/d. However, as the tesrticles

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).

Warheitet al. (2015) reported the outcomes of two repeateibse studies of Tidn rats. The first study

was asubchronic 9@lay study conducted in accordance with OECD TG 408. Male and femdESD)C

rats (10 per sex per group) were administered pigragrade Ti@by oral gavage at doses of 0, 100, 300,

or 1000mg/kg bw/d for 92 (males) or 93 (females) days. The particles were suspended in 0.5% aqueous
methylcellulose and fresh suspensions weregared dailyby ultrasonication at 20 kHZ he test article

was a rutiletype TiQ particulate sample with an alumina surface coatihgt contained 21% NPs (< 100
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nm) by particle numbers,of 224nm by mass and 14%m by numbe#®) which is comparable in size to

food-grade TiQ. Testsubstance related findings were limited to the detection of ;fi@rticles within the

digestive tract, draining lymph tissues and the nose, although there was no evidence of an adverse tissue
response.There were no testrticle-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 28ay repeateddose oral toxicity study (OECD TG 407) ifemrsts (45 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 uncoateggtlel 73 nm)

ofts 2 RAFTFSNBY (G LIzZNR G A SHENI RSES [1O2R alh RS ABIRR SN Boa@EA NNEKEK
0KS FdzZiK2NBR y23GS GKFEd GKS Gg2 3IANFRSa agSNBE QAN
Similar to the 9al study, the test article was observead intestinal lymphoid tissue although no
treatment-related adverse effects on any endpoint were observed. The NOAEL for thetR8y was

determined to be 24,000 mg/kg bw/d.

Duanet al. (2021) exposed male ICR mioe=(6 per group) to two differeniofms of TiQvia the diet for

1, 3 or 6 months. ThelpNIi A Of Sa I NB -FRE-ZFONA 6ISYRR | S NiSF 222yRO 2 NLJ2 NI
pelleted diet at a concentration of 1% by mass; control animals received the basaTidiehtent not
reported). Based onJECFA conversion factors (JECFA 2000), a concentration of 1% w/w in food is
equivalent to a dose of 1500 mg/kg bw/d in midée first particle type was a naisized anatase form

with an average primary particle diameter of 38.3 + 9.3 nm. The second Ipakfie was a micrgized

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 contrehmixed feed

for one, three or sixmonths, animals were euthanized and blood and organs (liver, spleen, and kidney)
were collected for histological and elemental analysEsontent in blood was higher in animals fed a
TiQ-containing diet for 6 months than those fed for 1 or 3 monthshaligh the Ti content of organs was

not significantly different from controt8. The authors evaluated the influence of FéQposure on the
homeostasis of 22 trace elements in blood, liver, kidney and spleen (17 of which were above the LOD).
The results areeported 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 casditi3 time points = 612 comparisons)

and the authors do not appear to haeentrolled 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 thesineto
particles showed occasional protein casts in kidney canalibuluso 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 ofwhich 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.
40The reliability of this finding is uncertain. The authors measured Ti in tissues using quadrupdte. liddvever,
accordingto Swiatkowslea 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 testedndizations of a doseesponse could be gleaned
from this study.

Kampfer and colleagues (2021) also expasede and female mice C57BLEAJTIQ-NPs via the diet in

order to evaluate effects on intestinal tissue. The particles were P25 (a mixed phase catalytic material
consisting of spherical particle§5% anatase/h% rutile average primary diameter 2dm) and were
incorporated into pelleted diet at eithed.2%or 1%TiQ by mass, corresponding to an estimated dose of
400 or 2000 mg/kg bw/d. Mice(= 10 per sex per group) were exposed to a control diet (basal Ticontent
not stated) or one of the twd@iQ-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 idadbidge was
observed in animals exposed TiG-NPs, there was no enhancement in proinflammatory cytokines and
none of the investigated genesrelated to DNA repair, oxidative stress or inflammation were differentially
expressed. The authors concluded th&sean absence of major local adverse effects in the intestines of
mice following repeated exposure fHG-NPs via the diet. They note that incorporating}-NPs in the

feed allows for a highly realistic manner of exposure that mimics human exposuiee\iet, although

the results may not be consistent with studies that employ bolus dosing by gavage.

Gao and colleagues (2020) exposed male Sprague Dawleay+ak8 (per group) to two types of uncoated
anatase TiQ a nanesized form or a micrgized form, intended to represent the two fractions of food
grade TiQ. The nanesized 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 ider to examine the influence of Ti@articles on nutrient
absorption and metabolism through @m situintestinal loop experiment. Blood samples were collected

at baseline as well as at 1 and 2 h followihg introduction of a mixed nutrient solution tthe closed
intestinal loop. Following thein situ closedloop experiment, animals were euthanized for
histopathologicakxaminationof the small intestinend theultrastructure of the small intestine mucosa

was further analyzed by TENSparse and short grovilli and inflammation of the small intestine was
observed in the 50 mg/kg bw/d groups exposed to either rastomicrosized particles, although the
effects were more pronounced in the nassized group. In the intestinal absorption experiment, six @min
acids Thr, Met, Val, His, Lys, and Trp), three metal elements (Mg, Mn, Zn), and glucose were injected into
the in situintestinal loop Some inhibition of added histidine absorption was observed, particularly in the
groups exposed to TINPs, althougthere was no clear indication of a desesponse relationship. There

was no influence on the remaining amino acids, glucose levels or metal elements. Ti levels were elevated
in blood after exposure to TENPS but not microscale particles.

The effect offood-grade Ti@on digestion was also investigated byidefoiet al. (2021) in ann vitro

static digestion model that consisted of three steps representsadjvary, gastric and intestinal
compartments. Simulated digestion was performed at@Tinder agation and in the dark. Foegrade

TiQ particles were found to be chemically stable and insoluble followmgitro digestion, with no
significant change in oxidation state although the presence of proteins and ions in the simulated fluids
induced large gglomerates. The enzymésamylase(from the salivary phageand pepsin(from the
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gastricphasg werethe first enzymes to adsorb to Ti@articles; structural changes in these enzymes
were also observed suggesting that the presence of daGld potentialy alter their activities. No effects
of amylase activity were observed in the presence of, p@ticles at a concentration of 0.5 mg/ml.
However, when the amylase concentration was increased, a-dependent decrease in activity was
observed at 0.7 mg/in(20%) and 1.0 mg/ml (34%) at pH 7 but not at pH 3, suggestingyfaale TiQ
may have a concentratiedependent inhibitory effect on carbohydrate metabolism in the mouth but not
the stomach. The activity of pepsin was not modified in the presence gpai@icles. The authors noted
that these results need to be confirmed with K dzY |y -@ntylasa@il-umd@r reflistic consumption
conditions.

The potential for oral exposure to foagtade TiQto produce systemic oxidative stress outside the GIT
was also examined by Jensen and colleagues (2018). These authors first conduetediarstudy in

which aorta ringgrom naivefemale SpragueDawley ratgn = 11)were exposed for 3éninutesto food

grade TiIQ(E171pt concentrations 014 > 3 ko¥140> 3 kavid vasomotor function assessed using wire
myographs. Particles were dispersed ineitBet5> Y F A f (i S NB Rith 2%a8ded@FB S in@ell G S NJ
culture medium at a concentration of 1.4 mg/ml by continuous sonication at 20 kHz for Léemifihe

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 vasoconstrictegponses. A slight increase in the maximal effect value of
acetylcholinglAChjinduced endotheliumdependent vasorelaxatiowas observed in aorta rings exposed

to E171%6.3%, 95% CI: 52,61.3%xompared to controls (42.9% (95% CI: 888.6%). No diffeence in
endotheliumindependent vasorelaxation was observed andrmmubation with a nitrous oxide synthase
inhibitor abolished the ACmediated response, confirming the endothelitsiependence of the result.
Incubation with E171 also increased the maxieféct value of tryptophammediated vasocontraction.

In a second experiment, female lean Zucker rats (LO per group) were exposed to eithetcav-dose
(50mg/kg bw/wk) or higkdose (500mg/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
particleexposed and control rats. The effects on vasaondunction observed following thé vivo
exposure were generally consistent with those observed inethgivoexperiment, although they were
limited to the proximal left anterior descending arteayd there was no response in the aorta. The effects

on vasomotor function did not occur in a desependent 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 10, particles on gut microbiota that may potentially be associated with adverse outcomes hav

also been reported (see Appendifoda nonexhaustive list of studiegor review see Baranowsk&ojcik

2021; Rinninellaet al. 2021). However] S| £ (i K FobdyDirétlor@t&oncurs withthe EFSAFAF

PaneDa aidl ( SayBwIii DvaakSNE A& OdNNByidte y2 O02yaSyad
dK2dZZ R 0SS O2yaARSNBR dtak@HERppsint dut thagtihely 2 enGrotmentayizR S F 2 A
attenuate the toxicity offood-grade TiG, particles to human gut microbiotand overall the potential

impact of dietary Tigon the gut microbiome remains controversial (Ghebretagibal.2021) Regardless,

this remains an area of active investigationdafurther research is required to fully elucidate the
relationship betweeninsoluble TiQarticlesin contact with or residing in intestinal mucosa or lymphatic
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tissue and the role of the food matrix in mediating partitiduced inflammation and/or alt&tions in
gut flora.

Several studies have evaluated the disposition of insoluble particles in the human GIT. Hatnainel

(2014) investigated the fate of endogenous pigmentsin the GIT of children who were suspected of having
inflammatory bowel diseas@BD) A total of 151 children underwerdoth ileocolonoscopy and upper
gastrointestinaltractendoscopy cH GSNBE RAFIY2aSR GAGK / NBPKyQa RA3Z
63 were noAlBD. Only children in whom the terminal ileum was intubated weckided 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 semigutitative scale by a pathologist who was blinded to the clinical condition. In 63

OKAf RNBY o6nw:0X FAYS o0flF O] LAIYSYGH o6& 20aSNBBSR
not observed in lymphoid follicles of the duodenum, colon or elsewharghe GIT. A significant

correlation was observed between age and relative pigment density. The authors suggest the particles
primarily consist of aluminosilicates, Fj@nd a small proportion of nonaluminuoontaining silicate

although this was not angtlically determined. Pigment cells were observed in just 26% of patients with

/| NEPKyQa RA&SIAaSyE O2YLI NBR (2 cwr 27F -LLISGd Slyal at SASIN
LI 6 OKSa Ay GKS GSNIWYAYILE Af Sdzy 2K QK SR Aadstl lassSasAa Qi K
hypothesize that pigment cells may be involved in the inflammatory process. However, any potential
contribution of TiQ cannot be surmised as the identity and relative proportion of particles was not
established; the authors doote that dietary intake of aluminosilicates is an order of magnitude higher

than TiQintake in the United Kingdom.

Shepherdet al.(1987) also examined tissue sections from intestinal resections of 35 patients (ages 2 days

to 75 years) with variousagtrointestinal disorders and seven pambrtem samples (5 75 years) with

no clinical, radiologic nor pathological evidence of gastrointestinal disease rftetdR,21 males and 21

females). The presence of dark brown, granular pigment was report@skicrophages found in the

t SESNNA LI §OKSa Ay Fff LI} GASYyGa InygR), DiinRopdteMd O R2 Yy
below that agerf= 8). As was the case of Hummaehl. (2014), pigment deposits were observed at the

0l &S 2 Fpatth&seb8tNik an the GALGT other parts of theGIT SEMwith secondary and
backscattered electron imaging andray energy spectroscopwyas performed on routine histologic
sectionsand the pigmented sections were observed to contain aluminum andrsitidftusely scattered

throughout the cytoplasm as well as discrete foci of Ti. Howewebviouscorrelationwas observed

between thedegree of pigmentatiorand the presence or type of gastrointestinal patholo@milarly,
Thoreeet al. (2008) examinedJA 3 YSy i OStfta 2F (GKS Kdzv¥kry tS&@SNDa L
patients with adenocarcinoma{ Mn0X O2f 2y O3 NBK W XK YRAEE RABS &S O
10). Pigment cells were identified by darkfield microscopy and tisseetions 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.Tii@e authors note that particles were mainly found

in mature macrophagestnS @ S NI &  Lake 6f OV iBediabdlickamd immunologicadtivity, andikely
NBLINB&Syd Ay S Nlhosdpgaiidedthad NBa AdlrS|aSy HANIoe t SeSNna Ll
evidence of differential cell phenotype or activation and no apparesbeiation 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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Ay [/ NBEKYyQa RA&SH S S6KAOK Aad O2yaAraidsSyd s6A0GK LINF
offeredno R @I yil 38 Ay G(KS NBaz2f deliah20§5). 2F / NBKyQa RAA&SIH A

Summary

The evidence suggests that TiQarticles when well dispersed in simple matrices can produce
inflammation and immunological perturbations and may alter gut microbiota andcab@ismin ways

that may potentially be adverseln studies using foedrade Ti@ specifically, some effects on
inflammation and immune dysregulation were observed when the substance was administered in water
in stable dispersions; however, these findiragpaild not be replicated when Ti@as administered via the
dietary route. Therefore, it is concluded that concerns that fgodde Ti@may produce inflammation or
immunotoxicity appear to a great extent contingent on the oral dosing paradignet lsli (2020) have
pointed out that specific absorption of biomolecules (i.e. the particle corona) alao alter the
immunological identity of particles and may either enhance or diminish their immunogeritiglies in
humans have consistently demonstrated acruation of pigment including T§n macrophages in the
oFrasS 2F tSesSNna LI GOKSa 2F GKS GSN¥WAyYyLf AfSdzy od
between the presence of particles and immune activation or pathological state has been observed.
Futher information is required in order tmvestigate the potential mitigating effects of the food matrix

on local toxicity in the GIib determine whether studies involving stably dispersed fgodde TiQin

simple matrices are relevant to the hazard cheterization of this substance when used as a food additive.

Allergencity

Food allergy is an umbrella term for several clinical entities that bear in common a breakdown in the
acquired immunological tolerance to food antigens (Rehal.H A1 My 0 @ / 26 Q& YAf 1 LINRIG ¢
most common food allergy in young children, with an estimated prevalence; 652 (Castillo and
Cassola 2017). Protein conformation is an important determinant of the allergenicity of milk proteins
(Madsenet al. 2014) and binding to Tiparticles is known to cause conformational changes in protein
structure. As Ti@s permitted in dairy products, Phue and colleagues (2022) hypothesized that interaction
2T 026Qa YAt ,pauidksinyalfer ther dijekic ahdiatiergenic properties by either
destroying certain epitopes, creating novel ones or changing their accessibility. The authors obtained two
forms of foodgrade TIGT G KS FANRG (GSad Iondidgrddé @aniwn dioxidR S 8 O NR
nanopartcles I YR ¢ | &rorhJAkNADMclisid dorporation, Chiiarimary particle size ~120 nm

by TEM, crystalline form not stated), whereas the second test article was described as E bbfaaret

from MineralsWater, UK(primary particles 5@ 300 nm ly TEM, crystalline form not stated)articles

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 mpkoteins in the presence of dietaparticles wasdentified

using an indirecELISA assayhe authors reprted that the antigenicity of the milk proteins-
lactoglobulinand caseirincreased in the presence of E171 in comparison withinteracted proteins

but decreased in the case of the 120 nm particles. A human mast cell degranulation assay (LAD2) was use
as a proxy for allergenicity, and interaction of either ;a@rticle with milk caused a statistically significant
increase in LAD2 degranulation, as indicated by the releasehekosaminidaseThis result held true
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when milk in the presence of parted was first passed through acBmpartmentin vitro simulated
digestive system prior to use in the mast cell degranulation assay. The authors concluded that TiO
particlemediated alterations in protein structum@ayenhancethe allergenicity of milk pratins

The study by Phuet al. (2022) clearly demonstrated that Ti@articles 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 eated 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 foodgrade test articles differed in direction. With regards to allergéynidhe mast cell
degranulation assay does not appear to have a partalg control fori -hexosaminidaseelease and as

only a single concentration was tested, no evidence of a-tesponse could be established. Although

the changesin allergenicity weeconsistent in direction between the two forms of 7i@he magnitude is
relatively small and the biological significance is unclear. Extrapolation of the resultmfuino studies

of NP allergenicity to toxicological respongasvivois complex and S+t 6 K /I yI R Q& C22R
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 allefFgy example, Lefebvre

and colleagas (2014) demonstrated that carbon black NPs displayed adjlienproperties!in vitroby
significantly increasing allergglated (T helper 2) pathways during the immune cell response to a model
allergen (ovalbumin). However, when the same particlesanaministered to a strain of allerggmone

mice (D011.10) by oral gavage in a folav study, no significant changes in the development of allergy
markers in response to the allergen were observed (Einal.2016).

Summary

TiQ doesnot appear to be intrinsically immunogenic but may modulate immune respattsaiergenic
proteins due to adjuvardlike propertiesin vitro. The potential human relevance of these results are
unclear at this time, and further research is required to elaté the relevance of these findings to the
prevalence of food allergy in humans.

Reproductive and Developmental Toxicity

Exposure to TiENPs has been associated with various adverse effects on steroidogenesis,
spermatogenesis and fertility in maledents, with toxicity inversely related to particle size (for review
see Souzat al. 2021). In a previous review of Ti@s a food additivethe EFSAANS PangR016) was
unable to establish an acceptable daily intake due in part to the lack of an exted@day study,
multigenerational or EOGRT study with fepade TiQ. In response, a GLBnd OECD 443 guideline
compliant EOGRT study in CD/Crl:CD(SD) rats was commissioned by industry with slight modifications to
the protocol in order to accommodate thevestigation of additional endpoints of concern raisectoy
EFSAANS Panel (2016; 2018a) ake'WA(2019) notably induction of ACF (LPT 2020cited in EFSA
20213. The material tested was a commercial formulation of E171 that was administered diethe
(anatasePso= 100 nm, 50% of the individual particles at the nanoscale). The FO 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 wiD/sex/dose in a FO 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 bléd can
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; additioretids of the results of the EOGRT study may be found

in Appendix K

One study was identified in which E171 administered via the it reported toproduce testicular
G2EAOAGE Ay YA O&al.aoay. MugNENdBIcimice€sd Par gfdup) tvere 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 bwi/d) for 7 weeks. In order to evaluate the effect of the food matrix, two additional groiups
micewere 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 inclndedraase in germ

cell sloughing and the infiltran of inflammatory cells iseminiferous tubules, together with disruption

of the Sertoli cell barrier (often referredto as th® £ 2 2 Rt (i S &,ivaré obserkeNAdHoyNdice
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. 236 260fold higherdose$, suggesting the food matrix
attenuates the toxicity associated withQG when exposure occurs via the diet. The adverse effects on the
testes observed in this study, however, were 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 {Medina
Reyest al. 2020).These findings were also not observed in the larger, guidelimepliant EOGRT styd

nor in any of a number of subchronic studies (several of which were OECD guigetipgant) that
administered similar or higher doses of fegtadeTiG in drinking water, by oral gavage or via the diet.

Neurotoxicity

In their recent opinionthe EF8 FAF PangR0219 raisedconcerns regarding observations of potential
neurotoxicity of TiQ-NPs. The majority of studies with indications of neurotoxicity were performed using
TiQ-NPs <30 nm, and there is convincing evidence from rodent studie$allPs as well as other NPs

in this size range can produce various neurotoxic effects (for review seegPrls?020). These findings,
however, are considered to be of limited relevance to human exposiareéhe dietgiven that < 1% of
particles by numeér infood-gradeTiQ, are smaller than 30 nm, most of which are bound in aggregates.

In the study oKandeilet al. (2020),TiG, particles obtained from Sigma (size, crystalline form not stated)

were prepared using the higénergy ball mill (HEBM) teclopie, which is a mechanical deformation

process that grinds solids to obtain NPs via f@ghrgy collisions. According to Yang (2015), this technique

GKlFIa 0SSy &adz00SaatdZ feé dzaSR (2 LINPRAZY¢Y$idIiKe dzaf X
contamnation from the milling media (balls and vial) is considered a serious limitati@authosreport

that the characterization ofiQ-NPs was done using TEM, and the average particle size was 90 nm (range
40¢140 nm) although no mention of sample preparationis made (e.g. dispersion protocols). Male albino

rats (y = 20 per groupstrain and age not reportgdvere exposed by oral gavage to either vehicle control

or 500 mg/kg bw/driQ-NPdreshlydispersed in distilleavater by ultrasonic vibration (15 minutes, power

and frequencynot stated)once dailyfor 14 days. Itis uncertain whether the particle size distribution of
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the ultrasonically dispersed test article corresponded to that of the raw material characteoiieglihg

HEBM. Exposure TIG-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 ilne cerebellum and DNA damage, which was ameliorated by prior
treatment with a botanicalkderived antioxidant (Moringa seed extradt)nfortunately, as th&iQ-NPs

were prepared in the laboratory by ball milling of presumably bulk material, they ang likehave
characteristics that are distinct from foagradeTiQ, which precludes extrapolation of these findings to
E171.

A secondneurotoxicity study igeferenced bythe FAFEFSAPanel 20219 in their recent assessment
(Ebrahimzadeh Bideskanhal. 2017),in whichfemale Wistar rats(= 6 per group) were exposed to vehicle
control or 100 mg/kg bw/d of suspendedG-NPsin water(anatase, particle size less than 100 nm, SA
>150 n?/g, dispersion method not stated) via oral gavage during gesta@dan 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 expres&axanidBcl2

(pro- and antiapoptotic markers, respectively) in the hippocampus byATR. 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 offsprifegnale offspring wereot examined) Increased and
decreased expression &axand Bcl2 transcripts, respectively, were also observed in hippocampus of
offspring of treated dams. However, tA8Q-NPs used are described as anatase with a particle size of
af Saa (KI y amunface afed ©f >1502, as compared to E171 with a surface area of
approximately 8 to 10 Atg (Dudefoiet al. 2017; Geiset al. 2020). It has been shown that anatase NPs
with a surface area as high as 158grhave an average patrticle size of 12 nm or less (Kethiak2011);
therefore, it is highly unlikely the average particle size of the test articlegeater than 30 nm in this
study and the relevance to human exposurefdod-gradeTiG; is unclear.

Zhang and colleagues (2020) studied the effects of ga@icles on the microbiotegutcbrain axis. Thirty

male C57BL/6J mice were treated with either vehicle control or 150 mg/kg BWENPs (reported
primary particle size 21 nm, crystalline form nottstd) for 30 daydy oral gavagégroup sizes not
reported but presumably = 15 per group). Particles were dispersed by sonication in 2%itmeetivated

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 comnity composition were observed in the Ti@eated

group that were not accompanied by histopathological changes. Oral exposure 2NFPgwas 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 imiQNPstreated group. Treatmenivas reported taeduce centre field activity in

the open field testthat was indicative of anxietjke behaviour, although spatial learning and memory
were not affectedThe 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 studyvas identified in which neurobehavioral endpoints were assessed following administration
of food-gradeTiQ (MedinaReyeset al. 2020). In this study, E1{fiurchased fromMark Al Chemical de
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Mexicg wasadministered in drinkingvaterto sx-weekold male C57BL/Gice o= 9/group)at a dose of

5 mg/kg bw/d for 16 weekdn order to achieve a dose of 5 mg/kg bw/d, E171 was formulated in drinking
water at a concentration 023> 3 & based on the mean of water consumptionnffmouse/d) and the
body weight at the first week (2§/mouse).Particles were dispersed by sonication and administered in

RNAY{1AY3 g1 GSNI G2 | @2AR Liva#ifitBeAEy71 gbRokpRoyf, Idistrib@ionly | G A 2 y

and biological effectd ¢  a érede8l eithier a regular or a high fat diet, with or without E171, and anxiety
was measured via the elevated plus maze testlescribed by Komadd al. (2008)in weeks 1, 8 and 16

Both the higkfat diet alone as well as the regular diet plus E171 predwsimilar increases in anxielige
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 hiddit diet appeared to attenuate anxiety. While MediReyest

al. (2020) repot that a high fat diet significantly increased anxiety in n2%’BL/6nice as measured in

an elevated plus maze test, others have shown the opposite (e.g. Yo#tiahd020). Moreover, in the

study byMedinaReyest al. (2020, animals in the regutadiet group spent nearly half of their time in
open arms of the maze at baseline, versus approximately 15% observéashizaket al. (2020) for this

sex and strain, which is similar to the-23% reported by Tucker and McCabe (2017). These factors,
combined with the observation that E171 increased anxiety in mice on aregular 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 EFEAF PaneP0213 opinion, an OECD guidelinsompliantstudy (424; 1997pf the
neurotoxic effects ofiG in mice was published (Sofrankbal.2021). Male and female C57BI/6J mine (
=10 per sex per group) were feall libitum with 1% TiGQ (JRC reference nanomaterial NM105, mean
particle size of 26.2 nm + 10.7) incorporated into the feed pellets for 28, dtfs or withouta 14 day
recovery period. Based on a body weight of 20 g and an estimated daily food consumption of 4 g this
corresports 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 TIiGQ on motor function, anxiety, learning and menyorin addition to the behavioural tests,
following terminal sacrifice the effects @fiQ exposure on neuroinflammation, oxidative stress in the
brain, kinase activity in cortical tissues and blood brain barrier (BBB) integrity were exanohé@dPVIS
wasused to quantify Ti in the small intestine, blood, brain, liver, kidney and sph@neurological effects

of TiQ, exposure were identified in the behavioral battery. Similarly, there were no significant treatment
related neuropathological changes and naeffect of TiQ on markers obxidative
stress,neuroinflammation, kinase activity BBB disruption. The authors conclude that subadiggary
exposure to foodborndiG does not produce neurotoxicity in mice.

Summary

The concerns pertaining to patéal neurotoxicity associated with TiDIPs in E171 appear to be based
predominantly on studies which used test articles that did not correspond to-@wade Ti@ and/or
dosing paradigms that akdnsideredto be of limitedrelevarceto human dietary expsure. InanEOGRT
study wheredevelopmentaheuraoxicity wasinvestigated 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 inclebauditory startle response as well as a functional battery that
included grip strength and locomotor activity. No treatmestated changes were observed in any of
these endpoints and there were no notable histopathological findings in the brain or peaipherves.

76
State of the Science @itanium Dioxide (Tipas a Food Additive



Food Directorate, Health Canada June2022

Similarly, in the only available studly which Ti@Q-NPs were administered via the diet (Sofrarddal.
2021) no neurotoxicity was observed.

Mode of Action

TiQ 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 astent with lung tumours arising via a secondary genotoxic
mechanism involvingparticle overload that results in an inflammatiolependent increase ircell
proliferation and oxidative stress (Schins and Knaapen;ZBGETOC 2013; Warheiital.2016; Bevaret

al. 2018. In studies of poorly soluble low toxicity particles includii@, the particle surface area dose

was most predictive of pulmonary inflammation and tumour response in rats (Driscal] D2hkovicet

al. 2007).As noted previously, the inhation route of exposure is not the focus of the state of the science
onTiQ as a food additive and therefore, the mode of action for lung carcinogenicity will not be discussed
further.

The biological mechanism(s) by which ;lp@rticles may produce togsity via the oral route are lessell
understood. Several rodent studies in which fegdide TiQwas administered in liquid dispersions (
drinking wateror by gavagghave reported that Tigpharticles generate ROS and inflammatory responses
in the GITd.g.Bettiniet al.2017; Pingeét al.2019 Mortensenret al.2021); although these findings could
not be replicated in dietary studies (Blevitsal.2019; Riedlet al.2020; LPT 20285 cited in EFSA 20291a
Evidence of altered patterns of gene exsies inthe distal colon of mice following gavage administration
of dispersed foodyrade TiQin water have also been reported, including changes in the expression of
genes involved in immune responses, oxidative stress, the development of colorectat, Gmt®NA
repair, among others (Urruti®rtegaet al. 2016 Proquinet al. 2018a,b). However, due to limitations in
study design (e.g., low sample size and usa dbsing paradigmwith unclear relevance to human dietary
exposure to Tig); it is uncertain whether similar changes in differentially expressed genes and/or their
products would be observed in colonic tissue following dietary exposure tedoade TiQ.

The potential adverse outcome pathways followiigl exposure via the oral routevere recently
evaluated by Brandt al. (2020) and Braakhuet al. (2021). For effects in the GIT (neoplastic changes in
intestinal epithelia)it was postulated that following cellular uptak&iQ particles produce ROS, oxidative
stress and chronic ilmmation leading to tissue damage, DNA damage and regenerative hyperplasia. In
addition to intestinal tissue, Branet al. (2020) investigated potential mechanismsTa} toxicity on
human liver after oral exposuralthoughthese hypothesized effectwere 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 TiQ, particles and may explain the discrepancies. The association of chronic
inflammation with neoplastic transformation is welstablished and considered to be a threshold
mechanism. Braakhuet al. (2021) noted that the available datshow inconsistent results with respect

to induction of intestinal epithelial hyperplasia followifigQ ingestion and that tumour formation was

not observed in the tweyear rodent bioassay (NCI 1979).
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TheEFSAAF PandR021a) & dz3 3 S a (i S Bneeifdt S0kl nfodes ofi a8tidrkfék genotoxicity that
Y& 2LISNY S ANPsindayNdirettliy iStéract withADNA dr tirectly generate ROS on account
of their intrinsic properties. Although there are no studies that indicate E171 directly bindsadéior
interferes with the mitotic apparatus (ANSES 2019), the EU Scientific Committee on Consumer Safety
(SCCS 2018) observed that ,INPs have been reported to have been localised within the nucleus in
several studiescfting Anderssonret al. 2011; Lakoff et al. 2012; Ahlinderet 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 receptaiated nuclear pore
transport mechanism, whereas larger particles could gain access during cell division when the nuclear
membrane is dissolved (SCCS 204B)hree studiesreferencedvere conductedn vitrousing A549 cells,

which is an immortalized cell line derived from human adenocarcinomic alvéoltre first study cited
(Anderssoret al. 2011), TigNPs (anatase and rutile, varying diameters ranging from 5 to 60 nm) were
taken up by A549 cells whed@ed to culture media at concentrations ranging from 5 to 200 pg/ml. While
TiQ-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 Larédd. (2012), single silve(Ag) NPs (20 nm diameter)

were found inside the nucleus of A549 cells but not HepG2 {lieeved) or THR cells (monocytic cell

line); TIONPs (anatase/rutile, 21 nm) were not found in the nucleus of any cells by TEM ohfSE.

study by Ahlinderet al. (2013) whichwas conducted by the same authors as Anderssbal. (2011)

A549 cells were exposed to BiPs (anatase, 21 nm primary particle size) in culture media at a
concentration of 10 pug/ml. After 4 or 48 h of incubation, particle uptakesvassessed using Raman
spectroscopy. In contrast to the previous study by the same group and despite using a similar
YSGK2R2f23e3 | aGNBYFINJIlIofeé KAIK FNFXrOGA2yé 2F (GKS
observed with hyperspectral Ram@amnage analysis (37%, or 21 out of 57 observations). Using TEM,
however, Tibt & ¢aSSYSR (2 KIFI@S SyGdSNBR GKS OStt ydzOf Sd
recommended that further TEM studies employ EDX in order to resolve this discrepancy.

Although not cited by SC(&18) Singhet al. (2007) also examined the distribution @fne¢ (40 ¢ 300

nm) andaultrafineg (20 ¢ 80 nm) Ti@ particles in A549 cells. Similar to the results of Anderssoal.
GHAMMOI LI NIAOfSa GaSHNES 2F deStyS @zd aSlPSRSPSMii A yaA RS
al. (2011) exposed human peripheral blood lymphocytes from 10 male donors fNF®(anatase, 15

30 nm diameter) at concentrations ranging from 20 to 200 pg/ml for 24 h. Out of 100 cells ahbiyze
TEM, intranuclear particle deposition weegportedly observed in one cell. Howeviris not stated how
intranuclear deposition was distinguished from perinuclear deposition. limamvostudy where male
WKY/NCrl BRats () = 10) were exposed via dotracheal intubation to an aerosol containing ultrafine
TiGQ-NPs (he 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 0.113fog/one

hour, particle localization by TEM coupled with parallel electron entrgg/spectroscopy (paraHEELS),
electron spectroscopic imaging, and imagELS was performed 24 h following exposure (Geisal.
2005). The authors report that particlegve mainly localized in the cytoplasm and only rarely within the
nucleus Notably, anparticlesadministered in this study that aret present in the form of agglomerates
arewithin thesize range that the SCCS (2018) reported may pass thruaigar menbranepores.

Thein vitro cellularuptake of Ti@particlesin/ I O @elfsmvas investigated by Véaal.(2018).Although
derived from ahuman colon adenocarcinoméehe Cace? cell line retains the ability to differentiate into
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a monolayer with mangf the properties typical of absorptive enterocytes of the small intestine (Leah
2015).1In this study, NMLOO (anatase £ = 104.01+ 39.42 nmparticles were dispersed in 0.05% BSA
according to the NANOGENOTOX dispersion protocol and2Czalts were ingbated with 00 > Anl

TiQ for 24 hours.After exposure, cells were stainethd particlesvisualizedising confocal laser scanning
microscopy.The authors report that undifferentiated Ca®ocells internalized a great number of 7iO
aggregatesvithin cells including within the nucleus. In differentiated cells, however, much less uptake
was observed and particles were founahinly in the apicalcellmembranebut not associated with or
inside the nucleus. In a folleup study, these authorgsed a triculture of Cace2/HT29/RajB cellsto
generatea more realistic threedimensional model, with the HT29 cells being goblet cell clones and the
RaijiB cells differentiating into Mike cells that are capable of transcytosing particles. Theuttore was
seededandallowed to establish foR1 days at which timel00> Anl TiQ was introduced and cells were
incubated for24 hoursprior to confocal microscopy analysis. this test system, particlesere again
observed within cells and although shown to be assedatith the nucleus, they do not appear to have
gained entry to the nucleus.

Several other studies have also reported observations gFNE within the nucleus of cells. Tihevitro
toxicity of uncoated anatase particle3s= 25 nm) was invéigated by Chaet al. (2011) in HaCaT cells,
which are derived fronanimmortalized keratinocyte cell line established from adult human skin.cells
TiG-NPs were sonicated for 30 nuites before adding to cells atoncentrations of 10, 50, 100, 2@0

300> Hnml. 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
TiG-NPs was assessed using TEM and the majority oicfeatwere observed to be present in the
cytoplasm in the form of agglomerates. At the highest concentration of =3@hnl, however, particles

were reported to be present in the nucleus of cells. Sheklal. (2011) also exposed human epidermoid
carcinomacells (A431 cells) to TiDIPs, specifically a nespherical 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 euthedia by sonication and applied to
cells at concentrations ranging fro;0025- 25> 3 k2Qvlume not reported for comparison with the
concentrations used by Cha 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-NKR3 36100 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 wepented).

In both Charet al. (2011) and Shuklat al. (2011), the particles applied to cells are too large to have
gained access to thaterior of the nucleus by transport througieceptorregulated nucleapores a route

the SCCS (2018) suggests may be applicable to particles < 10 nm in diameter. Therefore, these particles
could presumablyonly gain access to the nucleus by accidental enclosure when the nuclear envelope
disassembles and then reassembles in thase of mitosisThe 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 anduérgslikely to be
proliferating, although the exposure periods (4 and 6 hours for Giizal (2011) and Shuklat al.(2011),
respectively) are well below the cell cycle time of the cell lines used. Moreover, both these studies
determined that particles wermside the nucleus through the use of TEM imaging. TEM images are two
dimensionalprojections and therefore it may be difficult thscernwith confidencewhether a particle is
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within the nucleus as opposed to being associated with the nuclear envelofgbeobasis of standard
TEM imaging alone (i.e. without the use of a tilt series or similar specialized methods to render three
dimensional imagesr examine multiple focal plangsParticles may also be situatédnuclear folds,
which carresult inmislealing images in which it appeaitgey are inside the nucleughen they are not,

as described by Pagt al.(2009)

Recently, than vitro cellular uptake of 5 types of Tiddcluding E171 was investigated in TK6 (human
lymphoblasts) and A549 cells (Evahal. 2021b). The E171 was identified as EH,.whicthad a median
particle diameter (SD) of 99492.0 nm contained approximately E1% of constituent particles in the
nanoscale UNE 202 The other four particles were identified as-Ga rutile TIO2NP coated with
alumina and hydrophobic organibso=9.2 + 2.0nm), G25 (uncoated anatase TiGYP,Dsq=5.5+ 2.0

nm), G31 (incoated pigmentary rutile TiQ Dsp = 146.9 £ 5.9nm) and G419 (ggmentary rutile TiQ
coated with alumina and polyoDso=177.5 £ 3.91m). 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.
viability was assessed following exposure of cells to the test materials at concentrations ranging;from 1
100ug/c? for 24 or 72 h. No statistical significant decrease in cell viability was observed for any of the
test materials at any concentrain 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 wecdased for TEM. To
reduce this artifact, a concentration of }@/cn?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
G31 was observed tdvave 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 authorsestigipat 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 sectiofisein vitro cellular uptakeof E171

was also investigated inHD cellsby TEM imagindEvanset al. 2021a). d evidence of cellular
internalization was observed in CHO sdlieated with E17I1E (properties described above) at a
concentration of 3Qug/ml, with or without metabolic activation

Summary

Taken togetherthe available evidence suggests that even ultrafine,-N®s (< 30 nm) are not readily
taken up by the cell nucleus imvitro studies, and n@onvincingevidence exists for larger particles or for
TiQ-NPs in a food matrixTherefore, thereis only verylimited evidence to support the biological
plausibility of an alternative genotoxic hypothesis involving direct interaction gFNR3 with DNA, and

no evidence to suggeatdirect genotoxienechanism is relevant to foegrade Ti@exposure via the oral

route. The preponderance of evidence is consistent with secondary genotoxicity as a result of ROS
generation and persistent inflammation.

80
State of the Science @itanium Dioxide (Tipas a Food Additive



Food Directorate, Health Canada June2022

8. Knowledge Gaps and Considerations for Future Research

Several kowledge gaps were identified the process of conducting this review and are outifelow
with the objective of encouraging further research.

| SFfGK /FylIRIFIQa C22R 5ANBOG2NI GS NBIdzSaGdSR F RRA
industry practices in dispersingiQ andwere informedthat sonication or other intensive methods that
break down agglomerates into their constituent particles are not used to dispersenTd@0od or beverage
manufacture (International Association of Color Manufacturpess comm 11 March2022, Titanium
Dioxide Manufacturers Associatiopers. comm13 May 2022 However,in order to characterize the
human health risk associated with exposure to,E®used as a food colour additive in Canataill be
important to determine how closelyhe TiQ test articles used irfiuture research studies (in terms of
particle size distribution, sample preparation techniques, concentrations, etc.) resemble the form(s) of
food-grade Ti@that Canadians are exposed tim addition, weldesigned studiesitended to examine

the fate of TiQparticles in the GIT and the role of the food matrix in attenuating potentiaddimontact
effects such as inflammation under biologicatyevant conditions are needed.

Studies that disperse foeglrade TiQ@ in simge liquid matrices have unclear relevance to the hazard
characterization of nowlispersed Ti@as a constituent of food. hEse dispersion methods are intended

for hazard identificatol2 ¥ G KS YI G SNRAFf Qa O2yadAlddzSyd ucedr NI A Of
agglomeratespnd areO2 Yy A RSNBR (2 NBLINBaSyid | ag2NBRG OF as
exposed to these constituent particles in the form of larger agglomerates and in the presence of a food
matrix. Under certain conditionghe methods usd to break up agglomerates and form homogeneous
dispersionsmay also produce unintended alterations in the test article and/or dispersion vehicle, such

that the material used indst systers may possess properties not found in the pristine,-sonicated

form. Therefore, the extent to which sample preparation contributes to the elicitation of biological
responses represents a gapimterpretingthe evidence base concernirige safety of Ti@in food

No immediate concerns for the genotoxicity of the @ntform of TiQadded to food were identified in

this review. However, given the limited number of availableivo genotoxicity studies conducted with
food-grade TiQ, more researchis recommended to confirm these findings. Specifically there is éoneed
GLP and OECHuidelinecompliant in vivo genotoxicity assays to confirm fogtade TiQ lacks the
potential to induce gene mutations, chromosomal aberrations, micronucleus formation, and DNA damage
at site of contact (i.e., GIT tissue).

There werealso no immediate concerns that fogitade Ti@may be intrinsically immunogenic, but it
may modulate immune responses to allergenic proteins by acting as an adjuvaitro. A recent
publication by Phuet al. (2020) demonstrated that foodrade Ti@Qparticles are capable of binding to
milk proteins and modifying their structure to some exténvitro; although, the magnitude is relatively
small and the biological significance is unclear. More research is required to confirm any potential
significanceof this findingin vivo.
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9. Summary of Findings

The evidence base upon which the hazard characterization gti€gends is complexa range of factors
collectively contribute to the poor reproducibility of test resulisd may account for the existence of
contradictory findings for virtually all endpoints examined. Among these, high variadoilibng test
articleshas resulted in substances with vastly different physicochemical properties, bioavailability and
inherent toxicity all having been evaluated @ndhe mantle of TiG*2. For examplegngineeredliQ-NPs

are often used as surrogates in toxicity tests to represent the fraction of particlesin the nanoscale in food
grade Ti@. However, unlike foodrade Ti@, these particles have a distribution whollythe nanoscale,
generally have a substantial fraction of particles <30 nm in size, and may be manufactured by various
processes thakad to different surface properties arare thus not representative ofthe food-grade
material. Adding further complexitis the fact that in many studieghe 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 TiQ. Itis also well established that Tigarticles are proa to form agglomerates, with smaller
particles having a greater propensity to aggregate than larger particles &bbd2013). Moreover, TiO
particles avidly and rapidly bind other macromolecules such as proteins to their surface, which alters their
size, agglomeration state and laiocessibility(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
bothin vivoandin vitrotoxicity assays.

Potential toxicity concerns of foegrade Ti@Qappear to belargelydriven by studies thatvere designed

for hazard identification2 ¥ G KS YI G SNAIf Q& O2yadGAdGdzSyd LI NIAOE
agglomerates) as opposed to the intact materiag@asountered in the dietAs dietary studies best reflect

how humans are exposed to Bif@ food and given evidence of a significant food matrix effect, the results

of dietary studieswere accorded the greatest weight this review.Foodgrade Ti@ also ontains a

significant fraction of particles in the nanoscale and therefore, studies conducted withyfea TiQ

will simultaneously evaluate the toxicity of any F-iIPs that may be present. In addition, Gafd OECD
guidelinecompliant studies were damed the most reliable and of the highest quality; therefore, these

studies were provided the highest weight in this review.

h@dSNIftx I SIfTGK /IyFRIFIQa C22R 5ANBOG2Nr GS F2dzyRY

9 Evidence of very low and sidlependent oral absorption of Ti@articles in odents and humans
that may occur primarily via the GALT, with the absorbed material mainly being retained in the
intestines, liver, spleen, and kidneys (Bettinal.2017;Coméreet al.202Q Farrelland Magnuson
2017; Heringat al. 2018; Hummeeét al. 2014; Peteret al. 2020; Riedlest al. 2020; Talaminet
al.2019;EBRC 20220nly one GL:Rnd OECD guidelireompliant toxicokinetics study with foed
grade TiQwas identified in the literature (Farrell and Magnuson 2017). In this study, repeated
exposire to foodgrade Ti@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 malecorafe rats. A second

42 These variabilities includbut are not limited toparticle size andize distributionagglomeration state,
morphology, crystalline structure, coatings and functionalization.
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unpublished multisite toxicokinetics study conducted according to OECD and GLP guidelines was
submitted to Health Canada by industry (EBRC 2022). In this stodymaximum relative
bioavailabilityof 5 different TiQ gradesvasapproximateld.001%following a single oral dose of
1000 mg/kg bw in CD rats

1 Evidence of low Ti concentrations detected in human term placentas and meconium of neonates
andex vivostudies demonstrated E171 particles were capable of crossing the pidemtier to
a small extent (Guillardt al. 2020).

1 TiQ particles had a very low acute oral toxicity in mice and rats, with an estimated acute gral LD
of greater than 5000 mg/kg bw based on two OECD guidebngpliant studies (Wanet al.2007;
Warheit et al. 2007).

1 No consistent evidence of preneoplastic lesions in the colons of rodents exposed tqréutel
TiQ via the oral route. While evidence of ABCs and ACF were identified in a singieideline
study in which rats were exposed to fogdade Ti@dispersed in drinking water at doses of ~10
mg/kg bw/d for 100 day (Bettini et al.2017), these results couldot be replicated in any
subsequent dietary studies when considerably higher doses were administered, up t36@36
mg/kg bw/d for 100 days in a neguideline study (Blevirest al.2019) and up to 1000 mg/kg bw/d
for ~1819 weeks in a GE&nd OECD guideé-compliant study (LPT 2020 as cited in EFSA 2021a).
In addition, an OECD guidelinempliant study that administered foeglrade TiQ@dispersed in
water to rats via oral gavage at doses up to 1000 mg/kg for 90 days demonstrated no treatment
related effeds in gross or histopathological endpoints, including histopathological changes in the
GIT (Hart al. 2020).

1 No evidence of carcinogenicity, chronic toxicity, or other-neoplastic lesions of the GIT in a
well-conducted, tweyear cancer bioassay in maded female mice and rats using very high
dietary concentrations (up to 50,000 ppm or 5% wi/w) of a form of, fi&X is highly comparable
to TiQ currently used in food (NCI 1979). This study was conducted in accordance with the 1976
NCI guidance for chramntoxicity and carcinogenicity in small rodents, which is very similar to
current recommendations and therefore, this study is considered reliable.

1 No immediate concern for the genotoxicity of fegdade TiQwas identified, with the three
studies considred the most reliable and relevant producing negative resnligvo(Bettiniet al.

2017; Shelbyet al. 1993; Shelby and Witt 1995). Whilense positive genotoxicity results with
food-grade TiQand nonfood-grade Ti@materialshave beerreported bothin vitroandin vivqg
there was lowconfidence in the reliability r@d relevance of these findinggue to poor study
design, norcompliance with OECD test guidelines, the use of inappropriate cell dmeésst
articles as well as uncertainty in the biolmgl relevance of the positive genotoxic effects, among
other deficiencies. There was also @adence that genotoxicitwas expressed in the form of an
apical endpointbased on the absence of carcinogenicity in a-jx@ar cancer bioassay with mice
and rat exposed tosery high dietary concentration®0,000 ppm or 5% w/w)f a test article
highly comparable to foodrade TiG.

1 No consistent evidence of inflammation or immunotoxicity in the GIT of rodents exposed to food
grade TiQvia the oral route. Whilea few nonguideline studies suggest fogitade Ti@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. Pinggttal,. 2020; Bettiniet al. 2017, Talaminet al. 2019),
thesefindings were not observed when foagtade Ti@was administered in the diet in a non
guideline study in male rats at doses up to ~Z8® mg/kg bw/d (Blevinst al.2019), in male and

83
State of the Science @itanium Dioxide (Tipas a Food Additive



Food Directorate, Health Canada June2022

female mice at doses up to 100 mg/kg bw/d for 18 weeks (Rt 2020), in a GL-RRnd OECD
guidelinecompliant EOGRT study in male and female rats at doses up to 1000 mg/kg bw/d (LPT
2020 as cited in EFSA 2021a), or aywar chronic bioassay with a form of FTi@yhly comparable

to the form of TiQadded to food at cocentrations up to 5% w/w in male and female mice and
rats (NCI 1979). In addition, no treatmemrtated histopathological abnormalities were observed

in the spleen, thymus, lymph nodes and bone marrow and no abnormal hematological findings
were reported r any immunerelated parametersinthe EOGRT (LPT 2020 as cited in EFSA 2021a)
or chronic bioassay (NCI 1979). Similarly, no treatrnelaited changes in hematology or gross or
histopathological abnormalities in lymphoid organs were observed in ratsvioipthe gavage
administration of fooegrade Ti@dispersed in water at doses up to 1000 mg/kg for 90 days in
another OECD guidelimmmpliant study (Haat al.2020).

1 No evidence that foograde Ti@Q was intrinsically immunogenit vitro; however, it my
modulate immune responses to allergenic proteins by acting as an adjuvaiito (Phueet al.
2022). More research is require to confirm any potential significance of this finaivigo.

1 No evidence of reproductive or developmental toxicity or gskistopathological abnormalities
in male or female reproductive organs in a recent Griel OECD guidelirmmpliant EOGRT
studyin rats following dietary exposure to foagtade Ti@at doses up to 1000 mg/kg bw/d (LPT
2020 ascited in EFSA 2021a). No other reliable studies witlyfaok TiQwere identified in the
literature.

1 No evidence of neurotoxicity, developmental neurotoxicity, or behavioural changes in rodents
exposed to fod-grade TiQin the diet. Concerns related to the potential neurotoxicity of ;TiO
particles pertain to nomguideline studies that administered test articles that do not correspond
to food-grade TiQand used oral dosing paradigms that do not represent Anietary exposure.

In a recent GL-Rand OECD guidelimmpliant EOGRT study, no treatmestated effects were
observed in any neurodevelopmental or neurofunctional endpoint and no gross or
histopathological abnormalities were detected in the brain eripheral nerves in male and
female rats exposed to foegrade Ti@at doses up to 1000 mg/kg bw/d (LPT 2020 as cited in
EFSA 2021a). Notably, when fioad grade Ti@NPs were administered via the diet in an OECD
guidelinecompliant study, no evidence oheurotoxicity, behavioural abnormalities, or
neuropathological changes in the brain were observed in male and female mice at doses up to
~2000 mg/kg bw/dor 28 daygSofrankcet al. 2020).

In summary, based on a review of the available scientific ddéxvant to food uses of TiOHealth Canada

C22R 5ANBOG2NY 6SQa LRaAldA2Y Aad GKFG GKSNB,isha y2 (
a concern for human health. While some uncertainties in the database were identified that wouldtbenefi

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,

| SIfTGK /Iyl RIQ&a C2 2 Ronwritddibarinedidy sciSnceschnterningtBeysafetyyoidzS
TiQ 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)Embase1974 to 2021 June 29
SearchStrategy:

June2022

#

Searches

Results

1

*titanium dioxide nanoparticle/ or *titanium dioxide/

16285

(Titanium dioxide or 13463%7-7 or EL71 or E 171 or Pigment White 6 or Titanium oxide or 1385RN 59
1700 White or 234DA or 500HD or 63B1 White or "A 200 (pigment)" or "A 330 (pigment)"-&il Ar A-Fil
Cream or AFN 3Aerolyst 7710 or Aerosil P 25 or Amsil P 2556 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 tita
dioxide or AUF 0015S or Austiox®R 3 or "B 101 (pigment)" or BayerRD 1 or Bayertitan A or
Bayertitan AN 3 or Bayertitan FFD 1 or Bayertitan FFK 21 or Bayertitan FEK-D or Bayertitan RKB 2 or
Bayertitan RKB 3 or Bayertitan RKB 4 or Bayertitan RKB 5 or Bayertitan RKB 6 or Bayertitan RJ 2 or
Bayertitan RU-F or Bayertitan R/-SE 20 or Bayertitail or Bistrater LNSC 200C or Blend White 9202 o

BR 29-7-2 or Brookite or "C 97 (oxide)" or-®Veiss 7 or "C.l. 77891" or "C.I. Pigment White" or GabrT i
or Calcotone White T or GG or Cl 77891 or Cl Pigment white 6 or CL 310 or Cosmetic Hydroph®ifo
9428 or Cosmetic Micro Blend iQ 9228 or Cosmetic White C43175 or Cosmetic White C49623 or
Hombitan or Hombitan R 101D or Hombitan R 610K or Horse heddi@or Horse Head 410 or Horse
head a420 or Horse Head 420 or Horse head710 or Horse He&hR-710 or KH 360 or Kronos 2073 or
Kronoscl 220 or Kronos RN 40P or Kronos RN 56 or Kronos titanium dioxide or Levanox White RKB
NCI-C04240 or NCIC04240 or NSC 15204 or Orgasol 1002D White 10 Extra Cos or "P 25 (oxide)" or
Pigment White 6 or Rayox dtutile or Runa ARH 20 or Runa ARH 200 or Runa RH20 or Rutiox CR or T
Pure or Tipure R900 or T-Pure R 901 or Tichlor or Tin dioxide dust or Tiofine or"Tiona T.D." or Tiona|
or Tioxide or Tioxide ADM or Tioxide AD-M or Tioxide R XL or Tioxide RCR or Tioxide RSM or
"Tioxide R.XL" or Tioxide RHD or Tioxide RSM or Tipaque or Tipaque R 820 or Titafrance or Titan W
or Titandioxid or Titania or Titanic anhydride or Titanic oxide or Titanium dioxide or Titanium oxide or
Titanium peroxide or Titanium Wite or "Titanium(IV) oxide" or Titanox or Titanox 2010 or Titanox ranc
"Trioxide(s)" or Tronox or Unitane or Uniwhite AO or Uniwhite KO or Zopaque or ZopaqieiGy13463

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

18317

1 or 2 [Titanium dioxide]

25095

*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/

629558

(foodor foods or feed or eat or eaten or diet or diets or dietary or drink* or consume or consumed or

consuming).tw,kw.

1508666
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(bakery or beer? or breast feed* or breastfeed* or cereal? or cider? or dairy or dietary or foodborne* o
6 | foodstuff* or grape? of(infant or baby) adj2 formula*) or fruit? or juice* or meat? or milk or mushroom*| 886601

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

7 | (oral* adj4 (dos* orintak* or administ* or expos*)).tw,kw. 242759

8 | ((intravenous* or ivadj4 (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 intrauter
9 | "in uter*" or maternal* or neonat* or "neo nat*' or newborn* or "newborn*"peri natal" or perinatalor | 1769881

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

10| or/4-9 4046735

11| 3and 10 1911

exp *pharmacokinetics/ or exp *pharmacokinetic parameters/ or *pharmacodynamics/ or exp *drug
12 541702
mechanism/ oexp *drug response/ or exp *pharmacodynamic parameters/ or *toxicokinetics/

((Titanium dioxide or 13463%7-7 or E171 or E 171 or Pigment White 6 or Titanium oxide or 1385RN 59
1700 White or 234DA or 500HD or 63B1 White or "A 200 (pigment)"AB30 (pigment)" or AFil or A-Fil
Cream or AFN 3Aerolyst 7710 or Aerosil P 25 or Aerosil P 25S6 or Aerosil P 27 or Aerosil T 805 er Al
01334 or "AK 15 (pigment)" or "Amperit 780.0" or AMT 100 or AMT 600 or Anatase or Atlas white tita
dioxide or AUF 0015S or Austiox FCR 3 or "B 101 (pigment)" or BayerRD 1 or Bayertitan A or
Bayertitan AN 3 or Bayertitan4RD 1 or Bayertitan FFK 21 or Bayertitan FFK-D or Bayertitan RKB 2 or
Bayertitan RKB 3 or Bayertitan RKB 4 or Bayertitan RKB 5 or Bayertfan RKB 6 or Bayertitan RJ 2 or
Bayertitan RU-F or Bayertitan RV-SE 20 or Bayertitan T or BistraterlNSC 200C or Blend White 9202 o
BR 29-7-2 or Brookite or "C 97 (oxide)" or-®Veiss 7 or "C.l. 77891" or "C.I. Pigment White" or @abT i
or Calcotona&Vhite T or CGT or Cl 77891 or Cl Pigment white 6 or CL 310 or Cosmetic Hydrophd b
9428 or Cosmetic Micro Blend IQ 9228 or Cosmetic White C4%175 or Cosmetic White C49623 or

e Hombitan or Hombitan R 101D or Hombitan R 610K or Horse heti@Gor Hbrse Head A410 or Horse o
head a420 or Horse Head 420 or Horse head710 or Horse Head-R10 or KH 360 or Kronos 2073 or
Kronoscl 220 or Kronos RN 40P or Kronos RN 56 or Kronos titanium dioxide or Levanox White RKB
NCI-C04240 or NCIC04240 or NSC 1304 or Orgasol 1002D White 10 Extra Cosor "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 0
Pure or Tipure R900 or T-Pure R 901 or Tichlor or Tin dioxide dust or Tiofine or "Tiona T.dx. Tiona td
or Tioxide or Tioxide ADM or Tioxide AD-M or Tioxide R XL or Tioxide RCR or Tioxide RSM or
"Tioxide R.XL" or Tioxide RHD or Tioxide RSM or Tipaque or Tipaque R 820 or Titafrance or Titan W
or Titandioxid or Titania or Titanic anhydride @itanic oxide or Titanium dioxide or Titanium oxide or

Titanium peroxide or Titanium White or "Titanium(lV) oxide" or Titanox or Titanox 2010 or Titanox ran

"Trioxide(s)" or Tronox or Unitane or Uniwhite AO or Uniwhite KO or Zopaque or ZopaquleiGy13463
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67-7 or 15FIX9V2JP) and (absorb* or absorp* or adsorp* or bioavailab* or biotransform* or eliminat* ¢
life or metabolis* or metaboliz* or plasma or accumulat* or activat* or clearance* or diffus* or distribut?
excret* or inactivat* or kindt* or penetrat* or releas* or retention* or retain* or chronopharmacokinetic
pharmacodynamic* or pharmacokinet* or neuropharmacol* or neuropharmacodynamic* or pharmaco

toxicokinet®)).ti.

14

(absorb* or absorp* or adsorp* or bioavailab* artihansform* or eliminat* or half life or metabolis* or

metaboliz* or plasma or accumulat* or activat* or clearance* or diffus* or distribut* or excret* or inacti
or kinetic* or penetrat* or releas* or retention* or retain* or chronopharmacokinetipharmacodynamic*
or pharmacokinet* or neuropharmacol* or neuropharmacodynamic* or pharmacolo* or toxicokinet*).al

lfreq=2

3903441

15

(((mode or modes or mechanism*) adj3 action*) or MoA).tw,kw.

225913

16

or/12-15 [pharmacokinetics pharmacodynamics]

4431039

17

11 and 16 TiQ pharmacokinetics]

592

18

exp adverse drug reaction/ or exp death/ or drug safety/ or drug tolerance/ or drug interaction/ or food
interaction/ or herb drug interaction/ or exp postmarketing surveillance/ or exp riskneesst'ssr safety/ or

exp side effect/or case report/

5047290

19

exp toxicity/ or developmental toxicity/ or exp allergenicity/ or exp carcinogenicity/ or clastogen/ or exj

genetic damage/ or exp hypersensitivity/ or exp mutagenicity/ or exp mutagenesis/

1609096

20

reproductive success/ or reproductive health/ or exp pregnancy complication/ or exp pregnancy disorg

580014

21

(adverse* or allerg* or death? or fatal* or harm or harms or harmful or hypersensitiv* or interaction* of
lethal* or risk or risls or safety or ((side* or acute or chronic) adj2 (effect* or event*)) or tolera* or toxic
poison* or cardiotox* or cytotox* or dermatotox* or dermotox* or embryotox* or fetotox* or genotox* o
hepatotox* or hepatox*or immunotox* or maternotox* or negthk* or neurotox* or ototoxic* or iatrogen*

or teratogen* or mutagen* or cancer* or carcin* or malign* or tumor* or tumour* or case? report*).ti.

4909498

22

(adverse* or allerg* or death? or fatal* or harm or harms or harmful or hypersensitiv* or itdarar

lethal* or (risk? adj2 assess*) or safety or tolera* or toxic* or poison* or cardiotox* or cytotox* or
dermatotox* or dermotox* or embryotox* or fetotox* or genotox* or hepatotox* or hepatox*or immunot
or maternotox* or nephrotox* or neurotogf ototoxic* or iatrogen* or teratogen* or mutagen* or cancer?

carcin* or malign* or tumor* or tumour* or case? report*).ab. /freq=2

5368138

23

(((gene* or genomic* or dna or chromosom*) adj3 (damag* or repair* or adduct? or aberrat* or break*

fragment*)) or clastogen* or micronucleus or mutation?).tw.

1163683

24

((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 resdip*))

158261
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((fetal or fetus or foetal or foetus or litter* or neonat* or offspring*) adj4 (complicat* or losing or loss* o
25 43320
or malform* or prematur* or resorp*)).tw.

26| or/18-25 11888683

27| 3and (4 or 5 or 6 or 7)[iIG food] 1684

28| 26and 27 TiQ AE] 603

29| limit 28 to yr="2016Current" 376
MEDALL

Database(s)Ovid MEDLINE(R) ALL 1946 to June 28,2021
Search Strategy:

# | Searches Results

(Titanium dioxide or 13463%7-7 or E171 or E 171 or Pigment White 6 or Titanium oxide or 1385RN 59 o
1700 White or 234DA or 500HD or 63B1 White or "A 200 (pigment)" or "A 330 (pigment)"-&il Ar A-Fil
Cream or AFN 3Aerolyst 7710 or Aerosil P 25 or Awsil 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 titan
dioxide or AUF 0015S or Austiox-RR 3 or "B 101 (pigment)" or BayerRD 1 or Bayertitan A or Bayeitin
AN 3 or Bayertitan RFD 1 or Bayertitan FEK 21 or Bayertitan FFK-D or Bayertitan RKB 2 or Bayertitan
R-KB 3 or Bayertitan RKB 4 or Bayertitan RKB 5 or Bayertitan RKB 6 or Bayertitan RU 2 or Bayertitan R
U-F or Bayertitan R/-SE 20 or Bayertitafl or Bistrater LNSC 200C or Blend White 9202 or BR-292 or
Brookite or "C 97 (oxide)" or @Veiss 7 or "C.I. 77891" or "C.I. Pigment White" or @abT i or Calcotone
White T or CGT or Cl 77891 or Cl Pigment white 6 or CL 310 or Cosmetic Hydroph®ifig 9428 or
Cosmetic Micro Blend iQ 9228 or Cosmetic White C43175 or Cosmetic White C49623 or Hombitan or
! Hombitan R 101D or Hombitan R 610K or Horse heatll® or Horse Head 410 or Horse head420 or 18857
Horse Head A420 or Horse head710 or Horse HehR-710 or KH 360 or Kronos 2073 or Kronos cl 220 o
Kronos RN 40P or Kronos RN 56 or Kronos titanium dioxide or Levanox White RKB or@0di240 or NCl
C04240 or NSC 15204 or Orgasol 1002D White 10 Extra Cosor "P 25 (oxide)" or Pigment White 6 or
orRutile or Runa ARH 20 or Runa ARH 200 or Runa RH20 or Rutiox CR d@?dre or Tipure R900 or Ti
Pure R 901 or Tichlor or Tin dioxide dust or Tiofine or "Tiona T.D." or Tiona td or Tioxide or T ioxiDé&/A
or Tioxide AD-M or Tioxide R XL or Tioxide RCR o Tioxide RSM or "Tioxide R.XL" or Tioxide RHD or
Tioxide RSM or Tipaqgue or Tipaque R 820 or Titafrance or Titan White or Titandioxid or Titania or Tita
anhydride or Titanic oxide or Titanium dioxide or Titanium oxide or Titanium peroxide or Titanibire\r
"Titanium(IV) oxide" or Titanox or Titanox 2010 or Titanox ranc or "Trioxide(s)" or Tronox or Unitane of

Uniwhite AO or Uniwhite KO or Zopagque or Zopaque bi1346367-7 or 15FIX9V2JIP).tw,kw,kf.

exp *Food Additives/ or *Food Coloringgents/ or exp *food/ or exp *eating/ or exp *diet/ or *Dietary
2 1014641
Exposure/ or exp *food contamination/ or exp *Infant Nutritional Physiological Phenomena/
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(food or foods or feed or eat or eaten or diet or diets or dietary or drink* or conswoesomed 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
foodstuff* or grape? or ((infant or baby) adj2 formula*) or fruit? or juice* or meat? or milk or mushroom*

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

776704

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

181258

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

127203

*Maternal Exposuredr *MaternalFetal Exchange/ or *Meconium/ or (f?etal* or f?etus* or infant? or
intrauterine or "in uter*" or maternal* or neonat* or "neo nat*' or newborn* or "newborn*" or "peri natal’

perinatal or pregnan* or "pre natal" or prenatal or placentati@zonium?).tw,kw,kf.

1529769

or/2-7

3753899

land8

1821

10

exp *Pharmacokinetics/ or *T oxicokinetics/

40318

11

((Titanium dioxide or 1346%7-7 or E171 or E 171 or Pigment White 6 or Titanium oxide or 1385RN 59 ¢
1700 White or 234DA or 500HD or 63B1 White or "A 200 (pigment)" or "A 330 (pigment)"-&il Ar A-Fil
Cream or AFN 3Aerolyst 7710 or Aerosil P 25 or Assil 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 titan
dioxide or AUF 0015S or Austiox-RR 3 or "B 101 (pigment)" or BayerRD 1 or Bayertitan A or Bayétan
AN 3 or Bayertitan RFD 1 or Bayertitan FEK 21 or Bayertitan FEK-D or Bayertitan RKB 2 or Bayertitan
R-KB 3 or Bayertitan RKB 4 or Bayertitan RKB 5 or Bayertitan RKB 6 or Bayertitan RU 2 or Bayertitan R
U-F or Bayertitan R/-SE 20 or Bayertita T or Bistrater ENSC 200C or Blend White 9202 or BR-292 or
Brookite or "C 97 (oxide)" or @Veiss 7 or "C.I. 77891" or "C.I. Pigment White" or @abT i or Calcotone
White T or CGT or Cl 77891 or Cl Pigment white 6 or CL 310 or Cosmetic Hydrophbiig 9428 or
Cosmetic Micro Blendl iQ 9228 or Cosmetic White C43175 or Cosmetic White C49623 or Hombitan or
Hombitan R 101D or Hombitan R 610K or Horse heatll® or Horse Head 410 or Horse head 420 or
Horse Head A420 or Horse head710 or Horse Had R710 or KH 360 or Kronos 2073 or Kronos cl 220 o
Kronos RN 40P or Kronos RN 56 or Kronos titanium dioxide or Levanox White RKB or@0di240 or NCl
C04240 or NSC 15204 or Orgasol 1002D White 10 Extra Cosor "P 25 (oxide)" or Pigment White 6 or
or Rutile or Runa ARH 20 or Runa ARH 200 or Runa RH20 or Rutiox CR -d?dre or Tipure R900 or Ti
Pure R 901 or Tichlor or Tin dioxide dust or Tiofine or "Tiona T.D." or Tiona td or Tioxide or T ioxiDé&/A
or Tioxide AD-M or Tioxide R XL or Tioxide RCR or Tioxide RSM or "Tioxide R.XL" or Tioxide RHD or
Tioxide RSM or Tipaque or Tipaque R 820 or Titafrance or Titan White or Titandioxid or Titania or T ital

anhydride or Titanic oxide or Titanium dioxide or Titanium oxide or Titanium peroxide or T itaihite or

"Titanium(IV) oxide" or Titanox or Titanox 2010 or Titanox ranc or "Trioxide(s)" or Tronox or Unitane of
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Uniwhite AO or Uniwhite KO or Zopaque or Zopague bi(1346367-7 or 15FIX9V2JP) and (absorb* or
absorp* or adsorp* or bioavailab* or biotrsform* 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*
penetrat* or releas* or retention* or retain* or chronopharmacokinetic* or phesdynamic* or

pharmacokinet* or neuropharmacol* or neuropharmacodynamic* or pharmacolo* or toxicokinet*)).ti.

12

(absorb* or absorp* or adsorp* or bioavailab* or biotransform* or eliminat* or half life or metabolis* or
metaboliz* or plasma aaccumulat* or activat* or clearance* or diffus* or distribut* or excret* or inactivat
Kinetic* or penetrat* or releas* or retention* or retain* or chronopharmacokinetic* or pharmacodynamic

pharmacokinet* or neuropharmacol* or neuropharmacodynaarigharmacolo* or toxicokinet*).ab. /freq=2

3141163

13| (((mode or modes or mechanism*) adj3 action*) or MoA).tw,kf. 182170
14| or/10-13 [pharmacokinetics pharmacodynamics] 3298198
15| 9 and 14 TiQ pharmacokinetics] 585

16

exp "DrugRelated Side Effectand Adverse Reactions"/ or exp Death/or drug interactions/ or-Boagl
Interactions/ or herldrug Interactions/ or Product Surveillance, Postmarketing/ or Risk Assessment/ or S

or Case Reports/

2810050

exp Toxicity Tests/ or Abnormalities, Dginduced/ or exp Chromosome Aberrations/ or exp DNA damage

17| Allergens/ or Carcinogens/ or exp Hypersensitivity/ or Mutagens/ or exp Mutagenicity Tests/ or exp 965367
Mutagenesis/
18| Reproductive Health/ or exp Reproduction/ or exp Pregnaapyplications/ 1185868

19

(adverse* or allerg* or death? or fatal* or harm or harms or harmful or hypersensitiv* or interaction*or |
or risk or risks or safety or ((side* or acute or chronic) adj2 (effect* or event*)) or tolera* or toxictison*

or cardiotox* or cytotox* or dermatotox* or dermotox* or embryotox* or fetotox* or genotox* or hepatot
or hepatox*or immunotox* or maternotox* or nephrotox* or neurotox* or ototoxic* or iatrogen* or terato

or mutagen* or cancer* or carcint analign* or tumor* or tumour* or case? report*).ti.

3940887

20

(adverse* or allerg* or death? or fatal* or harm or harms or harmful or hypersensitiv* or interaction*or |
or (risk? adj2 assess*) or safety or tolera* or toxic* or poison* or cargiodo cytotox* or dermatotox* or

dermotox* or embryotox* or fetotox* or genotox* or hepatotox* or hepatox*or immunotox* or maternota
nephrotox* or neurotox* or ototoxic* or iatrogen* or teratogen* or mutagen* or cancer* or carcin* or ma

or tumor*or tumour* or case? report*).ab. /freq=2

3856054

21

(((gene* or genomic* or dna or chromosom*) adj3 (damag* or repair* or adduct? or aberrat* or break* o

fragment*)) or clastogen* or micronucleus or mutation?).tw.

891588

22

((reproduc* or pregnan* oregtat* or antenatal* or antepartum®*) adj4 (tox* or fail* or disorder* or complic

or health or aberrat* or success* or unsuccessful* or loss* or resorp*)).tw.

121409
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((fetal or fetus or foetal or foetus or litter* or neonat* or offspring*) dd@mplicat* or losing or loss* or lost
23 30871
or malform* or prematur* or resorp*)).tw.

24| or/16-23 9446176

25| 1 and (2 or 3 or 4 or 5)[[iG food] 1677

26| 24 and 25TiQ AE] 534

27| limit 26 to yr="2016Current" 324
110

State of the Science @itanium Dioxide (Tipas a Food Additive



Food Directorate, Health Canada June2022

AppendixB ¢ Ranking Criteria

Study Ranking CriterigIn Vivo

In vivostudies were ranked according to A) relevance of sasicleand 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 Teatticleand Route of Administration

IR

Dietary
Gavage/Drinking
Water
Dietary
Gavage/Drinking
Water :
Dispersed

NonFoodGrade - q
TiO: < 30 nm All modes Any dispersion

B) Reliability of Results

Any dispersion g

= FoodGrade TiQ

Nondispersed f

Dispersed

Any dispersion g

Bl NonFoodGrade
TiQ; > 30 nm

Nondispersed f==

Q@
O
s
<
)
O
|_

The reliability of results was assigned a rank based on an assessnigiivahg criteria:

Category Criteria Ranking
Characteristics of tesrticle T_estarticlewgll characterized with information on particle 11
reported in study size, c_rystalllne_ form, surface t_reatrr_men_ts, and source provi

Some information on the testrticlemissing 20r3

Testarticleverified using an appropriate analytical techniquf 1
T e T Te_starti cIeuse;d instudy was not veriﬁe_d andinstead authd >
verified relied on previously pu_bllshed information :

Testarticlewas not verified and cannot be verified through 3

other sources

No major methodological concerns were identified

Some methodological concerns were identified, butare 2
Methodological Concerns unlikely to influence to outcome of the study

Major methodological concerns have been identifiedand a 3

likelyto influence to outcome of the study

No major statistical concerns were identified

Some statistical concerns were identified, but are unlikely 5
Statistical Concerns influence to outcome of the study

Major statistical concerns have been identified and are like| 3

to influence to outcome of the study
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Based on an assessment of the above criteria, tindyswas assigned an overall rank for reliability:

F22NAGe 2F (K

A
(0p))
<

1) Areliability ranking oW K AGSHKAQ | 4aA 3y SR AT
y2 ONARGSNAIF gSNB OfFaaAFTASR |

2) Areliability rankingof? Y2 RSHI- & SIQAaA 3y SR AT GKS Yl 22NRGe 27
YR y2 ONRGSNAI 6SNB Ofl 8aATA a4 WYoQ

3) Areliability ranking oVt d @ | & - Staid 2yS 2F (K

C) Overall Study Ranking

The studywas assighedn overall ranking based on the combined ranking of A) the relevance of the test
articleand route of administration and B) the reliability of the results.

OverallStudy Ranking| Relevance of Tedkrticle and Route of Administration | Reliability of Results
Highly relevant 1 High
Relevant, but with 1 Moderate
limitations 2,30r4 High or Moderate
Limited relevance 1.2, 30r4 Low

5 Any Rank

Z A o 7

Only studies with an overall ranking 61K A 3 Kf &8 aNB®NE OB PL PG> 0 dziweras A G K £ A
considered for inclusion of the review of FiO

Study Ranking Criterialn Vitro
In vitrostudies will be ranked according to A) relevance of éesitleand B) reliability of results. Studies

received an individual ranking for each of these critasavell as an overall ranking. More details on each
individual ranking and the overall ranking are provided below:

A) Relevance of TeAtticle
Nondispersed —
= FO0dGrade TiQ
o S

Nondispersed —
B NonFoodGrade
TiO,; > 30 nm
oo B
Non-FoodGrade : :
N TiO, < 30 nm | Any dispersion —

Test Article
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B) Reliability of Results

The reliability of results will be assigned a rank based on an assessnielidwing criteria:

Category Criteria Ranking
Characteristics of test Testarti.clewell characterized with information on part_icle size, 1
articlereported in study crysta!llne form, surface treatnjents,. aljd source provided

Some information on the tesrticlemissing 2o0r3

Testarticleverified using an appropriate analytical technique | 1
Characeristics of test Te_starticleusgd instudy was not veriﬁe_d andinstead authors 5
articleverified relied on previously pu.bllshed information _

Testarticlewas not verified and cannot be verified through oth 3

sources

No major methodological concerns were identified 1

Some methodological concerns were identified, but are unlikel 5
Methodological Concerng influence to outcome of the study

Major methodological concerns have been identified and are 3

likely to influence to outcome of the study

No major statistical concerns were identified 1

Some statistical concerns were identified, but are unlikely to 5
Statistical Concerns influence to outcome bthe study

Major statistical concerns have been identified and are likely t 3

influence to outcome of the study

Based on an assessment of the above criteria, the study was assigned an overall rank for reliability:

1) A-reliability ranking o0 K Aé@K3Q | aaA 3y SR AT GKS YIFI22NAGe 2F (K
y2 ONARGSNRI gSNBE OflFaaiA¥FASR a4 WYoQo

2) A reliability rankingofP Y2 RSAI 0 EDAIYSR AT GKS Yl 22NRGe 2F 0
YR y2 ONARGSNAI 6SNB Ofl 3aAFTASR Fa WoQ

3) Arelisbilityranking of ¥t 6@ | AaAIYSR AF LG f8Had 2y8 2F GK

C) Overall Study Ranking

The study was assighed an overall ranking based on the combined ranking of A) the relevance of the test
articleand B) the reliability ofhe results.

OverallStudy Ranking| Relevance of Tedirticle and Route of Administration | Reliability of Results

Highly relevant 1 High
Relevant, but with 1 Moderate
limitations 2o0r3 High or Moderate
Limited relevance 1,20r3 Low

4 Any Rank

Only studies with an overall ranking #K A 3 Kf & aB®NBOESPE PG T o0 dziweras A 1 K A
considered for inclusion of the review of FiO
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AppendixCq Combined Results of Study Screening and Ranking from Both Library Searches
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AppendixD ¢ Physicochemical Properties of Some Commore Fdgdms

June2022

Table 4 Physicochemical properties sdmeTiQ, forms commonly used as teatticlesin toxicity studies. This list is not exhaustive.

Examples of Studies

Dso Primary Particle Size % Nano MassSpecific Surface Purity & Crvstalline Form of Cited inthe State of
Form Particle Size | Distribution (<:EOO nm) Surface Area Coating & Elemental Bléorm Food the Scienceeport
(nm) (nm) (m2/g) Composition | Composition Grade TiQ that Used as Test
Article
79-187 (TEM); 11.445.6% (by Bettiniet al.2017:
104-166 Uncoated . )
(SEM) number, SEM with >97.5% pure Blevinset al.2019;
- 0, 0, .
E17R Agglomerates| 30-400 (TEM) 5-74% (by' ~810 superficial and_ may > 99% Yes Hanet al.2_020_, LPT
] number, TEN); contain Si, Al, anatase 2020 as cited in EFS/
(mode): 81 phosphate, K )
302 (TEM) 2-33% (by mass and C and P 2021a; Farrell and
TEN Magnusorn2017
5.4% (by
130182 number; SEM) . .
) None cited irthe
(TEM); 50-300 (SEM) 4-20% (by O mti :
EL17P 151 (SEM) number, TEN Not Reported| Not Reported| Not Reported| > 99% utile Yes rSeta;??fthe Science
3% (by mass P
TEN)
109124 26-44% (by >98% pure
Unitane® 0 (TEM); number TEM); Uncoated and may > 99.5%
220¢ 113135 Not Reported 20-40% (by 8.49 Wgﬁoilbﬁé{aend contain Nb, anatase ves NCI 1979
(SEM) number SEM) Cl, Si, K, and |
Micro-sized Purity not
- Uncoated
- 0, 0,
pigment 120 (TEM) Not Reported 21% (by 8.1 with C, K and reported, bgt 100% Yes Donneret al.2016
grade number, TEN) P on surface may contain anatase
(pgly K, P, and Nb
ament. 119 o ncoated |yl
P9 165(TEM) | Not Reported y 7.1 with C and Al ' OU 100% otile | Unclear | Donneret al.2016
grade number, TEN) on surface may contain
(pg2y’ ! Al
Reported to
Micro-sized be mated (no Purity
. § 0 )
pigment 132(TEM) | Not Reported 26% (by 17.1 other details | unknown, but| oo e | Unclear | Donneret al.2016
grade number, TEM available) may contain
(pg-3¢ with Cand Si| Al, Si, and Nb
on surface
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Examples of Studies

Dso Primary Particle Size % Nano MassSpecific Surface Purity & Crystalline Form of Cited inthe State of
Form Particle Size | Distribution (<100 nm) Surface Area Coating & Elemental Form Food the Scienceeport
(nm) (nm) (mZ/g) Composition [ Composition Grade TiQ that Used as Test
Article
f&%’gM 115 (EM) Not Reported| Not Reported | Not Reported| Not Reported| Not Reported| Anatase Unclear Murugadosset al.
@ 2020
99.95% pure
and may
Mlc_rrci)é:zed Mszaz(_ll_éf; ~60240 Not Reported 9.35 Not Reported c;?ﬁl; \S/es,:l Rutile Unclear | Duanetal.(2021)
Mn, Cr, Mo,
Sb, Hg, and C
Micro-siz_ed Mean:160+
cosmetic 59.4.(SEI\Z) Not Reported| Not Reported | Not Reported| Not Reported| Not Reported Anatase No Sychevat al.2011
grade?
Aeroxide® Uncoated 99.8% pure ~81-88% Heoet al.2020;
. 100% (by . and may anatase; Kampferet al. 2021;
(I-I;;(l\il-zl(l)jszj? 10-45 (TEM) <1050 number; TEM) ~4655 w;t: 252;00)2/' contain Si, Al,| ~1219% No Sofrankeet al.2021;
and Na rutile Walleretal.2017
Engineered 7-10 (TEM) l:vci)tlzdrgfr?):/?/e Kreylinget al
) : Agdomerates . Not Reported | Not Reported| Not Reported| Not Reported| Anatase No '
TiO-NPs size 2017a,b
~50 (TEM) Lo
distribution
<100 (based Not reported,
. on specific but based on .
qulneergd surface area | Not Reported| specific surface| >150 Not Reported| Not Reported| Anatase No Eprahlmzadeh
TiO-NPs . . Bideskaret al.2017
likely 12 nm area likely to be
or less) 100% nano
E;:g:ﬁg;(ed M??;M?O 40-140 Not Reported | Not Reported| Not Reported| Not Reported Re'p\)lcc::ted No Kandeilet al.2020

* P = phosphorus; Si = silicon; Al =aluminum; K = potassium; Nb = niobiusel8aizm; B =boron; Pb = lead; V = vanadiumx 8n; Mn = manganese; Cr =chromium; Mo =
molybdenum; Sb = antimony; Hg = mercury; Co = cobalt

a=Description of physicochemical properties from Verleyseal.(2020), Dudefoét al.(2017a), EFSA (20h;22021a), LNE (2020), amBMA (2019).

b = Description of physicochemical properties from Verleyseal.(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 fr@onneret al.(2016).

e =Description of physicochemical properties from JRC (2016).
f =Description of physicochemical properties fr@uanet al.(2021).

g =Description of physicochemical properties fr@ychevaet al.(2011).
h=Description of physicochemical properties from JRC Nanomaterials Repository (2016), Rasrhak§2014), Dudefoét al.(2017a), and Geisdt al.(2020).
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i =Description of physicochemical properties from Kreykhgl.(2017a,b).

j =Description of physicochemical properties fr&hrahimzadeh Bideska al.(2017).
k =Description of physicochemical properties fra¢andeilet al.(2020).

| = Description of physicochemical properties from Verleystal. (2020).

117
State of the Science @itanium Dioxide (Tipas a Food Additive



Food Directorate, Health Canada

AppendixE¢ Summary of Studies Investigating Toxicokinetics

Tableb. Summary table of test results of vivotoxicokinetic studies via the oral route.

June2022

Study Speciesstrain, doses and dosing regimen Test Article (source) Result
Ammendoliaet | Adult male and female SD rats (10 per group pd TiQ-NPs anatase, spherical shape 80 nm); Ti concentrations in the small intése were
al.(2017) sex); Treated bgral gavagefor 5 d;TiQ-NPs irregular shape (40 X 60 nm); Source Sigktdrich | 0.08 + 0.02 pg/g (control), 0.09 £0.02 pg/g (1
suspended in ultrapure water by sonication for | Company Ltd., Gillingham, Dorset,.UK mg/kg bw/d, and 0.13 + 0.03 pg/g (2 mg/kg
minutes (dispersions prepared daily); Rats divid bw/d).
into 3 groups of 20n(= 10 malesn =10 females);
0, 1 or 2 mg/kg bw/d; small intestine 24 h after
last treatment
Chenet al. Threeweek old male SD rats (6 per group); TiO-NPs anatase, 29 +9 nm; Source: Shanghai|l Ti concentrationsin blood, liver, intestine, lun
(2020) Treated byoral gavagefor 90 daysTiQ-NPs Macklin Reagent Catd, China kidney, and testicles wemot statistically
suspended in distilled water by sonication significantdifferent from control; Ti
(dispersions prepared fresh every day); Rats concentrations in the spleen and heavere
divided into 4 groups: 0, 2, 16r 50 mg/kg bw/d; below LOD; In the coloffjconcentration were
Blood, organs, and tissues taken on day 91 higher in the cola in the 50 mg/kg bw/d group
compared to other treatment groups and
control; Concluded the higher concentration il
the colon was related tdiG. NPs were
observed attaching to the surface of colonic
mucosa tissue (not in mucosa cells).
Choet al. Sixweekold male and female spf SpragDawley | Powderform TiQ:-NPs (80:20 anatase to rutile) | After 13weeks of repeated oral dosing, a smé
(2013) rats fi= 11 per sex per group). were obtained from ABC Nanotech Co., Ltd. but dosedependentincrease in the Ti content

A 14d range finding study was performed prior
the 13week subchronic study in which animals
were exposed tdiQ-NPs suspended in distilled
water viaoral gavageat dosesof 0, 260.4, 520.8
or 1041.5mg/kg bw/d. No treatmentrelated
findings were observed and the same doses w{
used for the 13week study. The concentrations
of Ti in the basal dietand waterwere not knowr

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

(Daejeon, Koreaparticles had a primary size of 2
nm, surface area of 5815 n?/g and a
hydrodynamic diameter of 37.80.4 nm.

was observed that reachestatistical
significance from untreated controls only in
males at the two highest doses. No significan
increase in Ti concentration wabserved in
liver, spleen, kidney or brain in any treated
group relative to controls. Urinary Ti showed 1
significant increase in treated groups whereaj
clear, dosedependent increase in fecal Ti wag
observed, suggesting most particles were nof
absorbel from the Gl tract. Overall, absorptiot
of Ti following subchronic repeated oral
administration ofTiQ-NPs was found to be
minimal in the rat.
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Study Speciesstrain, doses and dosing regimen Test Article (source) Result
Coméraet al. AdultC57BL/6 mice (12 to 18 weeks; sex not E171 > 95% anatase, 2040 nm (118 nm); 44.7%| Experiment 1
(2020) reported) (4 per group) nano; Suspended in milliQ water using the Presence of particles detected by laser
NANOGENOTOMispersion protocol; Source: reflective confocal microscopy; Increase in
Experiment 1 French commerciadupplier of food colouring particle content observed in ileal and jejunal
Treated byoral gavage(single dose); E171 agents villi and colon crypts; Inileal and jejunal villi,
suspended in water; Mice divided into 2 groups| max particle contentat 4 h with return to base
4; 0 or 40 mg/kg bw; measured particle content| High agglomeration of test substance in exposul levels at 8 h; In colon, nesignificantincrease
4,8, 24 h after treatment (assuming that 1 mou| mediumwas reported. in particle content 4 h with return to basal
was examined at each time point) tS@gSta i y KT LYyONEBH
patches at only 8 Hincrease in particle conten
Experiment 2 at4 and 8 h by 3.5 and 4fald, respectively
A closedmid-jejunal loopof 10 cm filled with concentration below LOD in tissues at all timg
sonicated E171 (300 pg/L) in buffer or buffer points; Concluded 0.007% of Ti presentin
control for 30 mimtes. intestine at 4 hiTiQ primarily absorbedin
ileum, partly in jejunum, and too a lesser
degree in colon; absorption primarily occurs \
GAEEA FYR (22 I f Saa
Experiment 2
Inhibiting paracellular pathway reduced the
absorption ofTiG but did notcompletely block
it suggesting that endocytosis is also involveo
the transport ofTiQ; Inhibiting the
transepithelial passage did naffect
absorption
Farrell and Male and female SD rats (10 per group/sex); Fourtest articles Ti levels in liver, kidneys, muscle, whole bloof
Magnuson Exposed via thdiet daily for 7 days (test article | 1.Rutile TiQ (thick platelet¢pearlescent green) | urine, and feces;
(2017) incorporated into feed); Rats divided into 2 (Engelhard, Peekskill, N.Experimental Product | Ti levels were generally below the LOQ/LOD :

groups 201§ = 10 males and-40 females):
control or ~200 mg/kg diet ww (equivalent to ~3
mg/kg bw/d in male rats); control diet contained
basal concentration of-® mg/kg dietww of Ti;

After 7 daysTiG containing diet replaced with
untreated diet; Rats sacrificed 1h, 24h, 72h aftq
the removal of theTiG containing diet

EP96037)

2.Rutile TiG (thin plateletgpearlescent gold)
(Engelhard, Peekskill, N.Y.; Experimental Produ
EP96032)

3.Rutile TiQ (standard commercial grade; produ
number 2558 meeting USP & 21 CFR 73.575
specifications) (Brenntagouth Plainfield, N.J.,
U.S.A

4. Anatase TiQ;, Dso= 133 to 146 nnfstandard
commercial grade; product number 3328 meetin
FCC/E171/USP/EP/JP specifications) (Brenntag
South Plainfield, N.J., U.S.A.).

most time points;
Observations of Ti levels above the LOD wery¢
reported, but this was sporadicand occurred
similar levels and frequency when compared |
the control group;

Authors concludedhat 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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Study Speciesstrain, doses and dosing regimen Test Article (source) Result

Geraetset al. Male and female Wistar rats Five differentTiQ particles from the JRC Oral study:

(2014) Oral study: nanomaterialgepository were usedin this study] Of the 30 liver/spleen samples of exposed
Animals were doseHbyoral gavageeither once (3 animals, one liver sample (NM2 group) was
males per group, FiQ-NPsand controls) or 1.NM-100(anatase; 20@€ 220 nm primary particlg atthe LO00.03> 3 ¢ A k Andd Kvéra dz§
during five consecutive days (3 males per grouj size, studied in IV route only); sample (NMLO3 group) was above the LOD b
TiG-NPsand controls; in addition 3 females per below the LO@0.09> 3 ¢ A k)INo bi levebs
group for NM101 and controls)The dose was 2] 2.NM-101(anatase; 6 nm primary particle size, | above the LOD were detectedspleen of any
mg, correspoding to 6.8¢8.6 mg/kg bwRats studied in oral route only); exposed animals, althougine of the three
were sacrificed and tissue sampling was done untreated controls had a Ti concentration at tf
24h after the last exposure (Day 2 or Day 6). 3.NM-102(anatase; 20 nm primary particle size] LOD in both the spleen and liver. All MLN

samples contained Ti concentrations above tf
IV study: 4.NM-103(rutile, 20 nm primary particle size, LOD although only in the Nl¥04 group were
Rats received a single or repeated dose (on 5 | coated with A)Ozand a polysiloxane polymer levels in exposednimals greaterthan
consecutive days) @& 3 mgTiQ viainjection in layer); unexposed controls. In this group, the total
the tail vein. Blood am tissue samples were MLNTI content was estimated to represent
collected at Day 2 and Day 90 for the single IV| 5.NM-104(rutile, 20 nm primary patrticle size, approximately 0.003%f the administered
administration (3 male and 3 female animals pd coated with AOz) dose.
group), and at Day 6 (i.e. the first day after the
last repeated exposure), 14, 30 and 90 after thd IV study:
repeated IV administration (3 male aBdemale After single administrationTicould be detected
animals per group, except for Day 14 and Day at the first tissue measurement point (2dafter
which included 3 male animals only). Additional administration) in all investigated tissues, at
blood samples were collected via orbita punctu levels above those as measured in cordrol
at Day 1 (single dose) and Day 5 (repeated dos Repeated exposure to aliQ-NPswas found to
at5h, 10, 20 and 3finutes, and 1, 2, 4, 8, and resultin up to 5 times higher tissuglevels
24hours after dosing in order to evaluate the compared to single doseindicating no
elimination of Ti from the blood after the IV significant elimination occurreth this
administration. Control rats (vehicle treated) timeframe. In descending order, the highestT
were included (2 male and 1 female animals p4g tissues for all NPs were observed in liver, splg
group). and lung.

Guillardet al. Human (placentasi=22; meconiumn=18) Experiment 1 Experiment 1

(2020) n/a Ti concentrations in placentas ranged from 0.

Experiment 1

Placentascollected from women who gave birth
to term babies with no complicationsyeconium
samplesof infants collected in the first few days
after birth; placentas and meconium samples
were not related

Experiment 2

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

to 0.48 mg/kg (median 0.05 mg/kg); Only 9 of

18 meconium samples were above LOQ,
median concetration of 0.25 mg/kg; the

presence of particles were also confirmed in 2

placentae and 2 meconium samples.

Experiment 2
Model confirmedTiQ is capable of crossin
placental membranes, with the number of

with

g
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Study

Speciesstrain, doses and dosing regimen

Test Article (source)

Result

Ex vivcdhumanplacenta perfusion modeto
quantify transplacental transfer acrossot;
perfusion medium contained @& 2) or 15
pg/mL 6 = 13)

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

Hendricksoret
al.(2016)

Adult male SD Rats (6 per group); Treateotay
gavagefor 28 d; Dispersed in 1% aqueous starg
solution containing 0.1% Tweed0; Rats
administeredTiQ dispersions immediately after
sonication Rats divided into 3 groups of 6: 0, 25
mg/kg bw day (NMLO1) or 250 mg/kg bw/d (NP
25); blood samples and organsken on day 28

Two test articles

1.TiO-NPs anatase, spherical, uncoated19
nm; Source: JRC Nanomaterials Repository, Ita
(NM-101).

2.TiO-NPs anatase, spherical 205 nm,
uncoated; Source: Sigrradrich, USA (NB5).

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

Hendricksoret

Male Wistar ratsi{=12); Rats treated hgolated

TiQ-NPs rutile, primary particle size was needle

NPs detected on the surface and between

al. (2020) intestinal loop techniquewith 50 mg/kgbw; or rod-ike shape 5x30 nm; formed loose microvilli of mucosal cells of the small intestin
Three hours postlosing intestine, liver, and agglomerates ~100 nm or larger; Source: Sigmg and in mucosal tissue; particles detected in
spleen examined[iG-NPs suspended in saline | Aldrich (USA) t S8SNDRa LI (§OKPsantias 06 §
solution by sonication for 5 mirtes (dispersions agglomerates ranging from 280 nm; In liver
administered immediately after preparation) parenchymal tissue, aggregates (3300 nm)
observed up to 300 nm; In spleen red pulp
single NPs (280 nm), agglomerates (up to 10{
nm) and conglomerates (up to 800 nm) were
observed.
Heringaet al. Male and female human®E9 women aged 77 | n/a 8 of 15 liver samples and 1 of 15 spleen samj
(2018) to 104;,n=6 men aged 56 to 87Measured Ti were below the LOD; When above LOD, Ti
concentration in liverand spleen déceased concentrations were 40 ng/g and 80 ng/g in th
subjects liver and spleen, respectively; Average particl
size 0of 86426 nmin liver and 8845 nm in
spleen (lowest size was LOD); almostiallds
present as particles
Janeret al. Male SpragueDawley ratavere allocated to a TiQ-NPs synthesized using flame spray pyrolisy] There was no statistically significant increase
(2014) vehicle control oiTiG group(6 animals per GSNBE 20GFAYSR FNBY [ Q! Tilevelsinany ofthe tissues evaluatech24
group).A single dose of 100 mg/RgQ-NPs was fra[nework of the EU project Nanopolytox. after the administration of 100ng/kgTiQ-NPs.
administered byoral gavage On the day wSLI2NISR (2 0SS & YDsobfy f § NoTiQ-NPs were located in themall intestine
following administration, animals were sacrifice| 18+8nm. Particles were dispees by sonication | s KSy SEI YAYSR o0& {9ad
andspleen, liver, small and large intestines, an¢ in MQ water containing 2 mM sodium citrate as{ TiQ-NP agglomerates were observed in the
mesenteric lymph nodes were removed dispersant. cytoplasm of at least one cell but not inside tH
mitochondria or nucleus.
Joneset al. Adult humans aged 366 years, weight range 63 Threetest articles No significant differences betwegre-and
(2015) 124 kg =5 womenn =4 men); Exposed to 1.TiG-NPs 10 nm (peak), ~100% < 50 nm by post-dose biomarkers were observed for any

singleoral dose of 5 mg/kg bWiQ dispersed in
water; Three test articles used and administere

at least 4 weeks apart (most voluntedhat

number, anatase, Source: NanoAmor

particlessize.
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Study Speciesstrain, doses and dosing regimen Test Article (source) Result
participatedwere exposed to all three test 2. TiQ-NPs 70nm (peak), 95% phrticles ranged
articles); Blood collected at baléee, 2h, 4h, 24h,| from 48 to 154 nm by number, rutile, Source:
and 48h; Urine samples collected in time SigmaAldrich
collections over 4 days (24h pre dosingand 72| 3.Ti®, 1800 nm (peak), 100% > 105 nm by
post dosing) number, rutile, Source: Sigm@drich
Kreylinget al. 8-10 week old female WistaKyoto rats (4 rats TiQ-NPs anatase, Approximately 0.6% of the dose absorbed
(2017hb) per time point); Treated bgral gavage(single Approximately spherical aggregates/agglomerafl during the first hour after treatment; After 7
dose;)and sacrificed 1 h, 4h, 24h or 7 days aft| roughly 50 nm in diameter; primary particle size| days approximately 0.5% of the dose remaing
treatment; Aqueous“®VITiQ-NPs suspension approximately 7 to 10 nm; The distribution patterns ofiG varied
(administered immediately after dpersion to Source: commercially available-ST (shihara between rats; Measurable levels were obseryv
non-fasted rats); Rats sacrificed at 1, 4, and 24| Sangyo Ltd., Japan after 4 hiin spleen, kidneys, heaatnd uterus;
were dosed with 10 pg each (equivalent to Maximum retention reached in spleen, kidney
~49.82, 30.8 and 44.44 pg/kg bw) and rats and heart at 24 h. In liver, lung, and blood,
sacrificed after 7 days were dosed with 30 pg retention declined from 4h to 7 days; In brain
each (equivalent to ~78 pg/kg bw) uterus, kidneys, highestconcentrations
observed on day 7; Peak concentration in live
Experiment 1 (MAINL): was 12.5% of absbed dose at 4 and 2.6% in
To determine biodistribution ofiGrats were the spleen at 24 h; Concluded thatthe slow
divided into 4 groups of 4 and sacrificed 1 h, 4h excretion kinetics likely results in the
24h or 7 days after treatment; accumulation of systemically circulating
particles in some organs with chronic exposu|
Experiment 2 (MAIN2):
To determine retention in GIT walls rats were
divided into 3 groups of 4 and sacrificed 1h, 4h
and 2/ after treatment (all doses withO pg
each)
MacNicollet 8-wk old maleSpragueDawleyratswere used in | Sixtest articles In general, the mean concentrationsTin
al.(2015) this experimentTiQ particles (5 mg/kg bw) werg 1.99.7%TiQ-NPs anatase, 15 nm (Sigma cat # | organs fromtreatedrats were not significantly

administered to ratsr(= 6 per group) byral
gavageas a suspension eitherin deionised watg
or 5% ovalbumin solutionSamples of blood,
feces and urine were collected atintervalsov
days following dosingAfter 96h post
administration ofTiQ, rats were killed and tissug
samples of liver, brain, heart, kidney, spleand
GITwere collected.

637254);

2.99.5%TiO-NPs, 80% anatase/20@% rutile, 25
nm (Nanocomposix);

3.99.7%TiQ-NPs anatase, 40 nm (NanoAmor
5430 MR);

4.99.5%TiQ-NPs rutile, 4050 nm (Sigma cat #
637252);

5.99.7%TiQ, anatase, 120 nm (NanoAmor 543
MR);

6.99.5%TiQ, rutile, up to5000 nm (Sigma cat #
224227)

higher thanvehicle controlsin the GTsamples,
however, the mean concentration @ftaken
FNBY NI da GNBYOSRI BXH A
significantly higher than the mean
concentration ofTiin the amples taken from
rats in the control groupThe results show that
oral administration ofiG particles did not lead
to translocation ofTito blood, urine, or
distribution to various organs in reatany of
the time intervals studied during the 96post
treatment. With the possible exception of one
particle size, the mean concentrationTfin
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Study Speciesstrain, doses and dosing regimen Test Article (source) Result
Particles were dispersed by sonication eitherin | the GITwas not significantly affected by
deionised water or a % ovalbumin solution. All | treatment.
exposure experiments were performed in the
presence of FCS (concentration not stated).
Peleet al. Human (age and sex unknown)=8 (results E171 anatasePso=260 nm; SourceKronos® Semiquantitative measure of particles using
(2015) from only 5 participantsingested two gelatine | 1171, Fagron UK reflectance as well as measurements of Ti
capsulessach containing 50 mg E171 with 250 concentrations using IGKS; Significant
of water; Blood samples taken 0, 30 miasand increases in signals at2 h onwards, with a pe
1,1.5,2, 3,6, 8,and 10 h after ingestion at 6 h; Highest blood concentrati@ 6 hrs was
11 ng/mL, which declined to 5 ng/mL at 10 h
Size of absorbed particles was not determine
Peterset al. Male and female humans aged 83 to 97 (wome| n/a In 4/15 liver, 2/15pleen 1/15 kidney and 1/12
(2020) and aged 64 to 98 (menh(=8 women;n=7 men jejunum, Ti concentrations were below LOD;
for liver, spleen, kidnegndn =7 women;n=5 Average concentration in the liver (0.03 pg/g),
men for jejunum and ileumMeasured Ti spleen (0.06 pg/g), kidney (0.08 pg/g), jejunut
concentration in liver, spleen, kidney, jejum, (0.34 pg/g), andileum (0.43 pg/g); particles
and ileum ofleceased subjects sizes ranged from 50 to 500 nm (lowest size
LOD) Majority of Tiin organs consisted of
particulate matter ranging in size from 50 to
500 nm (mode ranges from 100 to 160 nm)
Riedleet al. 6 week old male and femal@57BL/6 mice (18 pgd E171 anatase, 119 nm; Source: Sensient Cdeiry Presence of particles detected by reflectance
(2020) group) Exposed vidiet daily for 6, 12, and 18 Louis, MO, USA) confocal microscopy (no quantification of
wks (estarticle was formulated into digt Mice particles completed); Weak signals observed
divided into 4 groups of 18: 0, 6.25, 62.5, or 624 iKS 61 a8 27F tSesSnNpna
mg/kg diet (equivalent t@approximatelyo, 1, 10, doses; higher signals observed at highest doj
or 100 mg/kg bw)n = 6 mice/group euthanized a Evidene ofdoseresponse.
6,12, and 18 weeks
Talaminietal. | 8 weekold male NFR mice (4 per groupjeated | E171 anatase, Mean diameter of 201.2 +8.5 nm Ti concentrations in the suspensiaere
(2019) orally 3 days/week for 3 weeks (i.e., total of 9 Freshly dispersed in water (no sonicatiorr de- determined before and after the passage

treatments in 21 d); E171 freshly dispersed in
water; Test article slowly dripped into mouth vig
pipette with eachdrop swallowed;

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 ddg

agglomeration to simulate realistic conditiong)
35% nano (determined by TEM); Source: Pretio
AV01PhG (Giusto Faravelli S.p.A. Milan Italy)

through the pipette tip;

Liver, stomach, and whole intestine were
cleaned with ultrapure water to remove any
adhering blood or residue in the Gl tract;

Ti concentrations in tissuegeredetermined by
single particle ICRIS analysis;

Ti concentrationsin the liver (0.94 £ 0.57qig
tissue) and large intestine (1.07 £0.38 pg/g
tissue) were significantly higher in treated mig
compared to controls;
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Study

Speciesstrain, doses and dosing regimen

Test Article (source)

Result

Ti concentrationsin lungs, spleen, stomach,
small intestinenot statistically significant
between treated and control mice;

Ti concetrations in the brain, kidney, and test
below LOQ

Tassinaret al.

Young sexually mature male and female SD ra

TiO-NPs anatase, Based on TEM analysis, prini

Ti concentrations in organs and tissues were

(2014) per dose per sex); Treated byal gavagefor 5 d; | particles were sphericalin shape 0 nm)and | not significantly different from controls with th
Suspended in distilled water by sonication for 1} irregular in shapg€40-60 nm), but large exception of the spleen and ovarigsthe 2
minutes (dispersions preparathily);Rats divided| agglomerates of particles were also observed (s| mg/kg bwgroup;, agglomerates of Ti particles
into 3 groups of 14n(= 7 males and=7 not reported); Based on SEM analysis, the meal| (200400 nm) were identified in the spleen of
females): 0, 1 or 2 mg/kg bw/d; blood samples | diameter was 284 +43 nm with 13% of particles the 2 mg/kg bw group.
and organs taken on day 6 100 nm, 87% of particles ranging from 30 to 900

nm and 48% of particles ranging from@t 300
nm, but agglomerates up to 1.6 pm were also
observed; Source: Sigrfddrich Company Ltd.
(Gillingham, Dorset, UK)

West and Male humansr{=5); Ingested5g of E171 E171(no other details available) No increase in urinary Ti levels suggesting th;

Wyzan (1963) | suspended in milk for 3 consecutive days; Urin no significant absorption occurred.

as cited in samples taken for 5 days

JECFA 1969
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Appendix F Summary of Studies Investigatidgute Toxicity

Table 6 Summary table of acute toxicity studiesTo, particlesvia the oral route

June2022

Study

Study type, species, doses and dosing regimeg

Test Article (source)

Result

Wanget al.(2007)

Acute toxicity study in mice according to OECL
Guideline 420 (Acute Ordbxicity-Fixed Dose
Method)

CD1 (ICR) micél0 per sex per group) were
fasted overnight before being dosed with a
vehicle control (0.5% hydroxypropyl
methylcellulose; HPMC) or one of three sizes
suspended Tigparticles byoral gavageat 5000
mg/kg bw.

Threetest articles:

1. TiQ-NPs (25 nm),crystalline structure
not specified

2. TiO-NPs (80 nm),crystalline structure
not specified

3.TiQ, (155 nm),crystalline structure
not specified

Animals were sacrificed 14 days aftirsing.
The LBowas determinedto be >5000 mg/kg
bw. Histopathologic findings were reportedin
brain, liver and kidney with the 80 and 155 nn
particles but not the 25 nm patrticles.

Warheitet al.(2007)

Note that a similar study
is also described in
Warheitet al.2015.

Acute toxicity study in rats according to OECD
Guideline 425 (Acute Oral Toxicity:-dpd-Down
Procedure)

Three fasted female Crl:CD(SD) rats were
administered Ti@particles suspended in water
by oral gavageat a dose of 5000 mg/kg bw.

TiQ particles were 79% rutile and 21%
anatase. Composition was ~9@% TiQ,

7% alumina, and 1% amorphous silica.

Median particle size was 140n in water
and surface area was 38m#?/g. Particles
underwent a neutralization mcess
during production.

No deaths occurred and no gross lesions wel
present at necropsy. The k§was determined
to be > 5000 mg/kg bw.

Ranjaret al.2020

Acute toxicity study in female Wistar rats
according to OECD Guideline 420 (Acute Oral
Toxicity- Fixed Dose Method).

The experimental design included four groups
=5 per group) with three different doses (500
mg/kg bw, 1000 mg/kg bw and 2000 mg/kg bw
and a control groupTest article was
administered viaral gavage

TiO-NPs(average size28. p 0 ®mMm
were synthesized Hmouse using a
microwaveirradiation-assisted hybrid
chemical approach.

No mortality was observed in either the vehic
control or the NRtreated rats. Thus, the acute
oral LBois 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 analyzg
It was observed that exceptfor ALT, all the
other enzymes and protein estimation were n|
significantly altered. A significant dose
dependentincrease in ALT levels was report
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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/ABCSs) that progress tonpliginant lesions (i.e., polyps and adenomas)
and then to malignant lesions (i.e., carcinasn Conteducat al. 2013; Dekkeet al. 2019; Kuiperst 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 (Conteducat al. 2013; Carvalhet al. 2012;Hermseret 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 approximat® every five days (Alravet 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 coneaioranore ABCs and can be
classified as nehyperplastic, hyperplastic, dysplastic or mixed (Alrainal. 2006a; Pretlowet al. 1991;
Quintanillaet al.2019).ManyconsiderACFABCs to be the earliest identifiable preneoplastic abnormality

in the develpment of colorectal cancer (Alrawt al. 2006a; Clappeet al. 2020; Magnusoret al. 1993;
Uchidaet al. 1997).

In 1987, ACF/ABCs were first identified as possible a precursor of colorectal cancer (Bird 1987) and since
then, multiple studies have demadmated their role in predicting tumour formation in the colon of
laboratory animals (Kristiansen 1996; Magnustal.1993; Pretlovet al. 1992; Uchidat al.1997). Crypt
multiplicity (i.e., number of ABCs per focus) is a consistent predictor of tumoigience in carcinogen
treated laboratory animals; generally ACF with high crypt multiplicity (i.e., four or more ABCs) were
correlatedwith colonic tumour incidence, whereas ACF consisting of three or less crypts were not
predictive (Alrawiet al. 2006a; Magnusonet al. 1993; Pretlowet al. 1992; Kristiansen 1996). The
importance of crypt multiplicity in colon cancer is further supported by Uclatlal. (1997) who
demonstrated that the mucinous profile of ACF with four or more crypts in Bd&ted rats esembled

the mucinous profile observed in human colorectal cancer (i.e., increase in ACF with sialomucin
predominance relative to ACF with sulfomucin predominance). Cadéahi(1995) also noted a positive
correlation between the number of sialomugimmoducing ACF and crypt multiplicity as well as a significant
association between sialomueproducing ACF and tumour incidence in Diéhted rats; however, only

ACF consisting of 14 or more crypts were associated with tumour incidence. The number of édliénpe

is another common parameter often measured, although multiple studies have noted that it is not a good
predictor of tumour incidence in carcinogéreated laboratory animals (Cadersi al. 1995; Magnuson

et al. 1993). Other studies have noted tlensiderable 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 careinogen
treated laboratory animals (Suzei al. 2013) Pretreatment with a colon carcinogenesis initiator itself

can also result in inteindividual variability of approximately 240% in ACF formation in rodents (see
Blevinset al.2019; Rodriguest al.2002; Wa et al.2012 for examples of intendividual variability within

DMH treatment groups). While some ACF do progress to adenomas and cancer, many ACF in carcinogen
treated rodentsspontaneously regreswer time (Choet al. 2015; Shpitzt al. 1996) whichmay 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 ratsin the
absence of a colon carcinogenesis initiator despite colon cancer in these specgexadedingly rare.

For example, Furukawat al. (2002) reported that ~42.5% of untreated, male and female F344 rats
spontaneously developed A@Fhe colon over a l-@veek period (~112 days), of which ~77% of ACF had
1-3 ABCs per focus and ~23% of ACF>gadBCs per focus, but the spontaneous development of
colorectal tumours was found to b#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 obt® ABCs and only one or two ACF wihABCs per focus; no tumours were report8ih¢h

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 wee found to be similar to those previously identified in rodent colons following treatment with
carcinogens (Pretlowt al. 1991). The authors noted that the number of ACF pet aihtolonic mucosa

were significantly higher in individuals with colon carm@anpared 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 (Adketral.2002; Hurlstoneet al. 2005; Takayamat al. 1998). Since tn,

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 (Anggiagn

2012; DiGregoriet al.1997; Drew et al., 2@ Kowalczyk et al., 2020; Takayashal. 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 numbgptefoer focus
OXxHAN ONRLIIA LISN F20dA0 YR (KS ydzy e@NORTlapperC LIS NJ
et al. 2020; Drewet al. 2018; Kowalczylet al. 2020; Takayamat al. 1998). This has led some to
recommend stratifying ACF based on tpeesence of certain features, particularly dysplasia, when
determining risk for colorectal cancer (Clappel.2020; Di Gregoriet al.1997). Although the difficultly
inidentifying dysplastic AGF situ (Clapperet al. 2020)as well as the dynamicature of ACF over time in
humans(i.e., less than half of ACFidentified after oneyear; Schoert al. 2008)may limit the utility of

this feature as a biomarker of human colorectal neoplasia.

The stepwise progression of ACF to colorectal cancer iraharns complex and likely follows multiple
routes, depending on ACF histology and many other factors. The classic adeaarimoma pathway, in
which normal colonic mucosa evolve into ACF/ABCs that give rise to tubular and tubulovillous
adenomatous polypgadenomas) and subsequently progress to cancer, is the most common pathway
reported and accounts for ~780% of human colorectal cancers (Kuipetsl. 2015; Dekkeet al. 2019;
Siskoveet al.2020). As mentioned, the presence of dysplasia may increadé#iihood of ACF becoming
adenomas (Di Gregoréi al. 1997); although, the vast majority of adenomas (-9896) do not progress

to cancer despite most sporadic colorectal cancers beginning as adenomas (Heximakr2002;
Conteducaet al. 2013). In thelast decade, it was discovered that ~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 (Kuiperal. 2015; Déker et al. 2019).
Hyperplastic ACF with a serrated histology has been suggested as a potential precursor to the serrated
neoplasia pathway (Rosenbezgal. 2007). Conversely, others have argued that hyperplastic ACF may be
more likely to progress to hypplastic polyps, which are largely considered non precancerous lesions (Di
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Gregoricet al. 1997), and still others reported no association between hyperplastic ACF and hyperplastic
polyps or other types of serrated polyps (Lance and Hamilton 2008eC4i02008). The percentage of

ACF that progress to colorectal cancer via either pathway is unclear, although some have estimated that

I LIINRPEAYLF GSt@& wp: 2F '/ C SEKAOAG aaz2yY$S RS3INBS 27
carcinomas, suggestinglgra small portion may develop into cancer over time (Alretvel. 2006a,b).

Overall the use of ACF as a biomarker of colorectal cancer risk in laboratory animals and humans is
controversial. ¥ry few of these lesions progress to neoplasiéh most spontaneously regressioger

time in rodents (Choet al. 2015; Shpitzt al. 1996) and humans (Schoet al. 2008).In carcinogen

treated rodents, hter-individual variability in ACF formatiaan be high (~2@0%;see Blevingt al.2019;
Rodigueset al. 2002; Wonet al. 2012 for example} 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 dysplasiagtumorphology, and vascular pattern intensity) and

the risk of colorectal cancer (Quintanigaal.2019; Cheet al.2008; Lance and Hamilton 2008). In a recent
casecontrol study, only the number of large ACF (>40 crypts per focus) was found to batessasth
increased risk of colorectal cancer, although Quintasillal. (2019) concluded that even this endoscopic
FSIFGdZNBE KIF & AGRdzoA2dza Of AYAOLFt dziAfAdeéd arAyoS Al
molecular features of ACF indiive of colorectal cancer. The authoatso noted inconsistencies in
histological classifications of ACF among pathologists, with considerable overlap between cases and
controls (Quintanillaet al. 2019). The difficulty in the histological characterizat@f 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 studielfawiet al. 2006a; Quintanillat al.2019; Suzwet al. 2013).

Othercommonly usediomarkersto determine the risk and/or progression of colorectal cancer include
measurements of various proteins in colorectal cancer tissue, serum protein levels, as welioas var
genetic and epigenetic changes. For example, in human colorectal cancer tissue samples, decreased
expression ofMuc2 (key structural component of colonic mucus) and increased expressi@OxP
(inflammatory marker) and HER2 (growth factor) were assed with increased malignancy and poor
prognosis (Chaet al.2018; Wu and Sun 2015). Decreased serum levels of LLCAM (a structural protein
found on neuronal cell membranes) are found in patients with colorectal cancer and may be a promising
biomarker fo the early detection of colorectal cancer (Chtial. 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 instadlifitgd to excessive CpG island DNA
methylation as well as microsatellite and chromosomal instability have also been reported in both major
colorectal cancer pathwayslfawiet al. 2006a; Conteducet al. 2013; Kuiper®t al. 2015; Dekkeet al.

2019; Sikova et al. 2020). Many other biomarkers of colorectal cancer have also been proposed, which
have been summarized elsewhere (e.g.,Aawiet al.2006a; Conteducat al.2013; Siskovat al.2020).
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Appendix H; Summary of Studiekvestigating Genotagity

Table7. Summarytable of test results ofn viro genotoxicitystudieswith food-grade Ti@.

June2022

Study

Cellling Exposure Concentraticsand Duration,
Assay

Test Article (source) and Sample
Preparation

Result/Remarks

cells

CHCxcells were exposed to E171 at concentrations o
0.156, 0.313, 0.625,1.25, 2,505, 15, or 3Qug/ml in
the presence and.0781, 0.313, 0.625,.25, 2.50, 7.5,
15, or 30 pg/mlabsence ofroclor 1254induced rat
liver S9 6+0.5 hours;

Serum freemedium was used as the vehicle control ;
the positive controlaried depending on experimenta|
condition: EMS-§9) and benzo(a)pyrene (+S9)

Conductedn accordance with OECD guideline 476

Mammalian cell forward gene mutation assay

Mutagenicity assays
BioReliance | SalmonellayphimuriumTA98, TA100,, TA1535, E171E(anatasepPso: 99.9 £2.0 nm50-51%< | Negative (+ S9)for frameshift or basepair
2021a TA1537andthe tryptophan locus oEscherichia coli 100 nm) substitution mutationsat concentrations up to
WP2uvrA 5000 ug/plate However the bacterial reverse
The test articlewas suspendeth waterby mutation test may not be suitable for the
Exposed to E171 at concentrations of 33.3, 100, 339 vortex mixing (i.e.the test article was & (i A | assessment of nanomaterigls insoluble
1000, 3333, or 5000 pg/plate the presence and using a stir plate and sterile stir bar during particles, in generakince they may not be
absene of Aroclor 1254induced rat liveiS9for 48to | R2 8 S T2 Nl dzf I G A 2d6singlhB | readily taken up by the bacterial cells used if
72 hours YIEAYGlL Ay | K2 Y2Hh8igs df this assy (Doaket al.2012; OECD 2014;
article was reported to form workable Kumariet al.2010). Ti@NPs are also known t
Water was usedavehicleontrol; the positive control| suspensions in water at concentrations of have antibacterial/bacteriostatic properties
varied depending on experimental condition: 2 approximately 5 to 50 mg/ml. (see Khashaat al.2021; Lopez de Dicastikd
aminoanthracene (all strains, +S9ni2rofluorene al.2020), which further limits the suitability o
(TA98,-S9), sodium azide (TA100 & TA1589), 9 the bacterial reverse mutatiotest for the
aminoacridine (TA1537$9), MMS (WPQvrA, -S9; assessment of these materials.
Cellular uptake of particles was not confirme
Conducted in accordance with OECD guideline 471
No evidence of cytotoxicityout a reductiorin
Bacteral reverse mutation assay revertant count was observeat) o o 0 0
pg/plate in TA1537 with metabolic activation
BioReliance | Hypoxanthineguanine phosphoribosyl transferase E171E(anataseDso: 99.9 £2.0 nmB0-51%< | Negative(+/- S9)for forward mutations at
2021b (HPRT) locu$prt) of Chinese hamster ovary (CHO) | 100 nm) concentrations up to 30 pg/mHowever, there

The test article was suspend@tserum free
medium by vortex mixing.

washo evidence of cellular uptake of the tes
article in CHO cellis a subsequent TEM
imaging analysiand therefore, the lack of
genotoxic effects observed could be related
the lack of exposuref the test articleo the
DNA.

No evidence of cytotoxicity
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Cellling Exposure Concentraticsand Duration,

Test Article (source) and Sample

Study Assay Preparation Result/Remarks
Dunkel etal. [ StyphimuriumTA98, TA100, TA1535, TA1537, TA15| TiQ (Unitane® 6220) Negative (+/S9), buthe bacterial reverse
(1985) E coliWP2uvrA mutation test may not be suitable for the
Test article sourced from NTP repository of g assessment of nanomaterigls insoluble
Exposed to concentrations ®fG up to 10 mg/plate chemicals tested in carcinogenicity bioassay| particles, in generakince they may not be
for an unknown duration with and without S9; (Radian Corporation) and therefore, it is likel| readily taken up by the bacterial cellsused i
that it was the same material used in the NC| this assay (Doalet al.2012; OECD 2014; ;
S9 was prepared from the livers of male Fischer 344 two-yearTiQ cancer bioassayhitane® 0 Kumariet al.2010). TI@NPs are also known #
rats, B6C3F1 mice, and Syrian hamsters with or wit 220; anatase113-135 nm and 109424 nm by | have antibacterial/bacteriostatic properties
Aroclor 1254 prdreatment; SEM and TEM, respectively; up to 44% of (see Khashaet al.2021; Lopez de Dicastik
particles <100 nm by numbgr al.2020), which further limits the suitability o
Positive and negative controls were included (no oth the bacterial reverse mutation test for the
details provided); Based on similarities in both elemental assessment of these materials.
composition, median particle diameter, mass
Bacterial reverse mutation assay specific surface area, and percentage of Particle uptake not evaluated and no
particles <100 nm byumber, Unitane®-220 | information on cytotoxicity was reported.
can be considered highly comparable to the
current form of TiQadded to food
No information on sample preparation
Myhr and Thymidine kinase locus i®bL78Y mouse lymphoma | TiQ (Unitane® 6220) Negative (+ S9),but particle uptake not
Capary cells; evaluated and no information on cytotoxicity
(1991) Test article sourced from NTP repository of g reported;

Exposed tdiQ at concentrations olL.56, 3.13, 6.25,
12.5, 25, 50, or 100 pg/ml for 2 days withwithout
S9;

S9 was prepared from the livers of male Fischer 344
rats with Aroclor 1254 préreatment;

Culture mediumwas used a negative controland 5
nl/ml MMS or 250 nl/ml EMS was used the positive
control;

Mammalian cell gene mutation assay

chemicals tested in carcinogenicity bioassay
(Radian Corporation) and therefore, it is likel
that it was the same materialsed in the NCI
two-yearTiG cancer bioassaypitane® 0
220;anatase113-135 nm and 10924 nm by
SEM and TEM, respectively; up to 44% of
particles <100 nm by numbgr

Based on similarities in both elemental
composition, median particle diametemass
specific surface area, and percentage of
particles <100 nm by number, Unitane®@20
can be considered highly comparable to the
current form of TiQadded to food

Suspension of TE@repared in water (no othef
details available)

TiQ co-pelleted with cells after 4our
treatment periodandtherefore, the actual
exposurecontinuedthrough the2-day
expression period

Tennantet al.
(1987)

S typhimuriunmicrosome

TIQ (Unitane® @220)

Negative (+/S9), buthe bacterial reverse
mutation test may not be suitable for the
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Cellling Exposure Concentraticsand Duration,

Test Article (source) and Sample

Study Assay Preparation Result/Remarks
Exposed to concentrations ®fG up to 10 mg/plate Test article sourced from NTP repository of 8 assessment of nanomaterigls insoluble
for an unknown duration with and without S9; chemicals tested in carcinogenicity bioassay| particles, in generdlsince they may not be
(Radian Corporation) and therefore, it is likel| readily taken up by the bacterial cells used if
No information about positive and negative controls | that it was the same material used in the NC| this assay (Doakt al.2012; OECD 2014;
provided; two-yearTiQ cancer bioassayfitane® 0 Kumariet al.2010). Ti@NPs are also known
220;anatase113-135 nmand 109124 nm by | have antibacterial/bacteriostatic properties
Bacterial reverse mutation assay SEM and TEM, respectively; up to 44% of (see Khashaeat al.2021; Lopez de Dicastikad
particles <100 nm by numbgr al.2020), which further limits the suitability o
the bacterial reverse mutation test for the
Based on similarities in both elemental assessment of these materials.
composition, median particle diameter, mass
specific surface area, and percentage of Particle uptake not evaluated and no
particles <100 nm by number, Unitan8®20 | information on cytotoxicity reported
can be considered highly comparable to the
current form of TiQadded to food
No information on sample preparation
L5178Y mouse lymphomats; TiQ (Unitane® @20) Negative, but particle uptake not evaluated
and no information on cytotoxicity reported.
Exposed to concentrations ®fG up to 1.6 pg/plate Test article sourced from NTP repository of &
for an unknown duration without S9; chemicals tested in carcinogenicity bioassay
(Radian Corporation) and therefore, it is likel
No information about positive and negative controls | that it was the same material used in the NC
provided; two-yearTiG cancer bioassaypitane® 0
220;anatase113-135 nmand 109124 nm by
Mammalian cell gene mutation assay SEM and TEM, respectively; up to 44% of
particles <100 nm by numbgr
Based on similarities in both elemental
composition, median particle diameter, mass
specific surface area, and percentage of
particles <100 nm by number, Unitan6®20
can be considered highly comparable to the
current form of TiQadded to food
No information on sample preparation
Micronucleus and chromosomal aberrati@ssays
BioReliance | Human peripheral blood lymphocytes (HRBibtained | E17tE(anataseDso: 99.9 +2.0 nm50-51%< | Negative for the induction of micronuclei at
2021c from a healthy, nonsmoking female 100 nm) concentrations up to 30 pg/ml at 4 hours {+/

S9) and 24 hoursg9) However, cellular
uptake ofthe test articlewas not confirmed
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Cellling Exposure Concentraticsand Duration,

Test Article (source) and Sample

Study Assay Preparation Result/Remarks
Exposed to E171 at concentrations@®8, 1,10, or30 The test article was reported to form workabl andtherefore,the negative results could also|
pg/ml for 4 hours withor without Aroclor 1254 suspensions in watesia vortexmixingat berelated to the lack oéxposure
induced rat liveiS9 and 24 hours withouAroclor concentrations of approximately 5 to 50
1254induced rat liveiS9; mg/ml. No evidence of cytotoxicity at any treatment
concentrationsfor any exposure conditian
HPBE weretreated for 4 hours (+/S9) and 24 hours (
S9);
Water was used as the vehicle contrblitomycin C
and vinblastine were used &ke positive contrad
without S9 and cyclophosphamide wased as the
positive control with S9
Conducted in accordance with OECD guideline 487
Mammalian celmicronucleusassay
Franzt al. HT29MTXE12 cells; Foodgrade TO, (E171) 170nm; anatase Negative for micronuclei and hypodiploid
(2020) (Hombitan AFDC, Venator nuclei, but the presence afgglomerates
Exposed to E171 at concentrations@b, 5 or 50 pg/ml interfered with the detection of micronucleiin
for 48 hours without S9; Stable suspensions generatedigth the flow cytometrybased scoring methodsed
sonicating test article in double distilled wate| in this study
Negative controls were untreated cellstoposide for 10 minutes. Theuspensions were
(0.251 uM, 48 hours) and vinblastine (21® nM, 48 intentionally prepared to generate bigger Agglomeration status of the particlesin the
hours) were used as the clastogenic and aneugenic| agglomerates that more closely ranbled the | exposure media was not confirmed and
positive controls, respectively; particle size distribution of E171 in the food | cellular uptake of prticleswas not evaluated;
matrix.
Mammalian celmicronucleusassay No evidence of cytotoxicity after 24 and 48
hours.
Ivettet al. Chinese hamster ovary (CHO) cells; TiQ (Unitane® @220) Negative (+ S9), but particle uptake not
(1989) evaluated and no information on cytotoxicity

Exposed tdiQ at concentrations olL5, 20 or 25 pg/ml
for 2 hours with S9 and 8 hours without S9;

S9 was prepared from the livers of male Fischer 344
rats with Aroclor 1254 préreatment;

Solvent wasised & negative control, mitomycin C wa
used as positive contravithout S9, and
cyclophosphamide was used as positive control with
S9;

Test article sourced from NTP repository of g
chemicals tested in carcinogenicity bioassay
(Radian Corporation) and therefore, it is likel
that it was the same material used in the NC
two-yearTiG cancer bioassaypitane® 0
220;anatase113-135 nmand 109124 nm by
SEM and TEM, respectively; up to 44% of
particles <100 nm by numbgr

Based on similarities in both elemental

composition, median particle diameter, mass

reported;

Highest dose limited by solulif positive
result observed at 20 pg/ml in first trial (+S9)
but response was not reportedin subsequerj
trial and chemical judgeto be negative.
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Cellling Exposure Concentraticsand Duration,

Test Article (source) and Sample

Study Assay Preparation Result/Remarks
Chromosomal aberration assay specific surface area, and percentage of
particles <100 nm by number, Unitan6®20
can be considered highly comparable to the
current form of TiQadded to food
No information on sample preparation
Proquinet al. [ Human colonic epithelidHCT116 cells; Foodgrade TiQ (E171)39% < 100 nm; Positive concentratiodlependent increase in
(2017) anatase (Sensient Technologies Company).| the incidence of micronucleated binucleated
Exposed toE171 at concentrations &f 10, 50por 100 cells per 1000 binucleated cellsat 5, 10, and
pg/cm? (equivalent to 50, 100, 500, 1000 pg/rfdy 24 | Stable suspensions generatedtmsth pg/cm?. The ells exposed to the highest
hours without S9; sonicating test article iBO minutes(no other | concentration (100 pg/c) could not be
details provided) assessed due to the presence of agglomera
Negative controls were untreated cells particles, whichinterfered with the
identification of micronuclei.
Mammalian celmicronucleusassay
No evidence of cytotoxicity was reported
under test conditions;
The aut? NB | £ 82 NB L2 NI S
interacE with the centromere region of
1AYySGi20K2NB L2t Sa Rd;
based on the published photomicrographs, i
difficult to determine whether the particles
were located inside the cells or on the swréa
of the cells.
No positive contral
Tennantet al. | Chinese hamster ovary (CHO) cells; TiQ (Unitane® @220) Negative, but particle uptake not evaluated
(1987) and no information on cytotoxicity reported.

Exposed to concentrations ®fQ up to 25 pg/ml for
unknown duration without S9;

No information about positive and negative controls
provided;

Chromosomal aberration assay

Test article sourced from NTP repository of &
chemicals tested in carcinogenicity bioassay
(Radian Corporation) and therefore, it is likel
that it was the same material used in the NC
two-yearTiG cancer bioassayJnitane® 0
220;anatase113-135 nm and 109424 nm by
SEM and TEM, respectively; up to 44% of
particles <100 nm by numbgr

Based on similarities in both elemental
composition, median particle diameter, mass

specific surface area, and percentage of
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Cellling Exposure Concentraticsand Duration,

Test Article (source) and Sample

Study Assay Preparation Result/Remarks
particles <100 nm by number, Unitane@20
can be considered highly comparable to the
current form of TiQadded to food
No information on sample preparation
Comet assays
Brownet al. Caco? cells (undifferentiated); Foodgrade TiQ (E171) Three size groups of | Negative for DNA strand breaksd increase ir
(2019) particles: 1356, 30561, 90247 nm; 99.8% | Fpgsensitive sites

Exposed to concentrations 8f9, 7.8 or 15.6 pg/ch
equivalentto 12.5, 25, and 50 ug/rfar 4 hours;

Untreated cells were used a negative controiland
KBrQ used as positive controls;

Mammalian alkaline comet assay Fpg

anatase and 0.2% rutile (Bolsjehuget
supplier of candy ingredients).

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

No evidence of cytotoxicity;

Visual scoring method used to assess the nu
for DNA damage (unclear if conducted in a
blinded manner);

Cellular uptake of particles not confirmed.

Human HepG2 liver cells;

Exposed to concentrations 8f9, 7.8 or 15.6 pg/ci
equivalentto 12.5, 25, and 50 pg/rfor 4 hours;

Untreated cells were used a negative controiChland
KBrQ used as positive controls;

Mammalian alkaline comet assay Fpg

Foodgrade TiQ (E171) Three size groups of
particles: 1356, 30561, 90247 nm; 99.8%
anatase and 0.2% rutile (Bolsjehuget
supplier of candy ingredients).

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

Negative for DNA strand breaksd increase irf
Fpgsensitive sites

Evidence of cytotoxicity reported at the
highest dose tested 6.6 pg/cnd);

Visual scoring method used to assess the nu
for DNA damage (unclear if conducted in a
blinded manner);

Cellular uptake of particles not confirmed.

Mouse embryonic cells;

Exposed to concentrations 6f98, 1.953.9, 7.8 or
15.6 pglcn?, equivalent to3.13, 6.2512.5, 25, and 50
pg/ml for 4 hours;

Untreated cells were used a negative controibland
KBrQ used as positive controls;

Mammalian alkaline comet assay Fpg

Foodgrade TiQ (E171) Three size groups of
particles: 1356, 305961, 903247 nm; 99.8%
anatase and 0.2% rutile (Bolsjehuget
supplier of candy ingredients).

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

Positive for increase in DNA strand breaks a
the highest dose tested 6.6 pg/cn?), but not
Fpgsensitive sites;

No information on cytotoxicity reported;

Cellular uptake of particles not confirmed.

Mouse embryonic cells;

Exposed to concentrations 6f98, 1.953.9, 7.8 or
15.6 ug/cn?, equivalent to3.13, 6.2512.5, 25,and 50
pg/ml for 24 hours;

Foodgrade TiQ (E171) Three size groups of
particles: 1356, 30561, 90@247 nm; 99.8%
anatase and 0.2% rutile (Bolsjehuget
supplier of candy ingredients).

Negative for changes DNA damage, oxidise
stress, p53anediated cellular stress, or
unfolded protein response;
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Cellling Exposure Concentraticsand Duration,

Test Article (source) and Sample

Study Assay Preparation Result/Remarks
Untreated cells were used a negative control; cisplaj Stable suspensions generated by sonicating| Excessive levels of cytotoxicity observed
(DNA damage), diethyl maleate (oxidative stress), | testarticle for 10 minutes without pause (no | (approximately 25 to 75% of contrat)aking
tunicamycin (unfolded protein responsendoplasmic | other details available). the results difficult to intepret;
reticulum stress), and KBg@Qsed as positive controls;
Cellular uptake of particles not confirmed.

ToxTracker reporter cell assay

Dorieret al. Mono-culture of Cace? cells (undifferentiated) and eq Foodgrade TiQ (E171) mean 11853 nm, Negative for DNA strand breaks and increas

(2017) culture of Cace cells (undifferentiated) and HT29 range 20340 nm, 44.7% <100 nm; anatase | Fpgsensitive sitesin acute exposure

MTX mucus secreting cells;

Acute: exposed to E171 at concentrations ofdt®0
pa/ml for 6, 24 or 48 hours;

Chronic: exposed to E171 at concentrations 0680
pg/ml twice a week for three weeks;

Untreated cells were used a negative control; 50 nM
H.Oz used as positive control;

Mammalian alkaline comet assay Fpg

with <1% rutile(French commercial supplier g
food colouring).

Stable suspensions generatading an indirect]
cup typesonicabr;test articlesonicatedn
water for30 minutes.

experiment and for DNA strand breaks in
chronic exposure experiment in both the
mono- and cocultures,

Positive, slight increase in Fpgnsitive sites al
both doses irthe mono-culture, but only the
50 pg/ml in the ceculture in chronic exposurg
experiment;

DNA damage was reported as fatdange
from negative controlr{o absolute values for
the treatment groups or negative or positive
controls were presented)

Exposurdd2 Yy OSY (NI G A2y a da
estimated human daily exposure to Tifdy]
approximately 10,00 2 f R£¢ =

Authors reported that E171 accumulatedin tf
cells butmethod used (ICIS of lysed cells)
could not distinguish between Ti accumulatid
in cellsand Ti bound to the cell membrane an
the TEM imageweretwo dimensional making
it difficult to determine if the particlesvere
insidethe cellor on the cell surface.

No evidence of cytotoxicity in acute or chron
conditions;

Undifferentiated Cac< cells do not resemble
mature enterocytelike cells and are less
representative ofn vivoconditions;
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Cellling Exposure Concentraticsand Duration,

Test Article (source) and Sample

Study Assay Preparation Result/Remarks
The authors repoedthat E171 accumulated
in the cells; however, itis not possible to
surmise from the two dimensional TEM imag
if the particles werenside of the cells or on
the surface ofthe cells;
Method did not indicate if controlled for
ambient light during slide preparation, lysis g
electrophoresis.
Dorieret al. Coculture of Cace cells (undifferentiated) and HT29 Foodgrade TiQ (E171) mean 11853 nm, Negative (+ S9) for DNA double strand brea
(2019) MTX mucusecreting cells; range 20340 nm, 44.7% <100 nm; anatase | (as measured by 53BP1 immunostaining an
with <1% rutile(French commercial supplier ¢ oxo-dGuo levels in cells); no evidence that D
Exposed to E171 at a concentration of 50 pg/ml for 2| food colouring). repair mechanisms were impacted;
hours;
Stable suspensions generatading an indirect] No evidence of cytotoxicity after 6 or 48 hou
Untreated cells were used a negative control; 30 pg/| cup typesonicabr;test articlesonicatedn
MMS as positive control for alkaline comet assay an| water for30 minutes. Cellular uptake of particles not confirmed; or
A549 cells exposed to 1 pM riboflavin and then single concentrations evaluated;
irradiated with UVAas positive control for Fpgomet
assay; Method did not indicate if controlled for
ambient light during slide preparation, lysis d
Mammalian alkaline comet assay Fpg electrophoresis
Undifferentiated Cace cells do not resemble
mature enterocytelike cells and are less
representative ofn vivoconditions.
Franzt al. HT29MTXE12 cells; Foodgrade TiQ (E171) 170nm; anatase Negative for DNA strahbreaks;
(2020) (Hombitan AFDC, Venafor
Exposure to E171 at concentration§0.5, 5 050 No evidence of cytotoxicity;
pg/ml 48 hours; Stable suspensions generatedlmth
sonicating test article in double distilled wate| Preparation of the slides, lysis and
Untreated cells weresed a negative control; MMS (2] for 10 minutes. Theuspensions were electrophoresis was conducted under
mM) and EMS (1 nM) used as positive controls; intentionally prepared to generate bigger dim/yellow light o prevent additional DNA
agglomerates that more closely resembled thh damage;
Mammalian alkaline comet assay particle size distribution of E171 in the food
matrix. Agglomeration status of the particlesin the
exposure media was not confirmed and
cellularuptake of particles was not evaluated
Geaetal. Human BEAZB bronchial epithelial cells; Foodgrade TiQ(E171)150 nm anatase Positive dosedependent increase in DNA
(2019) (Faravelli Group strand breaksFpgsensitive sitesand

oxidative damagetarting at 50 pg/ml in light
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Study

Cellling Exposure Concentraticsand Duration,
Assay

Test Article (source) and Sample
Preparation

Result/Remarks

Exposure to E171 at concentration§20, 50, 80, 120
or 160 ug/ml équivalentto 5.2, 13.0, 20.7, 31.241.6
pg/cm?) for 24 hours with light or in darless;

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

Mammalian alkaline comet assay Fpg

Stable suspensions generatediigth
sonicating test article in0OOminutes(no other
details provided)

dosedependent increase in DNA strand bred
andFpgsensitive sitestarting at 80 pg/min
darkness; oxidative damage only at highest
dose tested (160 pg/ml) in darkness;

The presence of DMSO may have affected tf
oxidative response and the 24 hour duration
may have allowed for DNA repair to occur;

No evidence of cytotoxicity after 24 houas
concentrations up to 80 pg/ml, budid nottest
the two highest concentrations used (i.e., 12
and 160 pg/ml);

Presence of particles observed in lung cells;
Relevance of E171 exposure to lung ciells
vitro to human dietaryexposure to fooegrade

TiQ is uncertain;

No positive control.

Proquinet al.
(2017)

Undifferentiated human Cac® intestinal epithelial
cells;

Exposed to E171 at a concentration of 0.143 ug/cm
(equivalentto 1 pg/ml) for 24 hours with or with €o
exposure to 20 pg/ml AOM,;

Negative controls were untreated cellsbO, and AOM
were used as positive controls;

Mammalian alkaline comet assay

Foodgrade TiQ (E171)39% < 100 nm;
anatase (Sensient Technologies Company).

Stable suspensions generatedigth
sonicating test article iB0 minute(no other
details provided)

Positive, with similar levels of DNA damage i
E171 and E171+AOM conditions;

No evidence of cytotoxicity at concentration
E171 and AOM tested;

Preparation of the slides, lysasd
electrophoresis was conducted under
dim/yellow light o prevent additional DNA
damage;

Only a single concentration tested and the
cellular uptake of particlesatthe E171
concentration tested was not confirmed.

Undifferentiated Cac< cells do not reemble
mature enterocytelike cells and are less
representative ofn vivoconditions.
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Cellling Exposure Concentraticsand Duration,

Test Article (source) and Sample

Study Assay Preparation Result/Remarks
Other genotoxicity assays
Ivettet al. Chinese hamster ovary (CHO) cells; TiQ (Unitane® @220) Negative (+ S9), but then vitrosister
(1989) chromatid exchange assay in mammalian ce
Exposed tdiQ at concentrations 0.5, 8.5 or 25 Test article sourced from NTP repositoryofal 6 a RSt SUSR o0& UKSlak
pa/ml for 2 hours with S9 and 25 hours without S9; | chemicals tested in carcinogenicity bioassay| of understanding ofthe mechanism(s) of
(Radian Corporation) and therefore, itislikell  OG A2y 2F GKS SF¥FFSOi
S9 was prepared from the livers of male Fischer 344 that it was the same material used in the NC| (OECD 2017)
rats with Aroclor 1254 préreatment; two-yearTiQ cancer bioassayfitane® 0
220;anatase113-135 nmand 109124 nm by | Highest dose limited by solubility; particle
Solvent wasised & negative control, mitomycin C wa] SEM and TEM, respectively; up to 44% of uptake not evaluated and no information on
used as positive control without S9, and particles <100 nm by numbgr cytotoxicity was reported.
cyclophosphamide was used as positive control with
S9; Based on similarities in both elemental
composition, median particle diameter, mass
Sister chromatid exchange assay specific surface area, and percentage of
particles <100 nm by number, Unitan8®20
can be considered highly comparable to the
current form of TiQadded to food
No information on sample preparation
Tennantet al. | Chinese hamster ovary (CHO) cells; TiQ (Unitane® @220) Negative but thein vitrosister chromatid
(1987) exchange assay in mammalian cells was

Exposed to concentrations ®fQ up to 25 pg/ml for
unknown duration without S9;

No information about positive and negative controls
provided;

Sister chromatid exchange assay

Test article sourced from NTP repository of &
chemicals tested in carcinogenicity bioassay
(Radian Corporation) and therefore, it is likel
that it was the same material used in the NC
two-yearTiG cancer bioassaypitane® 0
220;anatase113-135 nmand 109124 nm by
SEM and TEM, respectively; up to 44% of
particles <100 nm by numbr

Based on similarities in both elemental
composition, median particle diameter, mass
specific surface area, and percentage of
particles <100 nm by number, Unitan6®&20
can be considered highly comparable to the
current form of TiQadded to food

No information on sample preparation

RSt SGSR o0& G(KS ho9o/5
understanding of the mechanism(s) of action
2F GKS STTSO0 RSGSO
2017)

Particle uptake not evaluated and no
information on cytotoxicity was reported.
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Table8. Summarytable of test results ofin vivogenotoxicitystudieswith food-grade TiQand test articles highly comparable to fegdade TiQ.

Study

Speciesstrain,Doses andosingRegimen,

Assay

Test Article (sourcegnd Sample

Preparation

ResulfRemarks

Mutagenicity assays

None identified

Micronucleus

anathromosomal aberration assays

Shelbyet al. 9 to 14weekold male B6C3F1 mice£5 per TiQ (Unitane® @220) Negative in both experiments (bone marrow
(1993) group); erythrocytes and peripheral blood
Test article sourced from NTP repository of all| reticulocytes)
Treated byintraperitoneal injectiondaily for 3 days | chemicals testd in carcinogenicity bioassays
with vehicle control (corn oil) or doses of 250, 500, (Radian Corporation) and therefore, itislikely | Experiment 1:
1000 mg/kg bw/d Ti@in corn oil in the first that it was the same material used in the NCI | A statistical significant positive trend observg
experiment and vehicle control (corn oil) or doses { two-year TiQ cancer bioassayitane® 220; for bone marrow erythrocytes, with a
500, 1000, or 1500 mg/kg bw/d Ti@ corn oilin the | anatase;113-135 nm and 109424 nm by SEM statistically significant increase in
second experiment. and TEM, respectively; up to 44% of pakéis < | micronucleated cells per 1000 PCEs at the
100 nm by numbex highest dose tested compared to controls, b
Positive control: dimethylbenzanthracene (12.5 no clear dosaesponse and elevated test
mg/kg in corn oil, presumably by intraperitoneal Based on similarities in both elemental results were within the range of control data
injection). composition, median particle diameter, mass | for the same sex and strain reported by the
specific surface area, and percentage of partiq same authors. No evidence of micronuclei
Mice euthanized 24 hours after last treatmentand| < 100 nm by number, Unitane®Q0 can be formation in peripheral blood erythrocytes.
bone marrow (femur) and peripheral blood samplel considered highly comparable to the current
were collected. form of TiQ added to food Experiment 2:
A statistically significant increase in
Mammalian erythrocyte micronucleus assay Doses wer@repared using corn oil as the test | micronucleated cells per 1@PCEs observed
vehicle and then suspended in solution with a | at the intermediate dose comparedto contro
TekMar Tissumizer® homogenizer. but not at the lowest or highest doses tested
Elevated test results were within the range o
control data for the same sex and strain
reported by the same authors.
Unclear what impact the sani@preparation
method had on agglomeration status of 3O
particles.
Shelby and 9 to 14weekold male B6C3F1 mice£ 8 per TiQ (Unitane® @220) Negative at both time points (bamarrow
Witt (1995) group); cells)
Test article sourced from NTP repository of all
Singleintraperitoneal injectionof vehicle control chemicals tested in carcinogenicity bioassays
(corn oil) or doses of 625, 1250, or 2500 mg/kg bw| (Radian Corporation) and therefore, it is likely
TiQ in corn oil. that it was the same mateai used in the NCI
two-yearTiG cancer bioassaypitane® 0220,
Positive control: presumably anatase113135 nmand 10924 nm by SEM
dimethylbenzanthracene (12.5 mg/kg in corn oil,
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Study Spemestram,Dos:s anddosingRegimen Test Article (sourc_eand Sample ResuliRemarks
ssay Preparation
presumably by intraperitoneal injection), but data | and TEM, respectively; up to 44% of particles
not presented. 100 nm by numbex
Mice euthanized 17 and 36 hours after last treatmd Based on similarities in both elemental
and bone marrow (femur) samples wecellected. composition, median particle diametemass
specific surface area, and percentage of partig
Mammalian bone marrow chromosomal aberratiorl < 100 nm by number, Unitane®@0 can be
assay considered highly comparable to the current
form of TiQ added to food
No information on sample preparation was
available
Comet assays
Bettinietal. | Adult male Wistar rats (10 per group); Foodgrade TiQ(E171) mean 11853 nm,rangel b S3A (A S o6t S&@SNQRa L
(2017) 20-340 nm, 44.7% <100 nm; anatase (French
Treated bygavagedaily for 7 days with either vehicl| commercial supplier of food colouring). amMT M LI NI AOEft Sa 6SNB
control (water) or 10 mg/kg bw/d of E171 disperse cells of treated rats confirming exposure.
in water. Stable dispersions generated usihg
NANOGENOTOX dispersion protocol (particle] Method did not indicate i€ontrolled for
Rats were euthanized (}injing nogported)and | ultrasonicated forl6 minutes a0kHzin 0.05% | ambient light during slide preparation, lysis g
t SESNRAa LI 06OK OSffa ¢SNwhvBSA). electrophoresis.
Mammalian alkaline comet assay Fpg No positive control and only a single dose
group tested.
Jenseretal. | 8-13 week old female lean Zucker (Crl:AL&pia) Foodgrade TiQ (E171) Three size groups of Equivocalliver andlung cells)
(2019) rats (10 per group); particles: 1356, 30561, 906247 nm; 99.8%
anatase and 0.2% rutile (Bolsjehuget supplier | No evidence oDNA strand breaks and Ry
Treated bygavageoncea week for 10 weeks with of candyingredients). hOGG1isensitiwe sitesin liver and lung cells
vehicle control (sterile water with 2% FBS) or dose andE171 treatment did not affect repair of
50, or 500mg/kg bw/d E171 dispersed fittered Stable dispersions generated using the ENPR4 KBrQ-inducedoxidative damage in lung tissul
sterile water with 2% FBS. dispersion protocol (particles ultsanicatedat However, limitations described below raise
20 kHZor 16 minutes in filtered sterile water some questions a® the reliability of thestudy
Rats were euthanized 24 hours after the last with 2%FB$. findings andnake the negative results difficu
treatment and liver and lung tissue were collected. to interpret.
Doses were prepared daily and administered
Positive control: KBr§¥5 mM) exposed THR cells. | immediately to rats. Systemic exposure to the test article in the
liver and lung was not confirmed and DNA
Mammalian alkaline comet assay Fpg or hOGG1 damage was not evaluated in an appropriatd
targettissue (i.e., GIT);
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Study

Speciesstrain,Doses andosingRegimen,
Assay

Test Article (sourceand Sample
Preparation

ResulfRemarks

Only two dose groups were evaluatgan outof
date dosing regime was usgd visual scoring
methodwas usedo determine the level of DN
damage

The analysis of DNA damage occurred 24 h
after last exposure instead of@ hours after
last dose, which my have allowed DNA rep4g
to occur;

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

Table9. Summarytableof test results ofn vivogenotoxicitystudieswith TiQ particles with a mean diameter of > 100 nm. The test articles used

in these studies were insufficientgharacterized to allow for comparison with tf@d-gradeTiG.

Study

Speciesstrain, Doses anddosingRegimen,

Assay

Test Article (sourceand Sample

Preparation

ResulfRemarks

Mutagenicity assays

None identified

Micronucleus

and chromosomal aberration assays

Donneret al.
(2016)

7 to 8weekold male and female Crl:CD(SDYdistar
Crl:WI(Hanjats (5 per sex per group; 7 per sex at
highest dosdevel);

Singlegavageadministration of vehicle control
(sterile water) or doses of 500, 1000, or 2000 mg/K
bw TiQ dispersed in sterile water.

Positive control: 10 mg/kg bw cyclophosphamide
(intraperitoneal injection).

Peripheral blood samples collect 48 and 72 hours
after last treatment.

Conducted in accordance with OECD guideline 47

Mammalian erythrocyte micronucleus assay

Three test articles:

1. TiG (pigment grade pgl); median particle
diameter of 120hm;27% of particles <100 nm;
anatase massspecific surface area of 8.1%y;
isoelectric point around pH 4; whole particle af
surface elemental composition including K, P,
and Nb(source unknown)

2) TiQ (pigment grade pg2); median particle
diameter of 165nm; 11% of particles <100 nm;
rutile; massspecific surface area 7.1%y;
isoelectric point around pH 6; whole particle af
surface elemental composition including Al
(source unknown)

3) TIQ (pigment grade pg3); median particle
diameter of 132hm;26% of particles <100 nm;
rutile; massspecific surface area of 17.12fy;

isoelectric point around pH 4; whole particle ar

Equivocal at both time points for all three teg
articles (peripheral blood reticulocytes).

However, Ti concentrations measured in the
blood and liver were consistently low{(.14
Ho/g bood and>Xq.316 pg/g liver), indicating
low oral bioavailability of the pd material
regardless of dose administered. There was
also no evidence of a dogesponse, with
similar Ti concentrations measured across t
pgl dose groups and negative controls.
Therefore, the lack of genotoxic effects
observed for the three pigmergrades of Ti@
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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Study

Speciesstrain,Doses andosingRegimen,
Assay

Test Article (sourceand Sample
Preparation

ResulfRemarks

surface elemental composition including Al, Si
and Nb; particles reportedto be coated, but ng
other details providedsource unknown)

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

The physicochemical properties of anatase
1material were consistent with food grade
TiQ, however, not enough data was availabl
on the current rutile forms of Tigadded to
food to determine ifthe pg and pg3
materials were comparable to foegrade TiQ.

Sychevaet al.
(2011)

Male CBAxB6 mec(6 per group);

Treated bygavagedaily for 7 days with vehicle
control (distilled water) or doses of 40, 200 or 100
mg/kg bw/d TiQ dispersed in distilled water.

Mice were euthanized 24 hours after the last
treatment and bone marrow (femuyjorestomach,
colon, and testisamples were collected.

Mammalian erythrocyte micronucleus assay

Ti® (cosmetic grade)mean 160Gt 59.4nm;
anataseiharketed as a cosmetic ingredientin
Russia).

TiQ particles dispersed in distilled water (no
other detaik provided).

Equivocal (bone marrow erythrocytes)
Negative (forestomach and colon epitheliaa
testis spermatids)

A statistically significant increase in
micronuclei formation in bone marrow PCEs
the highest dose tested; howevehis increase
was dso smallin magnitude and of uncertain
biological significanc&he analysis of
micronuclei incidence in bone mamrow PCEs
deviated from OECD test guidelines (474;
1997), with 1000 PCEs scored instead of the
recommended 2000 or more PCEs. There w
also noevidence of cytotoxicity observed in
bone marrow PCEs amsgstemic exposure to
the bone marrow was not confirmed

No evidence of micronuclei, nuclear
protrusions, or typical nucleiin epithelial cell
of the forestomach or colon or induced
micronuclei inspermatids, but there was
evidence of cytotoxicity.

No positive control.

In addition, the relevance of this study for th¢
assessment of Ti@As a food additive was
questionable since testarticle administered
was not sufficiently characterized to alldar
comparison with the form of Tiadded to
food.

Comet assa

S

Murugadoss

et al.(2020)

8-weekold female C57BL/6JRj miceSder group);

TiG JRC NM10200@nean 117 nm; anatase

(JRC nanomaterial); median equivalent circle

Equivocal (blood cells)
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Speciesstrain,Doses andosingRegimen,
Assay

Test Article (sourceand Sample
Preparation

ResulfRemarks

Singlegavageadministration of vehicle control
(suspension medium) or doses of 10, 50 or p§0
TiQ per mouse (equivalent to ~0.6, 2.9 or 14.7 mg
bw).

Mice were euthanized 3 days pedbsing and blood
sampleswere collected.

Positive controlHydrogen peroxidé m n 1 >5a
minutes) exposed od cells from untreated mice.

Mammalian alkalineomet assay

diameter of small and large agglomerates wer
122 and 352 nm, respectively.

Stable dispersions generated by ultrasonicatin
the test article in suspension media designed
produce small or large agglomerates using a
probe sonicator (7056J) by using different pH
conditions (pH 7.5 and pH 2, respectively).

Particle suspensionsave immediately stabilizeq
with 0.25% BSA and the suspension disperseq
pH 2 was readjusted to pH7.5.

The median equivalent circle diameter was 12
nm for small agglomerates and 352 nm for larg
agglomerates.

A significant peitive resultwasobserved
starting at the lowestdose tested for large
agglomerates, and atthe intermediate dose
with small agglomerates, but no evidence of
doseresponse Smilar levels of DNA damage
observed at all doses for both sizes of
agglomeratesandtherefore, the biological
significance of the doseesponse relationship
was considered uncertain.

In addition, theTiQ particles would have had
to be taken up by the cell nucleusto interact|
with the DNA to produce positive results and
there is no @idence this occurs for particles g
this size There wasalsono reported change in
blood Ti levels in response to itteatment
suggesting low bioavailability.

Only a single sampling time 72 hours post
dosing was evaluated and positive control d
wasnot reported

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

Thestudy was designed to evaluate the
properties/behaviour of nanomaterials under
specific experimental conditions to generate
smal and large agglomerates of which the
relevance to human exposure to foapade
TiG through the diet is uncertain.

In addition, the relevance of this study for th¢
assessment of Ti@As a food additive was
questionable since testarticle administered
wasnot sufficiently characterized to allow for
comparison with the form of Tiadded to
food.
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Speciesstrain,Doses andosingRegimen,

Test Article (sourceand Sample

Study Assay Preparation ResulfRemarks
Sychevat al. | Male CBAxB6 mice (5 per group); Ti® (cosmetic grade)mean 160G 59.4nm; Equivocal (bone marrow cells)
(2011) anatase (narketed as a cosmetic ingredientin | Negative (brain and liver cells)

Treated bygavagedaily for 7 days with vehicle
control (distilled water) or doses of 45 200mg/kg
bw/d TiQ dispersed in distilled water.

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

Mammalian alkaline comet assay

Russia).

TiQ particles dispersed in distilled water (no
other details provided).

For bone marrow cells, a statistically signific{
increase in %ail DNA was observed at both
doses tested, but thisincrease was of
uncertain biological significance since it was
small in magnitude and there was no eviden
of a dose response.

In addition, the Ti@particles would have had
to be taken up by the céhucleus to interact
with the DNA to produce positive results and
there is no evidence this occurs for particles
this size.

No information on organ toxicity was providg
andsystemic exposure to the test article in th
bone marrow, liver, and braiwas 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 analy
of DNA damage occurred 24 hours after the
last exposure (which ay have allowed DNA
repair to occur) and there wasorpositive
control.

In addition, the relevance of this study for thg
assessment of Ti@As a food additive was
guestionable since testarticle administered
was not sufficiently characterized to allow fo
comparison with the form of TiCadded to
food.
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