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Abstract

An exponential increase in products contain-
ing titanium dioxide nanomaterials (TiO,), in
agriculture, food and feed industry, lead to
increased oral exposure to these nanomaterials
(NMs). Thus, the gastrointestinal tract (GIT)
emerges as a possible route of exposure that
may drive systemic exposure, if the intestinal
barrier is surpassed. NMs have been suggested
to produce adverse outcomes, such as geno-
toxic effects, that are associated with increased
risk of cancer, leading to a concern for public
health. However, to date, the differences in the
physicochemical characteristics of the NMs
studied and other variables in the test systems
have generated contradictory results in the lit-
erature. Processes like human digestion may
change the NMs characteristics, inducing
unexpected toxic effects in the intestine. Using
TiO, as case-study, this chapter provides a
review of the works addressing the interactions
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of NMs with biological systems in the context
of intestinal tract and digestion processes, at
cellular and molecular level. The knowledge
gaps identified suggest that the incorporation
of a simulated digestion process for in vitro
studies has the potential to improve the model
for elucidating key events elicited by these
NMs, advancing the nanosafety studies
towards the development of an adverse out-
come pathway for intestinal effects.
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Nanomaterials in Food
and Feed

10.1

Nanomaterials (NMs) and nanoparticles (NPs)
show specific physicochemical properties (e.g.,
dimension, surface area area and functionaliza-
tion) that provide advantageous mechanical, opti-
cal and electrical characteristics  [1].
Nanotechnology is one of the recognized key
enabling technologies due to its potential to
improve the quality and performance of many
types of products and processes, thus being
widely applied in several industries, namely in
the food industry, including food processing and
packaging, and animal feed [2, 3] (Fig. 10.1).
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Fig. 10.1 Human and environmental exposure in the manufactured nanomaterials life cycle context

However, the exponential development of NMs
contrasts with lacking conclusive risk assessment
regarding the human health and the environment,
causing concerns for public health [1].

In the food sector, NMs can be used as food
additive to enhance product characteristics (e.g.,
texture, flavour and colour), improve the food
stability during processing and storage or
increasing nutritional value of food products [3,
4]. Several food additives have been recently
identified to be NMs or as having a substantial
fraction of the constituting particles in the nano
range, with TiO, being one of the most applied in
food products [3]. TiO, is used as food additive
to augment the white colour of some products,
such as dairy products, pastries, candies, sweets
and chewing gums. In addition to being used as
pigment, TiO, can also be used to improve the
flavor of non-white foods like vegetables, nuts,
soups, sauces (e.g., mustard) and to clear bever-
ages (beer, cider and wine) [5, 6]. Another
important NM applied in food as an additive is
silicon dioxide (SiO,, E551). This NM is used to
clear beer and wines (prevent the turbidity of
beverages) and as an anticaking and anticlump-
ing agent [7].

Both NMs (TiO, and SiO,), as well as nano-
sized magnesium oxide (MgO, E530) can be
used in edible coatings to provide moisture or
oxygen barrier and/or enhance sensory percep-
tions (e.g., flavor), thereby improving the product
shelf life [4].

Furthermore, some NMs can improve the
nutritional value of food, including animal feed
products, via nanoencapsulation and nanoemul-
sions of supplements. Encapsulation of a com-
pound (e.g., vitamins and flavonoids) in a nano
sized vehicle confers protection against degrada-
tion and improves stability and solubility, thus
leading to an increased bioavailability and a more
efficient delivery to cells and tissues [3, 8]). As a
component of numerous enzymes and hormones,
zinc is essential for vital physiological functions
in humans and, therefore, is common to add zinc
oxide (ZnO) NMs as a source of in food supple-
ments [9]. In the animal feed sector, the size
reduction of selenium to nano range can increase
the nutrient absorption in sheep, improving feed
digestion [10]. Also, it is claimed that the addi-
tion of silver NPs (AgNPs) to drinking water can
replace the use of antibiotics in chickens and
pigs, improve digestion of feed and reduce the
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aflatoxin toxicity, which is very important since
mycotoxins represent a worldwide problem for
farmers [11-13]. In fact, Ag NPs are widely used
for the disinfection of water, as well as TiO, to
decompose organic and inorganic contaminants
in water [14].

NMs may also be applied in food contact
materials (FCM), i.e., materials that directly
contact with food products during manufactur-
ing, transportation and storage [2]. Some exam-
ples are food packaging, cooking materials
equipment, storing boxes, crockery and coatings
of machines and surfaces [3]. Conversely, the
application of NMs in FCM appears to have a
promising future, since their incorporation can
prevent microbial growth, reduce weight,
increase heat resistance, increase mechanical
strength and improve barrier against gases, UV
radiation and moisture of the packaging. All of
these features contribute positively to maintain
the quality and safety of the food, increasing its
shelf life [15].

Due to their antimicrobial properties against a
broad range of microorganisms (e.g., viruses,
bacteria, fungi), AgNPs are the most common
NMs added to food packaging [3, 16]. In Europe
(EU), these particles are not approved for use in
plastic materials, since they can migrate to the
food [17]. Chitosan, zinc oxide (ZnO), magne-
sium oxide (MgO) are candidates also to be used
in FCM to prevent the appearance of pathogens
in food [18, 19], however they are not allowed yet
in EU. The incorporation of NMs, such as nano-
cellulose in FCM might improve the mechanical
and thermal properties of the materials, namely
the ones consisting in biodegradable polymers,
since due to their natural origin these polymers
tend to present poor barriers [20]. A summary of
present, as well as future, applications of nano-
materials in food production, that may cause
either direct or indirect consumer exposure, can
be found in [21].

More recently, the utilization of (nano)biosen-
sors in FCM has become a popular trend that is
commonly known as “active packaging” and/or
“smart packaging” [2]. The incorporation of
nanobiosensors allows the detection of pesti-
cides, pathogens, toxins and the monitoring of

pH, oxygen (O,) and temperature, thereby deliv-
ering information of food quality in real time [2,
22-24]. Recently, Sahoo et al. [22] work reported
that ZnO quantum dots (QDs) could detect sev-
eral pesticides due to their high affinity for the Cl
groups present in the pesticides. At the same
time, ZnO QDs could photocatalyze the pesti-
cides during the interaction [22]. Through color
change, nanobiosensors based on TiO, or nano-
crystalline tin(IV) oxide (SnO,) can indicate O,,
gases and pH changes or even the metabolites
formation upon microbiological growth [3].

Currently, many of these applications in food
and feed are already being commercialized and
other are in development expecting to reach the
market in a near future (summarized in Fig. 10.2).
In this context, the human exposure to NMs may
occur directly via ingestion of products contain-
ing NMs [21]. Conversely, it can occur indirectly,
after the ingestion of foods contaminated with
NMs that had been released from food-contact
materials (FCM), or used as feed additives or
nanopesticides. These different cases are
addressed in the EFSA guideline for nanospecific
risk assessment [25]. Although nanotechnology
offers a broad range of promising and innovative
applications, it also presents new risks. Therefore,
it is becoming increasingly important to assess
the potential risks of NMs in human health.

10.2 Human Exposure to Titanium
Dioxide Nanomaterials (TiO,)
in Food and Food Chain

Since TiO, can improve the color, texture, flavor
and stability of many food products, nutritional
supplements and pharmaceutical formulations, it
is one of the most used NMs in the food sector.
E171, the European designation for food-grade
Ti0O,, is a food additive and colorant approved by
the European Union in 1969 [26, 27], in which,
“approximately, 30% of its particles are less than
100 nm in diameter”’[28]. The size range where
most particle lie is ca. 40-250 nm [29]. The per-
centage by number of constituent particles
smaller than 30 nm has been determined to be
<1% in samples of E171, either pristine or
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Fig. 10.2 Applications
of nanomaterials in the
food and feed sectors,
including food contact
materials (FCM)
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extracted from foods [28]. It might be applied as
a pigment/food colorant to whiten and improve
the opacity of skim milk, ice creams, coffee
creams, sauces, pastries and candies, while also
being capable of enhancing the flavor of pro-
cessed food items and to clear distinct beverages
[5, 6,30, 31]. TiO, can also be utilized as an anti-
caking agent in granular and powdered foods [5,
32]. Sweets and candies (e.g. chewing gum,
chocolate and products with white icing) contain
the largest content of TiO, in their composition
amongst the available food products: 0.01-1 mg
per serving [5]. This led to the estimation of con-
sumption of 0.2-1 mg/kg/day of TiO, by the
average adult [5]. Some of the lesser relevant
examples of its oral intake are mainly associated
with the accidental ingestion of toothpaste and
lipstick [6, 33]. In this sense, others estimate that
most humans follow a West European diet and
used toothpaste, that may imply an oral intake of

Food

Improve food colour, texture and
flavour;

Improve the potency and/or
bioavailability of nutrients;
Improve food shelf life;

Animal feed

Improve the potency and/or
bioavailability of nutrients;
Elimination of pathogens;
Reduce toxins toxicity;

Food contact materials

*  Prevent microbial growth;

* Improve the properties of the FCM;

* Active packaging and/or smart
packaging- O,, pH, temperature;
monitoring and pathogens detection;

* Improve food shelf life;

0.06-5.5 mg TiO,/kg body weight/day [33-35].
In a very recent report, EFSA Panel estimated,
for several population groups (infants, toddlers,
children, adolescents, adults and the elderly), the
chronic dietary exposure to E171. It was con-
cluded that in the scenario assessment of maxi-
mum level exposure, the mean exposure to E171
varied from 0.06 mg/kg bw/day in infants to
12.8 mg/kg bw/day in toddlers [28].

Nanosized TiO, also exhibits increased
UV-blocking properties, in a different form asso-
ciated to a transparent appearance, with particles
entirely <100 nm, and this form is used in UV
filters, which are advantageous for its incorpora-
tion in food packaging and storage [32]. Due to
the emerging number of applications of TiO, in
the food sector, there is a higher potential of oral
intake of food products. In addition, the use of
TiO, in pharmaceutical sector, or cosmetics such
as toothpaste and lipstick, can also result in the
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ingestion of nanosized TiO,, although these are
outside the regulation of the food sector.

As a matter of fact, in a study using human
volunteers with a normal intestinal permeability,
it was shown that a fraction of pharmaceutical or
food-grade TiO, can be directly absorbed into the
bloodstream in its particulate form, after its oral
administration (100 mg, in this case) [36]. The
same authors also suggested that there are, prob-
ably, two distinct particle uptake pathways in the
human gut, one in the proximal small intestine
and another in the distal small intestine [36]. To
quantify the human exposure and uptake of TiO,
and to unravel the responsible mechanisms, fur-
ther quantitative measurements were suggested
to be needed [36]. Also, Bockmann et al. [37]
reported the absorption of capsules or anatase
powder containing TiO, from the gastrointestinal
tract (GIT) into the bloodstream, following oral
administration. More recently, it was reported the
accumulation of both titanium (Ti) and TiO, in
the human liver and spleen analyzed post-
mortem, in which more than 24% of the particles
were at the nanoscale (< 100 nm) [38]. This
means that the daily oral exposure to TiO, parti-
cles found in consumer and food products can
lead to bioaccumulation upon human oral intake
[38].

As a consequence, the oral ingestion/intake of
TiO, might constitute an emerging risk for human
health, which implies a need to perform the safety
assessment of these NMs in order to understand
the biological effects and toxicity regarding their
consumption. Despite TiO, is one of the most
commonly applied NMs in food sector, the
majority of the (nano)toxicological studies focus
on non-oral routes of exposure (i.e. inhalation
and dermal contact). The available data regarding
toxicokinetics upon oral exposure is still very
limited and, therefore, it’s crucial to study the
possible toxic effects of these NMs [30, 31, 39,
40]. A key study demonstrated the absorption and
deposition of E171 in rodents upon repeated oral
exposure, where the accumulation of E171 in the
liver and intestine of mice was observed, at a
dose comparable to human exposure levels [41].
The inflammation in the intestine and stomach of
the exposed mice, as well as increased superox-

ide production upon E171 treatment, highlighted
the need for considering human health risks as a
result of dietary exposure to the food-grade TiO,
[41].

10.3 Safety Assessment
of Ingested TiO, — The View
from a Regulatory
Perspective

TiO, have been classified as possibly carcino-
genic to humans (IARC, group 2B) [42], based
on studies on animals exposed by inhalation, and
also as a potential occupational carcinogen
(NIOSH, 2011). As for cosmetics, the Scientific
Commission for Consumer Health (SCCS) has
declared that its use does not harbour increased
health risks, as long as the TiO, containing prod-
ucts are applied on intact skin [43]. In 2019, the
European Parliament and the Council on cos-
metic products published an amendment to the
Regulation (EC) No 1223/2009 in accordance
with the opinion of the Standing Committee on
Cosmetic Products, warning that it must not to be
used on the lips (Official Journal of the European
Union, 2019).

Up to date, no consensus exist on the use of
TiO, as a food additive. The Food and Drug
Administration (FDA) categorizes TiO, as
“Generally Recognized as Safe” (GRAS) and
allows products not to exceed more than 1% TiO,
in  weight (https://www.accessdata.fda.gov/
scripts/cdrh/cfdocs/cfCFR/CFRSearch.
cfm?r=73.575, accessed 24/09/2020). In spite
the European Union (EU) had approved the use
of food-grade TiO, or E171 as a Group II food
color at quantum satis, that is, it can be applied to
products “at a level not higher than is necessary
to achieve the intended purpose”. (European
Commission, 2008), very recently this risk
assessment has been revisited by EFSA. As of
6th May 2021, EFSA updated its safety assess-
ment concerning E171, concluding that it can no
longer be considered as safe when used as a food
additive [28]. This is line with decisions from
other regulatory bodies such as the French
Agency for Food, Environmental and
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Occupational Health and Safety (ANSES), that
imposed in France the ban of its use in food,
since January 2020 [44], highlighting the need of
further studies to characterize the potential health
effects related to ingestion of E171. The latest
EFSA report, describes the re-assessment of the
toxicological data according to the requirements
specified in the 2018 EFSA Guidance on nano-
technology [28]. The Panel concluded that the
available data did not suggest adverse effects
with either E171 up to a dose of 1000 mg/kg bw
per day or with TiO, (<30 nm) up to 100 mg/kg
bw per day. Furthermore, it was considered that
studies found in the literature on reproductive
and developmental toxicity of E171 or neurotox-
icity were not reliable and that the studies on
immunotoxicity and inflammation were inconsis-
tent. A new reproduction toxicity one-generation
study was performed and did not reveal general
toxicity, nor effect on thyroid or sex hormone lev-
els, reproductive function and fertility nor pre-
and postnatal development. A slight effect was
observed in immunotoxicity, with no dose-
response, while the effect of E171 in producing
aberrant crypt foci described in Bettini et al. [45]
was not replicated in other studies. Noteworthy,
the Panel concluded that “TiO, particles have the
potential to induce DNA strand breaks and chro-
mosomal damage, but not gene mutations, and a
concern for genotoxicity of TiO2 particles cannot
be ruled out” [28]. The up to date evidence, along
with all the uncertainties, further highlight the
need for accurate risk assessment of TiO, that can
be ingested and affect human health.

10.4 Nano-Bio Interactions
of Ingested Nanoparticles

The mechanisms of toxicity of NMs following
oral exposure and ingestion have been poorly
characterized, although changes in the secondary
properties of NMs may occur in view of their
dynamic behavior under physiological condi-
tions, and a global network of cellular and molec-
ular pathways are likely to be impacted upon
such exposure. The reports concerning the toxic-
ity of NMs are often contradictory as a result of

poorly characterized formulations and exposure
conditions. Our previous work has suggested that
the primary physicochemical descriptors of NMs
may not be the most adequate to foresee their
toxicological behavior [46]. In fact, changes in
cellular environment, such as the culture medium,
may affect the outcome of toxicity assays [46,
47]. It was shown in vitro that the same TiO, test
material, prepared with standardized dispersion
protocols, yields different outcomes in blood or
respiratory cells, alongside with the use of dis-
tinct cell culture conditions, that have different
effects in secondary characteristics of the NMs,
leading to discrepant observations [46].

When ingested, the interaction between TiO,
and the organic biomolecules in food and in the
gastrointestinal fluids is unavoidable. Under
these circumstances, the physicochemical prop-
erties of the particles may change, as well as the
experimental outcome [48]. NMs may agglomer-
ate/aggregate, react or bind to other components
of food/feed, solubilize upon reaction with diges-
tion fluids, or can even be excreted from the body
[49]. Due to the plethora of possible transforma-
tions, NMs may not be available in free particu-
late forms, and their translocation across the GIT
may be influenced as well as their cytotoxic and
genotoxic outcomes [50]. For example, very
recently, Zhang et al. [49] reported that the poten-
tial toxicity of TiO, can be reduced by the pres-
ence of a food matrix. Another study investigated
the dissolution behavior of NMs under the influ-
ence of the GIT context, by using simple acidic
and neutral solutions, showing that an important
characteristic that influences TiO, solubility is
the crystal form [51]. In that work, all the TiO,
forms dissolved very slowly at both pHs, but a
greater solubility was observed for nano-anatase
compared to nano-rutile at neutral pH [51].

In vivo studies may provide more realistic
approaches concerning the modifications that
NMs may suffer in the digestion process. In spite
some in vivo studies in rats addressed the biodis-
tribution, elimination and toxicity of ingested
NMs [52-54], the impact on the GIT should be
re-considered in view of the major differences
that exist between humans and rats, regarding the
physiology and nutrient uptake of the GIT [55].
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Considering these limitations, simulated diges-
tion models that are available can provide an
interesting tool for investigating the digestion of
food contaminants [56] and eventually NMs [30],
thus providing an in vitro improved alternative to
animal models. One of such models has under-
gone international harmonization, particularly
the standardized INFOGEST in vitro digestion
method [57, 58]. This method simulates the phys-
iological conditions, including the pH, time dura-
tion, enzymes activity, and composition of
simulated digestive fluids of the upper GIT,
including the several digestion stages: oral, gas-
tric and small intestinal [57]. Briefly, the process
involves three successive digestive phases: oral,
gastric and intestinal. The oral phase includes
exposure of the compound to simulated salivary
fluid and amylase enzyme, followed by the addi-
tion of simulated gastric fluid and gastric enzymes
(pepsin and gastric lipase). In the intestinal phase,
simulated intestinal fluid, bile salts and pancre-
atin enzyme are added and, after incubation, an
enzyme inhibitor, such as 4-(2-aminoethyl) ben-
zenesulfonyl fluoride hydrochloride (Pefabloc) is
used to stop enzymatic reactions). Our previous
results using this model showed that one anatase/
rutile TiO, mixture submitted to simulated in
vitro digestion (NM-105), toxicity occurred after
exposure of HT29-MTX-E12 intestinal cells, and
was more pronounced as compared to undigested
NMs, together with with subtle decreases in the
hydrodynamic size of the NM in cell moiety [59].

Other simulated digestion models have been
described in the literature, but are not usually
applied to NMs. The dissolution, biodurability
and persistence of several NMs in individual
simulated gastrointestinal fluids (saliva, gastric
and intestinal) were recently studied in a physio-
logically relevant digestion cascade (including
saliva -gastric - intestinal), and TiO, was found to
be the most biodurable and persistent NM [55].
The biopersistence and lack of dissolution during
digestion is consistent with the TiO, observed in
the final product of digestion performed using
standardized INFOGEST in vitro digestion
method, detected in nano form and agglomerated
nanoclusters [59]. In other work, a detailed char-
acterization of size, size distribution, morphol-

ogy and the pH and their changes with the
digestive medium showed increasing agglomer-
ate size over time and during the gastrointestinal
tract cascade [55]. Using different TiO,, our
recent work did not show major differences in
agglomerates’ size for two TiO, (NM-102,
NM-103 provided by the Joint Research Centre,
Ispra, Italy) in the end of the standardized
INFOGEST in vitro digestion method, but found
smaller agglomerate’s size for one TiO, (NM-
105) [59]. This finding may favor the view of an
influence of the NM crystal phase and properties
in their biopersistence, previously referred [50].
It is therefore foreseen that the addition to the test
system of a diversity of individual factors/com-
ponents during treatment, the exposure approach,
and the selected cell model may lead to in vivo-
like conditions, better representing intestine for
nanosafety research [60].

Cellular Effects

and Underlying Mechanisms
of Action of TiO,

in the Intestine

10.5

Following ingestion, NMs may move through the
upper GIT, reaching the colon. The potentially
adverse effects of ingested TiO, may therefore
occur within the site of NMs absorption (intes-
tine), as well as in other organs in the body after
absorption like the liver and spleen, the sites of
NM metabolism and detoxification [61]. Upon
reaching the intestinal cells, TiO, can exert a
direct damage on the GIT structures. Recent in
vitro and in vivo studies have shown that TiO, can
damage intestinal microvilli and tight junctions
and interact with the epithelium of the small
intestine, disturbing digestion/absorption of food,
eventually leading to deficiencies of macro- and
microelements in the organism [62—65]. The dis-
ruption of the brush border in human intestinal
Caco-2 cells exposed to food grade TiO, was
already described in vitro [62]. In a model of
Caco-2/HT29-MTX cells, TiO, NMs decreased
the number of microvilli, reducing the surface
area available for absorption of nutrients, Fe and
Zn, capture of fatty acids and inhibitor of apopto-
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sis protein activity [63]. In the same cell model,
in the presence of TiO, there were alterations in
glucose uptake/transport, caused by intestinal
microvilli damage, [65]. As suggested by ICP-MS
data, the TiO, penetrated intestinal mucosa and,
in male rats, one dose increased height and width
of villi, while there was dose-related increase in
density of goblet cells, not seen on female rats
[66]. Brun et al. showed that the agglomerates of
TiO, crossed the regular epithelium of the ileum,
altered its permeability and persisted in gut cells,
where they could induce chronic damage [67]. A
higher accumulation of TiO, was seen in Goblet
cells and M-cells, as compared to enterocytes,
and tight junction remodelling was promoted
through deregulation of genes encoding for pro-
teins involved in epithelial structure maintenance
[67]. In Caco-2 cells, Koeneman et al. showed
that uncoated TiO, can translocate through epi-
thelial lining (at low levels) by transcytosis and
lead to sub-lethal effects as microvilli reorganiza-
tion and changes on the apical surface of the epi-
thelium and calcium level, without disrupting
junctional complexes [64]. Further recent evi-
dence shows that the in vitro exposure of Caco-2
cells to TiO,, disturbed the tight junctions-
permeability barrier with an effect detectable
after 4 h of incubation and extensive effects on
barrier integrity at 24 h, indicating that nano-
sized TiO, particles exert harmful effects on the
intestinal epithelium layer [68]. On the contrary,
an in vitro study using a co-culture of human
enterocytes (Caco-2 cells) and M-cells, provided
evidence for the lack of translocation of TiO,
across the gut epithelium model, and the results
from the same authors after oral administration in
rats did not suggest any significant internal expo-
sure of the consumer to the NP by oral ingestion
of nano- or larger particles of TiO, via food [53].
In spite, the accumulation of both titanium (Ti)
and TiO, in the human liver and in the spleen ana-
lysed post-mortem that was reported recently
suggests that the daily oral exposure to TiO, can
lead to bioaccumulation [38]. In fact, only
recently, studies on uptake and translocation of
ingested TiO, across the GIT are starting to
emerge. Following ingestion, uptake of NPs
across the GIT can occur via different pathways.

In the case of poorly soluble nano TiO,, active
uptake by endocytosis-related pathways at the
mucosal membrane are probably the most
accepted uptake mechanisms [69]. Whether or
not crystal structure and size influences the rate
of uptake of Ti from TiO, by gut cells, was inves-
tigated by Gitrowski et al. [69]. The authors
found that cells accumulate Ti from TiO, expo-
sure possibly explained by an active uptake of
Ti-containing particles in physiologically compe-
tent cells, suggesting the probable relevance of
crystal structure-effect, being the anatase form of
TiO, absorbed faster than the rutile [69]. The
TiO, uptake in GIT, via the Peyers patches, was
also proposed to take place, due to the elevated
presence of TiO, in the lymphoid tissues [67].
Information on cellular uptake of NMs gives a
first indication on its possible mechanisms of
action. For example, the interaction of NM
directly with DNA can only occur if the NM is
taken up by the cell and is able to enter the
nucleus to reach the DNA [70]. Thus far, the
mechanisms of NM tissue and/or cell damage is
unclear, and the molecular changes involved in
these processes are unclear [71], but it has been
considered that ROS formation could contribute
to the induction of cell damage [27]. An elevated
level of reactive oxygen species (ROS) and
expression of inflammatory transcripts with
increasing NMs concentration, as well as the
binding of TiO, to the cellular membrane and its
passage into the cells, has been reported. ROS
formation have been implicated in both indirect
primary genotoxicity and secondary genotoxicity
mechanisms following exposure to NMs [72]. A
comprehensive review of in vitro mammalian
studies of effects of TiO, by lavicoli et al. [73]
revealed that most papers report induction of
ROS by TiO,, followed by different types of cel-
lular effects [73]. In most of the studies, TiO,
induced ROS generation following exposure to
TiO,. In undifferentiated Caco-2 cells, exposure
to different types of TiO, particles (anatase,
50 nm; rutile, 50 nm; anatase, 100 nm; rutile,
250 nm; and P25, 21 nm) at 25 and 50 pg/mL,
significantly increased ROS levels in undifferen-
tiated Caco-2 cells, following 3 h exposure, and
an increase of IL-8 expression at the highest dose
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tested [74]. Exposure to different sizes of 80%
anatase and 20% rutile TiO, TNP 18
(5.84 £ 6.59 nm), TNP 30 (24.59 + 8.60 nm) and
TNP 87 (81.80 = 5.27 nm) for 4 h was also
showed to induced a 10-18 fold increase of ROS
levels at higher doses (60 pg/mL and 100 pg/mL)
compared to control for 48 h post exposure [75].
TiO, A12 (95% anatase, 5% rutile; 12 nm) and
R20 (90% rutile; 10% anatase;22 nm) were seen
to accumulate in undifferentiated Caco-2 cell cul-
tures exposed to 50 pg/mL, with no alterations in
cell viability or DNA damage despite increased
ROS generation, after 6 and 48 h [76]. A high-
level increase of ROS in a dose-dependent man-
ner was also seen after exposure to 1, 2.5, 5, 10,
20 pg/cm? (corresponding to 6.4—128.0 pg/ml) of
TiO, (anatase <25 nm, 99.7% purity, BET sur-
face area 45-55 m?/g), after 6 h, but not after 24 h,
with no induction of cytotoxicity, or IL-8 release
[77]. Later, the same group, found that exposure
to 1 and 2.5 pg/cm? (corresponding to 6.4 and
16.0 pg/ml) of the same NM significantly
increased the basal level of DNA 8-0xodG in
comparison to the control at 6 and 24 h of treat-
ment, which was more evident at 6 h exposure
[78]. Using a different model of non-mucus-
producing phenotype of colorectal adenocarci-
noma (HT-29) cells, an increase in ROS was
observed after short exposures to 4.5, 9 and
36 pg/ml TiO, (anatase, <25 nm, surface area
45-55 m?/g), for 6 and 24 h [66], more evident
after 6 h exposure. In the human colon cancer cell
line (HCT116) and normal colon cell line
(NCM460), TiO, (25 nm, anatase) promoted a
dose-dependent increase of ROS production,
after exposure to 15 pg/mL, 30 and 60 pg/mL for
24 h [71, 79]. The intracellular ROS formation
was markedly elevated by TiO, in a dose-
dependent manner in Caco-2 and HepG2 cells
treated with rutile 30 nm TiO, (100-300 pg/mL)
for 24 h [61]. Also, in HepG2 cells, ROS levels
dramatically increased from 6th to 24th hours
exposed to 10 pg/mL TiO, [80, 81]. Positive find-
ings on ROS generation have also been found in
co-culture of Caco-2 and HT29-MTX cells. Guo
et al. [63] assessed the formation of ROS, follow-
ing 4 h and 5 days exposure to TiO, (30 nm),
showing an increase in ROS production.

Following acute and chronic exposure to three
different types of TiO,, particularly, E171 (> 95%
anatase; 118 = 53 nm), P25 (86% anatase/14%
rutile; 24 + 6 nm) and Al12 (> 95% anatase;
12 = 3 nm) induced ROS formation was observed
after at all three timepoints (6 h, 24 h and 48 h),
following acute exposure to 50 pg /mL P25 and
E171 (the latter also induced ROS at 10 and
100 pg/mL concentrations), while A12 induced
ROS after 6 and 24 h exposure, but not at 48
exposure [82]. Similarly, intracellular ROS levels
were higher in repeatedly-exposed cells (along
21 days), following exposure to P25 (at 50 pg /
mL) and E171 (at 50-100 pg/mL) when com-
pared to untreated cells.. DNA strand breaks,
alkali-labile sites and oxidative purine lesions
were observed only when cells were exposed to
the highest concentration, 50 pg/mL, of E171
using the comet assay and FPG-modified comet
assay [82]. Later, the same group showed an
induction of ROS generation after exposure for
6 h, 24 h or 48 h to 50 pg/mL to A12 (95% ana-
tase, 5% rutile; 12 nm), NM-105 (86% anatase,
24 nm), or E171 (>95% anatase, 118 nm) or to
10, 50 and 100 pg/mL of E171, independently of
exposure time or type of TiO,. Increased ROS
level in cells exposed to E171, was concentration-
dependent, with significantly higher ROS levels
in cells exposed to 50 or 100 pg/mL of E171 [83].
After 24 h of exposure of NPs decrease in intra-
cellular GSH levels of Caco-2 and HepG2 cells
was observed at 100, 150, 200, and 300 pg/mL.
In vivo, after TiO, treatment, the ROS levels of
liver and kidney cells in ICR mice were signifi-
cantly increased, in dose-dependent manners [80,
81]. After intragastric administration of TiO, to
mice during 30 days, an increase in the accumu-
lation of ROS (e.g. OH™) was observed in the
spleen of mice, involving p38-Nrf-2 signalling
pathway, due to lipid peroxidation [84].
Negative results concerning oxidative stress
were also reported in literature. In Caco-2 cells,
TiO, with a diameter ranging from 3.94-25.20 nm
was induced cell mortality, but no oxidative stress
or DNA damage [85]. Gerloff et al. [85] found
that TiO, containing anatase-rutile, in contrast to
the pure anatase, induced cell death or mild DNA
damage, suggesting that both surface area and
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crystallinity are critical determinants of TiO, tox-
icity. Nevertheless, they did not find any signs of
oxidative stress and ROS production, following
exposure to 20 a 80 pg/cm? for 24 h, suggesting
that other mechanisms that require further studies
might have led to the toxic responses reported
[85]. Abbott Chalew and Schwab [86] also did
not report increased ROS generation in undiffer-
entiated Caco-2 and SW480 cells following 4 or
24 h exposure to 0, 0.1, 1, 10, or 100 pg/mL TiO,
Aeroxide P25 NM105 (80% rutile:20% anatase;
21 nm), as measured by DCFH-DA fluorescence
assay [86]. In fact, they found an overall reduc-
tion of ROS, which was more prominent after
24 h exposure. ROS generation was also inhib-
ited in medium comprising 0.05% BSA in two
human colon cancer cells lines (Caco-2 and/or
HCT116), as measured by electron spin reso-
nance (ESR)/paramagnetic resonance spectros-
copy, following 24 exposure to 0.143 and 1.43 pg/
cm? (which equivalents to 1 and 10 pg/mL,
respectively) of E171, and TiO, (10-30 nm), in
Caco-2 cells, which was only increased follow-
ing exposure to micro-sized TiO, particles (aver-
age size 535 nm) [27]. The authors suggested a
scavenging or inhibitory effect by the protein
corona which may prevent ROS formation by
inhibiting the contact between particle surface
and ROS precursors. Also, no intracellular ROS
generation was found in undifferentiated Caco-2
cells following exposure to 0.125-125 pg/ml
E171, for 3 h [87]. In differentiated Caco-2 cells,
no significant increase in ROS formation, cyto-
toxicity and DNA damage was observed follow-
ing a 3 h or 24 h exposure to 0-256 pg/mL of
TiO, rutile hydrophobic form (JRC benchmark
NM-103, 25 nm) and rutile hydrophilic (JRC
benchmark NM-104, 25 nm), using the CellROX
assay [88].

The use of digestion simulation fluids for TiO,
before undifferentiated Caco-2 cell cultures
exposure, induced a slight decrease in cell viabil-
ity and membrane integrity and an increase in
ROS generation, following exposure to 100 pg/
mL and 200 pg/mL of two anatases TI1
(99 £ 30 nm) and T2 (26 + 12 nm) for 24 h [89].
However, it had no effect on differentiated Caco-2
cells [89].

The inconsistency of the results observed in
the literature may be due to the physicochemical
properties of the NM itself, NM dispersion
method, difference in NMs’ size and dispersion
stability or to the specific protocol conditions, as
previously described in a literature review [90],
such as the time of exposure or the different cell
models used.

The ability of NMs to affect the immune sys-
tem has been discussed in several in vitro and in
vivo studies. NMs were identified in recent
reports as potential stimulants of immune
responses that may lead to immunotoxicity, being
this endpoint relevant for addressing nanosafety
[91]. In vitro, Tada-Oikawa et al. [74] reported
that the exposure to anatase (50 nm) TiO, during
72 h, decreased the cell viability of Caco-2 cells
in a dose-dependent way and also induced proin-
flammatory response, seen by increased levels of
IL-1B and IL-8. In addition, TiO, particles trig-
gered an inflammatory response in co-culture of
Caco-2/HT29-MTX cells, showing increased
release of IL-1P, IL-8, IL-17A, eotaxin, and
RANTES and moderate increase in the expres-
sion of some efflux pumps [83]. In other work,
the exposure of cocultures to TiO, caused
increases in IL-8 release, but had no effect on
IL-8 release in monocultures [63]. In vivo,
Trouiller et al. [92] an elevated expression of
inflammatory  cytokines such as TNF-q,
interferon-y and IL-8 in the blood of mice was
shown after oral intake of 100 mg/kg bw TiO, for
5 days. In rats exposed for 7 and 100 days to
ingestion of 10 mg/kg bw of E171, was observed
a decreased frequency of immunoregulatory
Tregs and CD4 + CD25+ Thelpers, as well as the
induction of inflammatory markers such as TNF-
o, IL-8 and IL-10, in aberrant crypts after
100 days of exposure [45]. A potent Th1/Th17
immune response was detected via an increased
production of IFN-y in Peyer’s Patches and IFN-y
and IL-17 in the spleen after 7 days of exposure
[45]. More recently, increased concentration of
IL-6 in the serum of rats treated with 50 mg/
kgTiO, for 30 days was observed [93]. Long-
term oral exposure to TiO, also impaired immune
functions in rats [94]. Also, the molecular nature
of TiO,-induced immunotoxicity in RAW 264.7
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macrophage which shown to occur via induction
of apoptosis and simultaneous multiple toll-like
receptors signalling through ROS-dependent
SAPK/INK and p38 MAPK activation [95].
Using livers from mice exposed intragastrically
to 10 mg/kg bw for 90 days, Cui et al. [96]
observed the generation of inflammation and a
reduction in immune capacity by the downregu-
lation of genes involved in the complement sys-
tem through whole genome microarray analysis.
Liver Inflammation and fibrosis were described
after long-term exposure to TiO, in mice fed for
9 months [97]. In primary bone marrow derived
macrophages, TiO, activated the inflammasome
in macrophages [98].

In a co-culture of Caco-2/HT29-MTX intesti-
nal cells, although ROS production was detected,
only minor changes were observed in mRNA
expression of genes involved in ROS regulation,
DNA repair via base-excision repair, and endo-
plasmic reticulum stress [83]. The consequences
of epigenetic changes induced by exposure to
NMs are still poorly understood [99]. It is recog-
nized the potential of NMs to change global DNA
methylation, as well as gene-specific methylation
patterns, including tumour suppressor genes,
inflammatory genes, DNA repair genes, and
impaired expression of genes involved in DNA
methylation reactions, are all potentially relevant
to cancer development [100]. For example, in
bronchial cells, hypomethylation was observed
for anatase, rutile and anatase: rutile mixture
forms of TiO, [101], suggesting that epigenetic
studies should be performed along with conven-
tional toxicity testing methods.

TiO, appears to have impact on the microbi-
ome, as seen as bacterial ratio of the human intes-
tinal community in vitro which can affect the
immune response [102]. In vitro bacterial growth
inhibition and morphological and structural dam-
age was observed following exposure to E171
[103]. However, these studies were conducted in
vitro and therefore do not reflect the complexity
of gut microbiome. Pinget et al. [104] investi-
gated the impact of E171 on gut microbiota using
male mice orally exposed via drinking water
[104]. They observed that TiO, had minimal
impact on the composition of the microbiota in

the small intestine and colon, but it changed the
release of bacterial metabolites in vivo and
affected the spatial distribution of commensal
bacteria in vitro promoting biofilm formation.
The same authors also reported, in mice exposed
via intragastric to 150 mg/kg TiO, (21 nm) for
30 days, reduced expression of a key component
of the intestinal mucus layer, the colonic mucin-2
gene, and increased expression of the beta defen-
sin gene, events associated with colonic inflam-
mation [104, 105]. Furthermore, it was shown
that, although unapparent pathological changes
were observed in small intestine, gut microbiota
was remarkably decreased, and gut microbial
community compositions was significantly
changed. Chen et al. [93] also found changes in
the gut microbiota and faeces metabolomics, in
Sprague-Dawley rats orally exposed to 0, 2, 10,
50 mg/kg TiO, (29 nm, anatase), daily for 30 days
[93]. Pathological inflammatory infiltration and
mitochondrial abnormalities were observed also
in rats after TiO, [93].

Events such as immunotoxicity, inflammation
and DNA damage are recognized in general to
increase the risk of developing cancer. In distal
colon of mice, after intragastric exposure to
E171, Proquin et al. [106] observed induced oxi-
dative stress and immune response pathways,
activation of DNA repair genes and gene expres-
sion changes in genes related to cancer develop-
ment, together with epithelium in colonic crypts,
14 and 21 days after E171 ingestion. The results
are consistent with previous studies conducted by
the same authors, with an identical colitis associ-
ated mouse model, in which hyperplastic altera-
tions in the colon of mice were observed from
4 weeks of E171 ingestion accompanied by a
decrease in the number of goblet cells in animals
exposed by oral gavage to 5 mg/kg bw per day,
5 days a week, for 10 weeks, [107]. Besides, in an
Adult male Wistar rat model exposed to 10 mg/
kg bw/day for 7 days of E171, by intragastric
gavage, led to the promotion of microinflamma-
tion, as well as initiation of preneoplastic lesions
[45].

Overall, no clear picture has emerged yet
between the key events (KE) and the adverse out-
comes (AO) that have been reported upon GIT
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exposure to NMs, hindering the development of
an adverse outcome pathway (AOP), as defined
by OECD [108]. Results from multiple studies
here presented, although often contradictory,
suggest a potentially harmful effects of TiO, in in
vitro and in vivo intestinal tissue, liver and spleen
after oral exposure, which is apparently related to
generate ROS, induced oxidative stress and
inflammation [109], but it is unknown whether
these events subsequently result in irreversible
adverse effects in humans [109]. Also, a great
number of studies did not use food-grade NMs,
such as E171, in their experiments, which might
hinder conclusions on its relevance for human
safety. It was suggested in a recent assessment of
the current evidence that key cellular and molec-
ular effects of TiO, particles can occur in human
liver, intestinal tissue, spleen and kidney after
oral exposure, but it is unknown whether these
events subsequently result in irreversible adverse
outcomes (AO) in humans [109]. Further research
is necessary to clarify whether TiO, leads to AOs,
and under which conditions this may occur, in
order to guarantee the safe use of TiO, as a food
additive.

10.6 Ingested TiO, Cytotoxic
and Genotoxic Effects -
Potential Implications

in Cancer

Genotoxicity can be defined as the process in
which a test agent is responsible for inducing
damaging effects on DNA (single and double
strand breaks, loss of excision repairs, cross-
links, alkali labile sites), RNA or chromosomes
(structural and numerical chromosomal aberra-
tions), affecting the integrity or function of those
structures [110, 111]. Furthermore, genotoxicity
and carcinogenicity are correlated since many
carcinogenic agents might act through genotoxic
mechanisms [112, 113].

The genotoxic effects after the exposure to an
agent, such as NMs, can be assessed by specific
genotoxicity assays. According to the Food and
Drug Administration (FDA), they can be defined
as “in vitro and in vivo tests designed to detect

compounds that induce genetic damage by vari-
ous mechanisms” [114], that have the potential to
replace long-term carcinogenicity studies. A pos-
itive result can indicate that a certain compound
has the potential to be a human carcinogen [114].
For an adequate assessment of genotoxicity, the
Organization for Economic Co-operation and
Development (OECD) has defined Genetic
Toxicology Test Guidelines (TGs) for the usage
of these assays [115]. Methodologies such as the
in vitro chromosome aberration, the in vitro or in
vivo micronucleus test and the in vivo comet
assay are included in those guidelines with spe-
cific orientations. Whenever possible, in vivo
testing should be replaced by in vitro assays, in
order to avoid using animal models [116]. It was
necessary to adapt some of the previously
described assays to NMs’ genotoxicity testing
since some of their physicochemical properties
interfere with the outcome [115, 117].

Since genotoxic effects can be often masked
by cytotoxic effects, it is imperative to carry out a
preliminary cytotoxicity assessment of a com-
pound in order to find the proper range of con-
centrations to perform the following genotoxic
assays. Cytotoxicity assays can detect the num-
ber of viable cells in a determined cell population
and in this way, enable the assessment of the
cytotoxic potential of a test agent. There are
many assays to evaluate cytotoxicity, being one
of the most important based on the mitochondrial
activity and metabolic cell proliferation [118].
This includes the MTT (3-[4,5-dimethylthiazol-
2-yl]-2,5 diphenyl tetrazolium bromide) assay, in
which mitochondrial enzymes released only by
living cells can convert tetrazolium salts (MTT)
into insoluble formazan crystals. Accordingly,
the amount of purple formazan crystals produced
is dependent on the number of viable cells, which
is reflected by an increase in the optical density
(OD) [118, 119].

As previously described, nanosized TiO, is
one of the most used NMs with applications in
consumer and industrial products and the trend
for its use is increasing exponentially [120].
Bearing this in mind, the study of cytotoxicity
and genotoxicity that may arise from the use of
products containing these NMs has also triggered
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interest, namely in the food and feed sector. In
this sense, the study of the adverse biological
effects that may derive from the ingestion and
subsequent digestion of TiO, and its possible
absorption into the GIT are of extreme
importance.

Human intestinal epithelial cells (namely,
Caco-2 and HT29-MTX cell lines) can be used as
in vitro models to study the cytotoxic and geno-
toxic effects of TiO, following its ingestion or a
simulated digestion procedure [121]. These are
less expensive, have an increased reproducibility
and their outcome is more rapidly achieved in
comparison with in vivo models [122]. Both
referred cell lines are derived from a human epi-
thelial colorectal adenocarcinoma. Caco-2 cell
line is considered as the best characterized in vitro
model for the intestinal barrier, since it mimics the
most abundant cell type found in the small intes-
tine - the absorptive enterocytes. It’s widely used
in many (nano)toxicological and pharmacological
studies, including drug transport and NM absorp-
tion/uptake [123—125]. On the other hand, HT29-
MTX cells present a mucus-secreting phenotype
that resembles Goblet cells, also found in the
intestine [126]. The presence of a mucus layer is
considered as a thick and dense physical barrier
that might influence the diffusion of TiO, in the
intestine, which can be retained and consequently,
reduce the possible translocation/internalization
of these NMs [123].

The Caco-2 and HT29-MTX cell co-culture
model can be advantageous compared to mono-
cultures in in vitro absorption studies, since it
allows to better mimic the intrinsic structure of
the intestine epithelium and its physiological
conditions, also increasing the robustness and
reproducibility of the obtained results [124].

More complex representative models include
in vivo testing in animals or human volunteer
studies. The first, besides being time consuming
and expensive, display significant differences in
the physiology and nutrient uptake of the GIT of
humans and rats, as pointed by some authors
[127]. Volunteer studies may have ethical con-
strains and the results can be influenced by the
characteristics of individuals, generally in small
number [128].

Currently, there are already some studies
reporting the cyto- and genotoxicity of TiO, after
a digestion process or after ingestion, upon expo-
sure of intestinal cells, that are described in the
next sections. Some recent projects addressing
this issue are also underway, such as the nation-
ally funded project INGESTnano (PTDC/SAU-
PUB/29481/2017, Foundation for Science and
Technology, Portugal).

10.6.1 Cytotoxicity of TIO,
and Ingested TIO, In Vitro

A summary of the in vitro cytotoxicity studies
related to TiO, exposure in GIT is presented in
Table 10.1, displaying 12 studies.

Regarding TiO, cytotoxicity in intestinal
cells, the majority of the studies in the Caco-2
cell line indicated absence of effects [82, 86, 88,
129]. TiO, anatase with 215 nm was unable to
produce a cytotoxic outcome on Caco-2 cells
using the LDH assay (20 and 80 pg/cm?), after
4 h or 24 h exposure [129]. Also, Abbott Chalew
and Schwab [86] reported no cytotoxicity in
Caco-2 cells after 24 h and 48 h of exposure to
P25 (80% rutile/20% anatase; 21 nm) (0—100 pg/
mL) through the MTT assay. The same outcome
was verified in Dorier et al. [82], after 24 h of
exposure to P25 (86% anatase/14% rutile;
24 + 6 nm), using the WST-1 assay (0-200 pg/
mL). Additionally, after 24 h of exposure to
rutile hydrophobic NM-103 and rutile hydro-
philic NM-104 (0-256 pg/mL), Jalili et al. [88]
reported no cytotoxic effects in Caco-2 differen-
tiated monolayer cells using neutral red uptake
assay. Likewise, Dorier et al. [76] reported an
absence of cytotoxicity in Caco-2 cells upon
24 h exposure to A12 (95% anatase/5% rutile;
12 = 3 nm) and R20 (90% rutile/10% anatase;
22 + 4 nm). Conversely, using the Trypan Blue
Viability test, E171 (316 = 284.4 nm) and TiO,
(99.5% anatase; 10.25 nm) (0-143 pg/cm?)
induced both a decrease in Caco-2 cell viability
after 24 h of exposure to 143 pg/cm? concentra-
tion, and to the 14.3 pg/cm? concentration of
E171 [27]. In the same experimental conditions,
HCT116 cells (another human colon cancer cell
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Table 10.1 In vitro cytotoxicity reports regarding exposure of a monoculture of cells (Caco-2, C2BBel, HT29 and
HCT116), a co-culture of Caco-2/HT29-MTX cells or a tri-culture of Caco-2/HT29-MTX/Raji B cells to TiO,

Time of | Result (Positive/
Cell Type Assay Used | Tested TiO, Concentration | Exposure | Negative) Reference
Caco-2 LDH Anatase (215nm) |20 and 80 pg/ |4hand | Negative [129]
cm? 24 h
Caco-2 MTT P25 (80% 0-100 pg/mL |24 hand | Negative [86]
rutile/20% Anatase; 48 h
21 nm)
C2BBel MTT Digested anatase/ 10 pg/em? 24 h Positive [130]
rutile mixture
(21 nm)
Caco-2 MTT Al12 (95% 0-200 pg/mL |24 h Negative [76]
Anatase/5% rutile;
12 = 3 nm)
R20 (90%
rutile/10% Anatase;
22 + 4 nm)
Caco-2 Trypan E171 0-143 pg/cm? |24 h Positive for 14.3 and [27]
blue (316 +282.4 nm) 143 pg/em?
viability concentrations
99.5% Anatase Positive for 143 pg/
(10.25 nm) cm? concentration
HCT116 El171 5-100 pg/cm? Negative
(316 +282.4 nm)
HT29 MTT Anatase (< 25nm) | 1-20 pg/cm> | 6h, Negative [66]
24 h and
48 h
Caco-2 WST-1 P25 (86% 0-200 pg/mL |24 h Negative [82]
rutile/14% Anatase;
24 + 6 nm)
Co-culture E171 (> 95% 6h,
Caco-2/ Anatase; 24 h and
HT29-MTX 118 =53 nm) 48 h
P25 (86%
rutile/14% Anatase;
24 + 6 nm)
Al12 (>95%
Anatase;
12 +3 nm)
HT29 MTT Anatase/rutile 2-10 pg/mL |24 h Negative [131]
Trypan (27.38 £5.90) Positive (decrease of
blue the membrane
exclusion integrity and an
increased percentage
of apoptotic cells)
Caco-2 Neutral NM-103 (rutile 0-256 pg/mL | 24 h Negative [88]
differentiated red uptake | hydrophobic;
monolayer 25 nm)
NM-104 (rutile
hydrophilic;
25 nm)
HT29 MTT <20 nm 50, 100,200 |48 h Positive for 50 and [132]
and 400 pg/ 400 pg/mL
mL concentration

(continued)
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Table 10.1 (continued)
Time of | Result (Positive/

Cell Type Assay Used | Tested TiO, Concentration | Exposure | Negative) Reference
Co-culture MTT Al12 (>95% 0-200 pg/mL |6 hand | Negative [83]
Caco-2/ Anatase; 48 h
HT29-MTX 12 £ 3 nm)

E171 (> 95%

Anatase;

118 =53 nm)

NM-105 (Anatase/

rutile; 24 + 6 nm)
Tri-culture LDH Digested E171 1% wiw 24h Positive for 150 ppm [133]
Caco-2/ (370 nm) boscalide pesticide
HT29-MTX/ with 1% w/w E171
Raji B using the fasting food

model (FFM)

Tri-culture LDH Digested E171 0.75% and 24 h Positive for both [134]
Caco-2/ (370 nm) 1.5% wiw concentrations using
HT29-MTX/ the FFM
Raji B

line), did not show signs of cytotoxicity up to the
concentration of 100 pg/cm? [27].

There are some cytotoxicity studies performed
using the HT29 cell model (i.e. non-producing
mucus phenotype), following exposure to TiO,.
However, studies using mucus-producing Goblet
cells (HT29-MTX) are not widely used in this
context, and no reports were found regarding
cytotoxicity assessment upon TiO, treatment. No
cytotoxic effects were reported after 6, 24 and
48 h exposure of HT29 cells to 1-20 pg/cm? TiO,
(anatase; < 25 nm) or to 2—10 pg/mL (anatase/
rutile; 27.38 + 5.90 nm) through the MTT assay
[66, 131]. On the contrary, a 20-30% decrease in
cell viability was observed after 48 h exposure of
HT29 cells to higher concentrations (50 and
400 pg/mL) of TiO, (< 20 nm), using the same
assay [132]. Regarding the trypan blue exclusion
test, it was also possible to detect a significant
decrease of the membrane integrity and an abnor-
mal increased percentage of apoptotic HT29
cells, after 24 h treatment to 2—-10 pg/mL TiO,
[131]. This outcome can be a result of apoptotic
processes activated by the uptaken or absorbed
NMs [131].

More recently, Dorier et al. [82], using the
WST-1 assay, verified that, after 6, 24 and 48 h of
exposure, E171 (> 95% anatase; 118 + 53 nm),
P25 (86% anatase/14% rutile; 24 + 6 nm) and

A12 (> 95% anatase; 12 + 3 nm) (0-200 ug/mL)
did not induce cytotoxic effects in a co-culture
system of Caco-2 and HT29-MTX intestinal
cells. Later, Dorier et al. [83] described the same
conclusions regarding the co-culture exposed for
24 h to the >95% anatase A12 (12 =3 nm), E171
(> 95% anatase; 118 = 53 nm) and anatase-rutile
mixture NM-105 (0-200 pg/mL), using the MTT
assay.

As mentioned before, an important point to
consider regarding the potential risk of TiO, in
food/feed is the variety of transformations that
are likely to undergo when in the GIT. In this
regard, some authors started to study the effects
of ingested TiO, in intestinal cell lines, following
an in vitro simulated digestion process. Through
the MTT assay, a slight reduction in C2BBel cell
(a cell clone of Caco-2) viability was observed
after 24 h of exposure to 10 pg/cm? (app. 40 pg/
mL) of digested anatase-rutile mixture (21 nm)
[130]. Still, the authors point out that the minor
cytotoxicity observed may be due to the bile salts
that were adsorbed to the NMs’ surface. The
digestion model used by McCracken et al. [130]
had some differences compared to the most
recent in vitro digestion process described by
Brodkorb et al. [57]. For example, it did not
include oral phase and it used other enzymes, bile
salts concentrations and timepoints. Between
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steps, the NPs were recovered by centrifugation
[130], a procedure not used in the INFOGEST
2.0 protocol.

In a distinct report by Cao et al. [134], E171
(110 nm) was submitted to two different types of
in vitro simulated digestion procedure, namely
the fasting food model (FFM) and the standard-
ized food model (SFM), which was based on the
American dietary. In both, it was used a GIT sim-
ulator in which the three phases of a digestion
cycle are present: oral, gastric and small intesti-
nal. More specifically, in the oral phase, E171
was mixed with simulated salivary fluid at 37 °C
and inverted for only 10 seconds; on the gastric
phase, the resulting product was combined with
simulated gastric fluid and incubated for 2 h at
37 °C with agitation. Finally, in the small intesti-
nal phase, the digested product was mixed with
salts, bile extract and lipase that mimic the intes-
tinal fluid and additionally incubated for 2 h at
37 °C. The obtained results showed a significant
dose-dependent cytotoxicity (using the LDH
assay) in a tri-culture of Caco-2/HT29-MTX/Raji
B cells when exposed for 24 h to digested E171
(0.75% and 1.5% w/w), through the FFM. No
significant reduction on the cell viability upon
treatment with both concentrations of E171 was
observed for the SFM. The authors concluded
that the presence of E171 in a fasting type diet
can result in cytotoxic effects [134]. Using the
FFM, the LDH assay and the same tri-cellular
model, Cao et al. [133] also assessed the potential
combined effects of TiO, (E171) and the pesti-
cide boscalid in food. Exposure to digested E171
alone (1% w/w) and boscalid at 10 ppm, with or
without E171 (1% w/w), only led to the induction
of a slight cytotoxicty after 24 h. By contrast,
150 ppm boscalid in the presence of 1% w/w
E171 digesta caused a reduction on the cell via-
bility (22.6% cytotoxicity) level and was signifi-
cantly more cytotoxic (p < 0.01) than digesta
from FFM with 150 ppm boscalid alone [133].
Also, under the nationally funded project
INGESTnano  (PTDC/SAU-PUB/29481/2017,
Foundation for Science and Technology,
Portugal), the cytotoxicity of TiO, was analyzed
in Caco-2 cells, after a harmonized in vitro simu-
lated digestion process. The TiO, selected for this

study was NM-102 (provided by Joint Research
Center, Ispra, Italy; anatase; 22 nm). Preliminary
studies using the MTT assay in Caco-2 cells
exposed for 24 h to NM concentrations ranging
from 0—48 pg/mL revealed a marked cytotoxicity
at the highest concentrations (Fig. 10.3). This
cytotoxicity was observed also in the negative
controls of the digestion, where only solvent
without NM was applied (cell culture medium
with sterile-filtered 0.05 wt % BSA-water with
0.5% absolute ethanol, in the same proportion as
in the NM samples).

The results revealed that digestion products
without the NM induced cytotoxic effects above
the concentration equivalent to 20 pg/mL
(>12.5% of digestion product) in cell culture
medium, challenging the applicability of the
digestion product in further biological assays.
Conversely, no cytotoxicity was observed when
cells were exposed to NM-102, without the simu-
lated digestion process. It was thus concluded
that the digestion product per se was cytotoxic
and that the enzyme inhibitor pefabloc, added in
the final step of simulated digestion, was not the
source of this toxicity (Fig. 10.3). Likewise,
changes in pH and/or osmolality were discarded
as cause of DIG toxicity (results not shown).

When performing a digestion without adding
bile salts (DIGO-mod), the results suggested that
the addition of bile salts accounted for most of
the toxicity observed (Fig. 10.4). This was veri-
fied when comparing the cytotoxic effects of
digestion product without bile salts (DIGO-mod)
with normal digestion procedure, DIGO
(Fig. 10.4), where a significant difference was
observed in cytotoxicty (p < 0.05, Student’s
t-test).

The fact that the in vitro human simulated
digestion by Brodkorb et al. [S7] requires a con-
centration of bile salts 166-fold higher than the
concentration used by McCracken et al. [130]
can justify the different toxicity observed for the
same concentration tested in intestinal cells
(40 pg/mL). This increased concentration of bile
salts is based on the normal physiological values
found in a human adult intestine [57, 58]. In addi-
tion, McCracken et al. [130] used purification by
centrifugation, possibly further reducing the bile
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Fig. 10.3 Results of the cell viability assay in Caco-2
cells, showing cytotoxic effects as a function of the con-
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Fig. 10.4 Results of the cell viability assay in Caco-2 cells, showing high cytotoxic effects of the digestion product
without NM (DIGO) and lower cytoxicity without bile salts use (DIGO-mod)

salts content before adding it to cells. Indeed,
other authors also pointed out that bile salts pres-

cytotoxic [50, 135]. However, the introduction of
a purification step in the digestion protocol used

ent in digestion product could be considered may lead to the loss of NM in the digestion prod-
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uct, as well to further modifications in the NMs’
properties that do not reflect a realistic situation.

It was concluded that, at a concentration range
below 12.5% of digestion product (correspond-
ing to 28 pg/mL of NM), even using bile salts, the
harmonized digestion method could be used for
addressing the toxicity of ingested NMs. In addi-
tion, the literature suggests that concentrations of
0.14 pg/mL of TiO, are physiologically relevant
for intestinal cells [65], so such levels of concen-
tration was used for further experiments without
concerns of cytotoxic effects due to interference
of the digestion reagents. Having these findings
in consideration, further studies of the toxic
effects of three different TiO, (NM-103, NM-103
and NM-105) on the gastrointestinal tract cells,
Caco-2 and HT29-MTX-E12, were investigated,
with the application of the standardized static
INFOGEST 2.0 in vitro digestion method to
mimic human digestion of TiO,. The most recent
results showed that, among these three NMs, the
digested NM-105 (anatase-rutile) showed an
increased toxicity in HT29-MTX-E12 cells,
compared to undigested NM. This difference was
accompanied with subtle changes in secondary

10.6.2 Cytotoxicity of Ingested TIO,
In Vivo

Few studies related to the study of the in vivo
cytotoxicity of ingested or orally administered
TiO, using animal models have been reported
and are summarized in Table 10.2.

In the Sycheva et al. [136] work, nanosized
TiO, (33.2 + 16.7 nm) was administered daily for
7 days (40, 200 and 1000 mg/kg bw) to male
mice. No cytogenetic effects were induced in the
forestomach, colon and testis cells after expo-
sure; on the contrary, upon treatment with the
40 mg/kg bw dose, a significant increase in the
mitotic index was observed in forestomach and
colon epithelia. Furthermore, an augmented
mitotic activity in the colon at the 200 mg/kg bw
and an increased apoptotic level at the highest
concentration were detected [136].

An induction of the apoptosis pathway
(assessed through the Bax and p53 gene expres-
sion) in the intestine and liver cells was observed
in rats treated orally to 10, 50 and 100 mg/kg bw
TiO, following a 30-day exposure. Nonetheless,
an activity of other biochemical parameters such

characteristics of this NM [59]. as alanine aminotransferase (ALT), aspartate
Table 10.2 [n vivo cytotoxicity reports regarding exposure of animal models to ingested TiO,
Time of
Animal Model | Assay Used Tested TiO, Concentration | Exposure | Result Reference
Male mice Poly-organ Nanosized TiO, 40,200 and | Daily No cytogenetic [136]
Karyological (33.2+£16.7nm) | 1000 mg/kg | for effects; increased
bw 7 days mitotic index in
forestomach and colon
cells at a 40 mg/kg bw
dose; increased
apoptotic level in
colon after exposure
to 1000 mg/kg bw
Drosophila Trypan blue Anatase (< 0.8 and 24 h Cytotoxic effects on [137]
melanogaster | dye exclusion |25 nm) 1.60 mg/mL | and midgut and imaginal
48 h disc tissues
Rat Biochemical TiO, 10, 50 and Daily Induction of the [61]
tests + 100 mg/kg for apoptosis pathway in
Caspase-3 bw 30 days | the intestine and liver
activity and cells
TUNEL
Wister rats Lymphocyte E171 20 and Daily Decrease in the [94]
proliferation 40 pg/mL for lymphocyte
assay + LDH 90 days | proliferation; increase
of the LDH release
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aminotransferase (ASP), lactate dehydrogenase
(LDH) and alkaline phosphatase (ALP) were
increased in all previous concentrations [61].

More recently, through oral gavage, Wister
rats were exposed to 20 and 40 pg/mL bw of
E171 daily for 90 consecutive days [94]. Two
cytotoxic parameters were assessed, more spe-
cifically, the lymphocyte transformation and the
determination of the LDH activity. A significant
decrease in the lymphocyte proliferation was
reported when compared to the control untreated
group. Nevertheless, an increase of the LDH
release was detected for both concentrations, fol-
lowing a linear and a quadratic increment [94].

In other animal model, namely Drosophila
melanogaster, an induction of cytotoxic effects
on midgut and imaginal disc tissues of larvae was
detected in vivo after an 24 and 48 h oral expo-
sure to 0.8 or 1.60 mg/mL TiO, (anatase; <
25 nm), through the trypan blue dye exclusion
test [137].

10.6.3 Genotoxicity of TIO,
and Ingested TIO, In Vitro

As previously mentioned, the in vitro comet and
the cytokinesis-blocked micronucleus (CBMN)
assays are frequently used in the genotoxicity
assessment of intestinal epithelial cells exposed
to TiO,, but other assays such as mutation assays
or chromosomal aberration tests, or even oxida-
tive DNA damage assays can be used. Concerning
the in vitro methods referred, different results
have been reported after TiO, exposure, mainly
due to the distinct concentrations and primary
sizes of the tested TiO, or related to the exposure
conditions. A review on genotoxic effects of TiO,
that includes other cell types and routes of admin-
istration not related to GIT, can be found in the
recent EFSA report [28]. In the next sections, we
focus on the effects related to GIT.

Table 10.3 synthetizes the reports in the litera-
ture corresponding to the in vitro genotoxicity
assessment following exposure of intestinal epi-
thelial cells to TiO,. No significant genotoxic
effects were induced in the Caco-2 cell line
exposed for 4 h to 20 pg/cm? TiO, (anatase,

6.7 = 1.3 nm; anatase, 3.94 + 0.05 nm; 90% ana-
tase/10% rutile; 21.90 + 0.30 nm), using the con-
ventional and FPG-modified comet assays [129].
With the same assay, Dorier et al. [76] did not
report increased DNA strand breaks after 6 h,
24 h and 48 h exposure of Caco-2 cells to 50 pg/
mL of an anatase TiO, (particle size of 12 + 3 nm)
or to a rutile TiO, (22 + 4 nm). In these two stud-
ies, the reports of the exposure in different units
(pg/mL or pg/cm?) hamper the comparison
between the different results mentioned, although
in this case it is evident that the particle size did
not induce differences in terms of genotoxicity.
Furthermore, no genotoxic effects were reported
in the conventional alkaline comet assay by
Dorier et al. [82] after an acute 6 h, 24 h or 48 h
exposure to 10 and 50 pg/mL P25 (86% ana-
tase/14% rutile; 24 = 6 nm), Al12 (95% ana-
tase/5% rutile; 12 = 3 nm) and E171 (>95%
anatase; 118 + 53 nm). Likewise, a 21-day
repeated exposure to the same TiO, did not
induce significant DNA damage in Caco-2 cells
[82, 83].

Contradictory results were obtained for
Caco-2 cells exposed for 21-days to E171 (10
and 50 pg/mL), in which a moderate genotoxicity
was observed, using the FPG-modified comet
assay [82]. Furthermore, through the conven-
tional alkaline comet assay, the NanoGenotox
Joint action reported that three TiO, produced by
the JRC repository, namely NM-102 (anatase;
22 nm), NM-103 (rutile hydrophobic; 25 nm) and
NM-105 (81.5% anatase/19.5% rutile; 30 nm)
induced genotoxic damage in Caco-2 cells
(0-256 pg/mL concentration range), after 24 h
exposure; conversely, treatment of the same cell
type with the rutile hydrophilic NM-104 (25 nm)
did not induce a significant level of DNA damage
[138]. These results suggest that the hydrophobic
or hydrophilic nature of NMs with the same pri-
mary size can greatly influence the genotoxicity
outcome; besides, NMs with the same size but
with distinct crystalline phases can lead to dis-
tinct outcomes regarding genotoxic damage. In
the same work, no significant increased DNA
strand break level was observed after just 3 h of
exposure to any of the NMs referred to [138].
Zijno et al. [78] also reported an increase of the
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DNA damage concerning Caco-2 cells exposed
to 1 and 2.5 pg/cm? of anatase TiO, (< 25 nm)
with the conventional comet assay and its combi-
nation with the FPG and Endolll enzymes.
Despite experiments with four different exposure
hours — 2, 4, 6 and 24 h - most of the genotoxicity
outcomes were obtained at shorter exposure
times and only one positive result was verified at
the time of 24 h. In this sense, the author suggests
that after 24 h of exposure to TiO,, Caco-2 cells
can repair the DNA and oxidative lesions [78].
Consequently, the time of exposure can interfere
tremendously with the final genotoxic result.

In a monolayer of differentiated Caco-2 cells
model, Vila et al. [139] did not observe the induc-
tion of oxidative damage through the FPG ver-
sion of the comet assay upon treatment with 10,
25 and 100 pg/mL of JRC NM-100
(104.01 £ 39.49 nm) for 24 h. Nonetheless, expo-
sure to 10 pg/mL showed a slight genotoxicity
DNA damage (increased DNA strand break level)
through the conventional alkaline comet assay.
This can be explained as the higher the
concentration of TiO,, the greater their tendency
to form aggregates in the cell culture medium.
Then, TiO, may remain attached to the extracel-
lular membrane of Caco-2 cells, not being able to
be internalized and to have contact with the cell
nucleus, preventing the possibility of causing
DNA damage at higher concentrations [140].
Likewise, Jalili et al. [88] reported no significant
increase in DNA damage in a Caco-2 differenti-
ated monolayer following a 24 h exposure to
higher concentrations (0-256 pg/mL) of JRC
benchmark NM-103 (rutile hydrophobic; 25 nm)
and NM-104 (rutile hydrophilic; 25 nm), using
the conventional and FPG-modified comet
assays.

Regarding the CBMN assay, the majority of
the reports show no genotoxic effects after expo-
sure to TiO,. No significant chromosome dam-
age effects were observed in Caco-2 cells after
52 h of treatment to 0-256 pg/mL NM-102,
NM-103, NM-104 and NM-105 (all obtained
from JRC), assessed by the CBMN assay [138].
Following a 6 and 24 h exposure to 1-20 pig/cm?
of anatase TiO, (< 25 nm), no increase in the fre-

quency of micronucleated cells was detected in
Caco-2 cells [78]. Furthermore, Jalili et al. [88]
observed also no clastogenic or aneugenic
effects, evaluated through the CBMN assay, fol-
lowing a 24 h exposure to NM-103 (rutile hydro-
phobic; 25 nm) and NM-104 (rutile hydrophilic;
25 nm) (0-256 pg/mL) considering a Caco-2 dif-
ferentiated monolayer. It is therefore possible to
conclude that all mentioned studies did not
report an increase in the frequency of micronu-
clei in Caco-2 cells following exposure to nano-
sized TiO,. Nevertheless, there are still few
studies related to this assay performed with
intestinal epithelial cell lines, namely Caco-2,
that allow definitive conclusions to be drawn
regarding the capacity of TiO, to induce chromo-
somal damage in the GIT. More experimental
tests should then be performed in order to pre-
dict the behavior of these NMs in the GIT and to
be able to draw a safe conclusion about their
possible DNA or chromosomal damage ability in
intestinal cells.

As with cytotoxicity assays, no studies on
genotoxicity in HT29-MTX cells were found in
the literature, but only in its non-mucus-
producing phenotype (HT29 colorectal adeno-
carcinoma cells). Nevertheless, only one study
was found regarding genotoxicity assessment
(more specifically, the conventional and FPG-
modified comet assay) in HT29 cells. This may
be due to the fact that the Caco-2 cell line is cur-
rently the most applied in vitro model of the
intestinal barrier for toxicological studies, since it
resembles the most common type of cells in the
small intestine, namely the absorptive entero-
cytes. After 24 h exposure of HT29 cells to an
anatase/rutile mixture of TiO, (27.38 + 5.90 nm)
(2-10 pg/mL), no significant increase in the DNA
strand break level was observed evaluated by the
conventional comet assay; conversely, an increase
of the oxidative damage level was reported upon
treatment with the 8 and 10 pg/mL concentra-
tions. [131].

As already mentioned, the presence of a co-
culture model comprising Caco-2 and HT29-
MTX cells enable to better mimic the structure
and physiological properties of the intestinal bar-
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rier. This allows it to be a more reliable and
reproducible in vitro model in toxicological
assessment studies as it is closer to the physiolog-
ical condition of the human intestine. A co-
culture of Caco-2 and HT29-MTX cells was
exposed for 6 h, 24 h and 48 h or chronically for
21 days (three times a week for 3 weeks) to three
different types of TiO, (P25, A12 and E171) in
two different concentrations — 10 and 50 pg/mL
[82]. The conventional and FPG-modified comet
assays were used and showed that only the high-
est concentration of E171 (50 pg/mL), induced a
significant increase in oxidative purine lesions
and alkali-labile sites, but no the DNA strand
break level, following a chronic exposure [82].
Using the same assay and the same benchmark
NMs at a concentration of 50 pg/mL, no DNA
damage was detected in a co-culture of Caco-2
and HT29-MTX cells following only 24 h of
exposure [83].

Through the mouse lymphoma gene mutation
assay and using L5178Y cells, no increase of the
mutation frequency was verified after 4 h and
24 h exposure to 40 nm TiO, (0.0312-2 pg/mL)
[141]. On the contrary, a linear increase in the
mutation frequency was observed in WIL2-NS
cells following incubation with 0, 25, 65 and
130 g/mL TiO, (< 100 nm) for 6, 24 and 48 h,
using the hypoxanthine-guanine phosphoribosyl-
transferase (HPRT) gene mutation assay [142].

As can be seen, inconsistent results are found
in the literature concerning the in vitro genotox-
icity assessment of TiO,. The conflicting results
can be explained by the different crystalline
phase, size, exposure time and concentration
used in each genotoxicity assay. Besides that, the
different methods applied, the NMs dispersion
procedure or even the exposure units referred to
in reports (pg/mL or pg/cm?) might influence
critically the toxicological outcome. Due to the
lack of harmonization in these procedures, a
more detailed and in-depth investigation is
needed in order to infer whether the ingested
TiO, are genotoxic. No reports were found
regarding the genotoxicity testing of nanosized
TiO, following in vitro simulated digestion, that
could provide an advancement for a more realis-
tic approach.

10.6.4 Genotoxicity of Ingested TIO,
In Vivo

Although in vivo tests should be avoided, in vitro
genotoxicity positive outcomes require confirma-
tion by an appropriate follow-up in vivo. This is
needed since this type of tests offers a more real-
istic approach, thus allowing a better prediction
of biological responses of organisms to test
agents like TiO,, in spite of species-specific dif-
ferences already mentioned. Table 10.4 summa-
rizes the reports found in the literature regarding
the in vivo genotoxic effects of ingested TiO,.
Mice treated orally with TiO, (anatase,
20-50 nm), for 14 days in a range of concentra-
tions of 10-100 mg/kg bw, led to a statistically
significant dose-dependent increase in the % of
DNA in tail in the liver cells, evaluated through
the comet assay. In the same study, using the
CBMN assay, an increase of micronuclei fre-
quency in bone marrow cells was observed only
after treatment with the highest concentration -
100 mg/kg bw [145]. Conversely, the exposure of
rats by oral gavage during 45 days to 0.5 mg/kg/
day TiO, (41.99 £ 1.63 nm) did not show DNA
damage in blood or liver cells [148]. The expo-
sure to 500 mg/kg bw of P25 (75% anatase/25%
rutile; 21 nm) for 5 days, led to an increase in the
frequency of micronucleated binucleated cells in
peripheral blood cells of mice [92]. Furthermore,
Manivannan et al. [149] reported genotoxic and
clastogenic effects in multiple organs of Swiss
albino male mice treated orally with sub-acute
concentrations (0.2, 0.4 and 0.8 mg/kg bw) of
rutile TiO, (25 nm) over a period of 28 days.
Long-term exposure to low concentrations of
rutile TiO, induced DNA damage in organs such
as liver, spleen, and thymus. Chromosomal aber-
ration test in bone marrow cells revealed the clas-
togenicity of TiO, at sub-chronic low
concentrations [149]. In fact, Wang et al. [54,
142] already had verified that TiO, accumulate in
the liver of rats after 2 weeks of oral exposure to
a dose of 5 g/kg bw. This suggests that after
ingested and internalized by the GIT, TiO, might
be transported to other tissues and organs, being
the liver a possible target organ for the digested
TiO,. This idea is reinforced by Heringa et al.
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Table 10.4 [n vivo genotoxicity reports regarding exposure of animal models to oral/ingested TiO,

Animal Duration of
Model Assay Used Tested TiO, Dose Exposure | Result (Positive/Negative)| Reference
Wistar | Comet E 171 (118 nm), 10 mg/kg | 7 days Negative in Peyer’s [45]
rats Anatase (20— bw/day patch cells
340 nm) and
NM-105 (15-24 nm)
Zucker | Comet El171 50 or 10 weeks | Negative liver, lung [87]
(obese) 500 mg/
rats kg/week
Rats Comet Anatase, TDM 40, 200 7 days TDM induced DNA- [136]
Karyological (160 nm) and TDN and damage and micronuclei
assay (33 nm) 1000 mg/ in bone-marrow cells
(micronuclei, kg bw per and TDN induced
nuclear day DNA-damage in the
protrusions, cells of bone marrow
etc.) and liver brain, liver and
bone marrow
Mice Comet Anatase (117 nm 10, 50, 3 days Positive in blood [143]
and 17 nm) 250 pg/ after leucocytes
mouse treatment
Mice Comet Anatase (10-25 nm) | 500, 1000, |7 days Positive liver and kidney | ([80];
2000 mg/ [81])
kg bw per
day
Rat Comet Anatase (5-12 nm) 50, 100, 60 days Positive in leucocytes [144]
Micronucleus 200 mg/kg Positive in rat bone
bw per day marrow at 100 and
200 mg/kg bw
Mice Comet Anatase (20-50 nm) | 10— 14 days Positive in liver cells [145]
100 mg/kg (dose-dependent
bw increase in the % of
DNA in tail)
Micronucleus Positive in bone marrow
cells for the 100 mg/kg
bw concentration
Mice Micronucleus P25 (75% 500 mg/kg | 5 days Positive in peripheral [92]
Anatase/25% rutile; | bw blood cells
21 nm)
Mice Comet TiO, (58 nm) 200 and 90 days Positive in liver and [146]
500 mg/kg kidney
Micronucleus per bw Positive in bone marrow
and
chromosomal
aberration
Rats Micronucleus Anatase (75 nm) 10- 30 days Negative in bone [147]
200 mg/kg marrow
per bw
Wistar | Comet TEM size: 0.5 mg/kg/ | 45 days Negative in blood and [148]
rats 41.99 + 1.63 nm; day liver cells
hydrodynamic
diameter:
447.67 + 6.43 nm
Swiss Comet Rutile (25 nm) 0.2,04 28 days Positive in liver, spleen [149]
albino and and thymus cells
male Chromosomal 0.8 mg/kg Positive for bone
mice aberration bw marrow cells
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[38] work, where both Ti and TiO, were found in
the human liver and the spleen analyzed post-
mortem and, wherein at least 24% of the particles
found (> 24%) were nanometric (< 100 nm), as
already mentioned in this chapter.
Biopersistence of TiO, in gut cells can possi-
bly induce damage associated to cancer events.
We take the example of Urrutia-Ortega et al.
[107] and Bettini et al. [45] works, where the
exposure to E171 induced tumor formation in the
distal colon, as well as preneoplastic lesions and
growth of aberrant crypt foci in rats [45, 107]. In
spite Bettini reports were not replicated in subse-
quent studies Blevins et al. [150], the uncertainty
of the consequences of the genotoxicity observed
in most studies raise major concerns. The recent
report by EFSA clearly states that, on balance
TiO, have the potential to induce chromosomal
and DNA damage, and considering the fact that
“genotoxicity concern could not be ruled out”,
the Panel concluded that “E171 can no longer be
considered as safe when used as a food additive
“[28]. Furthermore, it is evident that physico-
chemical properties of NMs might influence the
cytotoxic and genotoxic outcome, and other uses
of TiO, aside from E171, should be reconsidered.
These observations show that it is essential to
continue studying the possible genotoxic and
cytotoxic effects, in order to verify if their oral
consumption/intake is safe for human health.

10.7 Final Remarks/Perspectives

In this chapter, we showed the extensive work
that has been reported worldwide for assessing
the cellular and molecular mechanisms of toxic-
ity of TiO,, with the purpose of assuring its safety
for use in promising applications. In spite many
of these applications rely on food and feed prod-
ucts, the risk analysis often disregards the impact
of the ingestion process in the TiO, toxicological
outcomes. To this regard, knowledge gaps have
been identified, concerning: (i) the modifications
of the TiO, throughout the GIT, upon interaction
with digestion fluids; (ii) how these modifica-
tions can facilitate/block the systemic absorption
of the TiO,; (iii) conclusive evidence of key

molecular events that may lead to adverse out-
comes; (iv) adverse outcomes such as genotoxic-
ity and cancer, that can be most relevant after
long term exposure to low doses.

In this context, the application of an in vitro
digestion process for TiO, can be considered a
valuable tool. This is an innovative approach and
currently there are no reports in literature related
to the genotoxic potential of digested TiO, in
intestinal cells. To better integrate the modifica-
tions that NMs suffer in the organism, the addi-
tion of a simulated digestion process in the safety
evaluation of ingested NMs used in vitro bioas-
says can provide a significant improvement on
existing approaches [59], that may decrease
uncertainties in the hazard assessment of ingested
NMs. The added value of in vitro simulated GIT
models has been highlighted in EFSA nanoguid-
ance [25], but this outlook also emphasizes the
need for a comprehensive in vitro-in vivo inte-
grated approach associated to the use of docu-
mented dispersion protocols, concomitantly with
a comprehensive physicochemical characteriza-
tion of the test material in each case. Furthermore,
the use of advanced multidimensional cellular
models, such as co-cultures and 3D-cell cultures,
with the inclusion of a multitude of individual
factors that approximates in vivo conditions [60],
as well as molecular screening and epigenetic
endpoints, may provide additional information
and a relevant alternative to animal experiments,
at an early stage of safety assessment of NMs and
in product development of NMs intended for
human ingestion. By providing a screening tool
for industry, a safe-by-design approach to the
development of innovative NMs is foreseen in the
near future.
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