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Abstract

Daily oral exposure to vast numbers (>103/adult/day) of micron or nano-sized persistent particles
has become the norm for many populations. Significant airborne particle exposure is deleterious,
so what about ingestion? Titanium dioxide in food grade form (fgTiO,) 1, which is an additive to
some foods, capsules, tablets and toothpaste, may provide clues. Certainly, exposed human
populations accumulate these particles in specialised intestinal cells at the base of large lymphoid
follicles (Peyer’s patches) and it’s likely that a degree of absorption goes beyond this- i.e.
lymphatics to blood circulation to tissues. We critically review the evidence and pathways.
Regarding potential adverse effects, our primary message, for today’s state-of-art, is that in vivo
models have not been good enough and at times woeful. We provide a ‘caveats list’ to improve
approaches and experimentation and illustrate why studies on biomarkers of particle uptake, and
lower gut/mesenteric lymph nodes as targets, should be prioritized.
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1 Introduction

One of the current, great human experiments is our continuous oral exposure to large
numbers of so- called ‘micro’ and ‘nano’ particles in non-biological and low degradative
forms (1013 particles per adult/day for just three common food additive and excipient
particles, for example)[1]. Effects, if there are any, are poorly understood but deserve
scrutiny given what is now known about population exposures to particulates through
another route (airborne) and the positive associations with morbidity and mortality [2]. For

IHere the term “fgTiO2’ is used for both food grade and excipient forms of titanium dioxide which can be added to ingested materials.
“TiO2’ refers to titanium dioxide more generally. ‘Ti" is used in reference to elemental analysis.
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the oral route we can learn much from titanium dioxide in food grade form (fgTiO,) which
is the exemplar persistent and cell-accessible particle of the modern diet. Its generally
unnecessary role in ingested materials is whitening and brightening, and major sources are
capsules, tablets, toothpaste and processed foods. For over 20 years its accumulation, as a
‘normal’ occurrence, in human immune cells of the intestine, specifically at the base of large
lymphoid follicles (Peyer’s patches), has been well known [3]. And, yet, failure to replicate
absorption in experimental animal studies outweighs the published cases that support
accumulation from ingestion. Some have interpreted this to mean that orally-dosed fgTiO»
particles do not accumulate in humans. In fact, there are many bear traps in experimentation
which frequently snare investigators and mislead interpretation. Here, we consider these as
well as how intestinal absorption occurs and what any potential for intestinal toxicity might
look like.

2 Particle Uptake by the Gut

The gastrointestinal tract does not recognise the policy makers’ definition of ‘nano’ (e.g.
[4]): there is no machinery that enables the uptake of particles of 1-100 nm equitably whilst
ignoring larger ones. Instead, the gut has determined its own rules for particle uptake. For
example, large ‘nano’ and small ‘micro’ particles (~50-200 nm diameter optimally) get
taken up via microfold (M) cells of organised lymphoid follicles (i.e. overlying Peyer’s
patches) whilst small ‘nano’ particles (probably < 50 nm but typically a few nm) may access
regular epithelial cells [5]. Our group reviewed the pathways for particle uptake in the
intestine in 2010 [6] and only a little has changed since then. There is now some evidence
that trans-epithelial dendrites of dendritic cells, reaching out from gut tissue into the lumen,
can sample non-biological particles [7,8] in the same way that they can sample invasive gut
bacteria [9,10]. As yet, however, there is no compelling evidence that this is a constitutive
uptake route for regular oral exposure to non-biological particles and the previously
described routes remain state-of-art [6].

The typical particle size distribution of fgTiO, falls within the optimal range of the M cell
uptake mechanism which, normally, traffics endogenous calcium phosphate particles into
Peyer’s Patch immune cells [11]. In other words, fgTiO, particles are well suited to
hijacking a physiological pathway for particle entry into gut tissue. To demonstrate this,
microscopy rather than whole tissue analysis is appropriate because any tiny contamination
of gut tissue with luminal contents means that the origin of the analyte signal is not
attributable (i.e. how much of the signal is derived from particles in the tissue versus on/out
of the tissue?). As such, using appropriate microscopy and microanalysis, Bettini et al.
(2017) reported particulate Ti signals in the Peyer’s patches of the small intestine of rats
orally exposed to fgTiO, for 7 days [12]. The most compelling and relevant evidence,
however, for M cell uptake of particles in the intestine, is earlier data from the analysis of
surgically- and autopsy- resected intestinal tissue, showing that TiO, and other engineered
particles are retained in the human intestinal mucosa, notably at the base of Peyer’s patch
lymphoid follicles [3,13] (Figure 1). The level/number of these particles probably correlates
with the age of the subject from which the tissue was resected [14] and, in adults, the
accumulation can be so remarkable, and the cells so pigmented, that collectively they form
microscopic tattoo-like structures at the base of the Peyer’s Patch [13].
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Fortunately, the cells here appear to be both immunologically and metabolically sluggish
and there is no evidence to suggest that these cells are signalling in a pro-inflammatory or
other undesirable fashion in spite of their weight of cargo [15]. Notwithstanding, replicating
this in murine models and investigating potentially more subtle effects of such exposure
would be of value. Moreover, demonstration of basal Peyer’s patch accumulation of fgTiO,
with feeding would be step one in validating a model with human relevance.

3 Particle Absorption beyond the Gut

One question that is rarely broached is how do particles get beyond gut cells and absorbed
into more systemic compartments? This is not via capillaries. Although these exhibit small
pore (~9nm) and large pore (~50 nm) permeability [16], the latter is rare and inefficient and
anyway the ‘reverse’ of the migration/extravasation principles for cells leaving blood vessels
is not anticipated. Instead, similar to blood capillaries are lymphatic capillaries and these
really are permeable with two specific structural properties. Firstly, endothelial cells,
forming the walls of lymphatic capillaries, are not tightly connected. Instead of tight
junctions, cells’ edges overlap each other in a relatively loose way that leaves readily
opening ‘flaps’ (mini-valves). Secondly, collagen filaments from the surrounding structure
serve to anchor endothelial cells such that increases in interstitial fluid volume actually open
the flaps, preventing lymphatic capillary collapse. Overall this unique structure of the
lymphatic capillaries has been described as ‘a system which is very similar to a bunch of
one-way swinging doors’ [17] and this provides a route for the systemic distribution of
particles.

Once in the intestinal lymphatic system, particles, potentially alone or carried in cells, will
be first drained to and through the local mesenteric lymph nodes. Indeed, Geraets et al.
(2014) reported increased levels of Ti in the mesenteric lymph nodes (0.36 ppb vs 0.14 ppb
in the control animals) after oral exposure to TiO, of 2.3 mg per animal per day for 5 days
[18]. Difficult as it is for mesenteric lymph nodes to be identified and dissected out in
murine models, this is a potential site of persistent particle accumulation that is crying out to
be carefully studied (again, ideally by microscopy to make sense of the detail). Lymph,
having arrived through the afferent lymphatics, then exits the mesenteric lymph nodes
through the efferent lymphatics and, via the cisterna chyli, drains into the thoracic duct
joining the blood circulation with subsequent systemic distribution.

To what extent orally-dosed particles actually access the systemic circulation is not clear
although three human studies, using TiO, and similar but not identical trial designs, provide
some insights. In the first, Béckmann et al. (2000) investigated sequential blood levels of Ti
in six volunteers after the ingestion of gelatine capsules containing 23 or 45 mg of TiO,
[19]. They demonstrated 5 to 10 fold increases above baseline in blood Ti levels, generally
peaking at 8-12 h post ingestion. Smaller particles appeared to have greater absorption. In
2015, Pele et al. reported on a modified repeat of this work with 7 volunteers ingesting 100
mg fgTiO, [20]. The sequential blood samples were analysed for total Ti levels by high
resolution ICP-MS, as well as for reflectant bodies (equated to TiO, particles) by dark field
microscopy. The measures correlated and peak absorption, at only ~10 pg/l, was at 6-8 h
after ingestion [20], consistent with the Béckmann data, and likely explained by Peyer’s
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patch absorption of particles which is late compared to the more proximal and rapid
absorption of nutrients. In contrast, in the third study, Jones et al. (2015) were not able to
demonstrate acute absorption of TiO, in humans when administering 5 mg/kg body weight
[21]. High baseline levels (i.e. apparent signal for Ti) may have masked the detection of
absorbed particles in blood whilst sampling intervals were imperfect to detect Peyer’s patch
routing [21]. On balance, systemic absorption of ingested fgTiO, can occur, at low levels,
although how the particles are incorporated into the ingested matrix may influence to what
extent it does occur, and further research is merited in this respect.

From the bloodstream, particle uptake into tissues is efficient [18]. In the normal population,
the liver and spleen are the tissues reported to have measurable Ti due to fgTiO, exposure.
Heringa et al. (2018) suggested these as specific sites for fgTiO, bioaccumulation in humans
[22]. They quantified total Ti and TiO, particles in 15 post-mortem human liver and spleen
samples by high resolution ICP-MS. They reported average total Ti levels of 40 ppb in the
liver and 80 ppb in the spleen. They demonstrated the particulate nature of these signals by
high resolution single particle ICP-MS and by microanalysis and inferred that the total Ti
measured was the result of accumulated TiO particles [22]. A few /n vivo dosing studies in
rodents corroborate the findings in humans, as exemplified by Kreyling and co-workers [23].
They employed a highly sensitive radio-tracer technique (y-ray spectrometry) to quantify-
by-proxy the oral absorption and bio-distribution of 48V radiolabelled TiO, and found very
low but measurable systemic signal. Although the methodology was imperfect [23], the
results probably fairly reflect that there is extremely low systemic absorption and tissue
loading of TiO, following ingestion. Despite this, many oral exposure studies with TiO,
have been unable to detect such small increases above the background, probably because of
the multiple methodological and analytical challenges that exist, as discussed below and
summarised in Figure 2.

4 Challenges and Flaws in Absorption Methodology

The ‘three Rs’, namely replace, reduce and refine, should be at the forefront of any animal
experimentation. Is a rodent study absolutely necessary? If the answer is ‘yes’ then it is
critical that the approach is thought through very carefully, not only to reduce numbers
whilst retaining a properly powered study but also to refine outputs with as much ‘added
value’ analysis as possible. To acquire meaningful and relevant results in particle absorption
work it is imperative that animal studies (where necessary) reproduce, as far as possible, the
exposure picture in man. This entails administering appropriate forms of particles (e.g.
fgTiO») at reasonable doses and in a ‘physiological’ fashion, followed by careful
quantitation. Unfortunately, from both informed learning and animal welfare perspectives,
most studies to date fall short of this, woefully so at times.

4.1 Particle Dosing. Caveat! Does the exposure approximate the real human situation?

Particle type and exposure must be carefully considered. For example, fgTiO consists of
nano- and micro- particles of varying sizes, from 15 to 5,000 nanometres in extremis,
although, most are 60-300 nm albeit with a nano-fraction of at least 10-15% by number [24].
To dose in a meaningful way it is necessary that fgTiO,, intended for use in foods or as an
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excipient, is used and not some unrealistic nano-fraction which many studies have employed
[25]. Moreover, extrapolation of measured human oral exposure to rodent dosing, on a
weight-for-weight basis, is fraught with issues in spite of healthy efforts to do so (e.g.
Blanchard and Smoliga, 2015; Nair and Jacob, 2016) [26,27]. The actual oral dose for
rodent studies would, in fact, be best adjudged from how cell loading mimics the human
situation, despite the undoubted amount of time and resource required for this.

4.2 Dosing Matrix. Caveat! Does the matrix for dosing allow particle accumulation in a
way that mimics the human situation?

Oral exposure to nano- and micro- particles in humans is incremental and concomitant with
various matrices (e.g. food). The physiochemical nature of the particle-matrix interaction
will be one mediator of particle release and dispersion in the alimentary canal. As such, any
oral dosing matrix must allow some disperse particle ‘freedom’ in the lumen if absorption is
anticipated in humans and the model seeks to recapitulate this. For example, recently,
Blevins et al. (2019) reported no real immunological or intestinal effects when administering
a diet with fgTiO, to rats [28]. Whilst the use of a diet rather than gavage is laudable (see
4.3), unfortunately, they fell at the first fence by failing to demonstrate that the diet even
rendered TiO, available- e.g. to intestinal cells in the way that one sees for humans. A
validated diet, that generates the TiO, contribution of intestinal pigment cells [13] or
pigment cell precursors, will be of great value.

4.3 Qualitative Exposure. Caveat! Exposure methodology is generally insensible

A number of publications have suggested that grabbing a caged rodent, forcing a tube down
its throat and filling its stomach with vast quantities of a test material, on a repeated basis, is
a suitable way to predict effects of oral human exposure to particles (e.g. Warheit et al.,
2015) [29]. For overt toxicity screening of large numbers of soluble compounds this may be
an accepted approach that provides perceived consistency in the measurement of the
administered dose. Presumably this is why gavage remains the OECD methodology for
acute toxicity testing [30]. But common exposure particles do not, in any way, adhere to this
paradigm; nor do all OECD toxicity testing guidelines mandate gavage as the only
administration route [31-34]. Particle speciation in complex fluids is highly dynamic and
driven by processes such as dissolution and agglomeration that depend upon solution
conditions (e.g. particle concentration, ionic strength, the presence or absence of dispersants
etc.). Concentrated particle solutions tend to agglomerate, either in the dose solution or in
the intestine [35] such that, counter-intuitively, higher dosing may lead to lower exposures.
As a more general point, repeated, short-term bolus dosing cannot represent gradual lifelong
exposure and the performance of the gut is greatly compromised by the gorging and,
especially, the stress, associated with gavage [36,37]. Future work must concentrate on more
natural, validated, dietary exposures.

4.4 Quantitative Exposure. Caveat! Intended exposure level may not equal actual
exposure level

Gavage is not just unphysiological, it may also be less quantitative than assumed, especially
for particles. In essence, one must ensure that what is drawn up into the syringe is
representative of the solution that it comes from (i.e. any particle distribution is

Curr Opin Toxicol. Author manuscript; available in PMC 2020 August 01.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

da Silva et al.

Page 6

homogenously dispersed for sampling) and that what is expelled from the syringe/gavage
tube combination is what is intended. But particles are often sticky and, for example,
Kreyling et al. (2017) showed losses as high as 51% due to adsorption of particles to gavage
syringes [23]. Admittedly they were studying very low levels but the point is made that
initial suspension homogeneity is as important for representative sampling as measuring
what comes out of the tube upon sham gavage [23] - if, indeed, that method of
administration really must be used. For diet-based studies, food intake can be measured and
particle exposure thus estimated, and whilst this will not be entirely accurate, it will obviate
many of the other issues already noted. It would also represent some of the real variance
seen for oral particle exposure in the human population [1].

4.5 Analysis. Caveat! Techniques like ICP-MS are extremely sensitive but reported data
are still often flawed

Even though (quantitative) microscopy should provide the clearest data in trying to
understand particle loading following exposure, the common approach for pragmatic reasons
(speed, resource etc.) is generally gross tissue quantification. In the case of TiO, this is
chiefly through the use of elemental Ti as a surrogate marker [38]. Whilst endogenous levels
of Ti in mammals are low, one would also expect very little absorption from an oral dose of
TiO,, as already described. The accurate quantification of a low signal on top of an existing
one is challenging, for reasons of discrimination rather than sensitivity. ICP-MS is the gold
standard for quantification of trace and sub-trace levels (ppb/ppt) of elements in biological
samples. But it suffers from matrix interference and, especially, interference of mass
detection of species in the plasma that might overlap the analyte of interest; for example,
48Tj is closely mass equivalent to a rare isotope (*8Ca) of a very abundant bio-element [39].
High resolution ICP-MS, and triple quadrupole ICP-MS (ICP-MS/MS) with its mass-shift
mode, help obviate such problems when used properly [38]. A further issue, however, is that
even low levels of contamination, picked up during digestion or dilution of samples for
example, can increase the background analyte signal masking small differences between
samples. Spiking and recovery experiments will not reveal these types of errors and,
generally, reference standards have such enhanced levels of ultra-trace elements that they
also mask the problem [38]. Caution, therefore, should be exercised in reporting ‘no
absorption’; rather it is no discernible absorption with the technique used.

A final concluding note on this subject, to researchers and reviewers alike, is the importance
of ‘sanity checking’- i.e. the checks and balances that can be carried out with the data that
one has available. As one example from a number, MacNicoll et al. (2015) dosed different
forms of TiO, by gavage at an intended 5 mg/kg body weight, to six groups of 8 week old
male rats (348 + 47 g in weight) [40]. No systemic absorption was detected but faecal Ti
levels (ug/g) were highly variable. For example, one group had background Ti levels after 48
h and only about double this at 0-48h, whereas another group had 20-40 fold background Ti
levels at 0-48 h. Moreover, in this latter group, with faecal Ti at 373 pg/g over 24-48 hours,
and an average intended gavage of 1.74 mg TiO, (1.04 mg Ti), the entire intended oral dose
would be accounted for by just 2.8 g faeces/rat which is about a third of what they should
excrete in this period.
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5 Consistent Human Exposure - Should we worry?

It could be argued that if only tiny quantities of oral particulates, such as fgTiO,, are
absorbed systemically, and the one area where there is known cell targeting (Peyer’s patch
base) is immunologically dormant, then why should we care? There are, in fact, a number of
potential reasons.

Firstly, gross analysis yields a terrifically ‘diluted” signal, because all the non-particle
containing cells, and extracellular matrix, are analysed alongside the rather specialised ones
that do take up particles. Again, pigment cells at the base of gut lymphoid tissue exemplify
this [3,13]. The particle concentration in targeted cells may be enormous versus the gross
analytical signal, so sub-regions or networks of accumulation could still exist but gross
analyses fail to reveal this. Secondly, the idea that tissue-fixed particle-containing
macrophages are a/ways dormant is challengeable. Occasional idiosyncratic responses to
tattoo ink particles, for example, is reported [41] and latency of effect with particle-causing
diseases is well known [42]. Thirdly, recent data suggest that population gene mutations
could also affect how cells respond to particles- in this case, responses to fgTiO, [43].
Finally, other phagocytic cells (such as neutrophils, monocytes and immature dendritic cells)
may also scavenge and process particles, potentially with greater activity than tissue fixed
macrophages [44-46].

If bio-accumulation of persistent particles does occur in human cells that are not entirely
dormant, what consequences should we consider? Two of the authors (REH and JJP) have,
in this same Current Opinions series, detailed how common exposure particles might exert
(immuno)-toxicity effects [47] and this will not be repeated here. However, it is worth noting
that fgTiO, could adjuvant antigen-driven immune responses and is also a mild inducer of
the ‘inflammasome’ and pro-inflammatory signalling- the latter in concert with corona-
forming microbial fragments which are so prevalent in the distal intestine environment [48].

Finally, even if the gut does not take up a material following ingestion, the lumen/epithelial
cell apical environment still receives full exposure. By potential analogy, it is widely
reported that this is why certain soluble iron forms are toxic to the intestine - i.e. they are
poorly absorbed as supplements but redox-active in transit through the intestine [49]. There
is no direct evidence that the unabsorbed fraction of ingested particulates (i.e. the vast
majority) do the same, but it’s worth briefly considering what is known about particles in the
colon where, it is theorized that, accumulation of TiO, occurs in the thick mucus layer
whilst the slow colonic transit time allows prolonged particle-epithelial cell contact [50,51].
To date, many colon-related experiments have been carried out /in vitro, with the
predominant cell lines being CaCo2, HT29-MTX or HT29-MTX/CaCo2 combinations [50-
54] and, for which, there is limited read across to the /n vivosituation. /n vivo, Ruiz et al.
(2017) carried out an acute investigation, reporting that mice with both induced-colitis and
TiO, exposure had shorter colon lengths and increased inflammatory cell infiltration versus
induced-colitis alone, suggesting that TiO, might be damaging in pre-existing or
concomitant inflammatory conditions [55]. This hypothesis was furthered when Urrutia-
Ortega et al. (2016) showed that TiO, exacerbates tumour progression in an AOM/DSS
inflammatory murine model of cancer, with no tumorigenic effect of the particles on control
animals [56]. They did, however, induce dysplastic changes in otherwise normal colonic
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epithelium and decreased goblet cell counts. Further work by this group revealed that TiO,
induced alterations in pathways involved in cell cycle, DNA repair and UCP genes in
particle-only-exposed healthy mice, over 2, 7, 14 and 21 days [54,56]. The adverse effect of
TiO, on the colon of control animals was further demonstrated by Bettini et al. (2017) where
chronic exposure to 10mg/kg/day of TiO» in rats led to increases in aberrant crypts in both
DMH-cancer-induced animals and controls [12]. Whilst these studies have come in for
criticism (e.g. reference [28]), ranging from the choice of particle type (i.e. a nano fraction
of TiO, being used rather than fgTiO, in some) through to questionable methodology and
analytical techniques, careful repeat of such work, respecting the checks and balances laid
out in this manuscript, is encouraged. In particular, how the dosed fgTiO, behaves in the
colon is important; darkfield/reflectance microscopy could reveal this readily [13] and, if
there is an effect, we should be open to the idea that particle absorption per se may not be
necessary to mediate this, as per the supplemental iron paradigm noted above.

Conclusion

We know that large numbers of ingested nano- and micro- particles, persistent enough to
survive gastrointestinal processing, are a regular exposure occurrence for many populations.
We also know that a fraction is absorbed, and heavily accumulated, into very specific gut
cells. Its extremely likely that some also go further- i.e. systemically- and the more careful
literature suggests that this is true albeit at extremely low levels. Much better experimental
approaches are now required to understand if any of this matters and, if so, to what extent?
Some recent patchy data suggests that it just might matter-and with a distal gut focus. Watch
that space.
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‘Base’ of Peyer’s patch:

Figure 1. Detection of particle-loaded pigment cells using reflectance confocal microscopy.
(A) Section of human Peyer’s patch tissue (i.e. gut lymphoid follicle) with cell nuclei

stained blue by Hoechst 33342 and imaged as a single 0.8 micron-thick optical slice with a
confocal microscope. Regions are marked on for the intestinal lumen, follicle associated
epithelium (FAE), sub-epithelial dome (SED) and base of the patch. At higher magnification
(B and C), the laser reflectance signal reveals particle-loaded pigment cells, residing at the
base of the Peyer’s patch. The fgTiO,, which is a major contributor to this pigment [3] is
highly reflective and provides a ready bio-marker for detection in tissue using light
microscopy. Scale bars = 25 micron. These images are from a study approved by the UK
NHS Health Research Authority, North West - Greater Manchester East Research Ethics
Committee, REC reference 18/NW/0690.
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5.Contaminants and interferences trip up
accurate measures of low analyte levels in tissue

4. Loss of

particles

by

adherence

to

dosing
apparatus

1. Dosing that mimics
human exposure
for particle
type, size
and cell
loading.

—\ %@

3. Unphysiological
oral dosing, gavage,
particle agglomeration
and aggregation

2. Influence/relevance
of the matrix
in delivering particles orally

Figure 2. Important consider ations and caveatsin absor ption studies.
Murine models are frequently used to predict effects of oral particle exposure to humans but,

mostly, these are flawed. Mimicking particle type is important whilst comparative cell
loading (i.e. in the rodent model versus humans) may turn out to be the only reasonable,
albeit technically demanding, approach for sensible quantitative dosing (1). If human cell
exposure to oral particles is known, as it is for fgTiO, and some silicates [3], then any
dosing matrix needs to allow some gut luminal release of such particles in an animal model
(2). Gavage is stressful and its bolus doses are totally unlike general oral exposure to
particles for humans. Moreover, such approaches encourage agglomeration and aggregation
of particles (3). In addition, particles are sticky and adsorb to such dosing equipment (4).
Finally, even if the issues of 1-4 are avoided, then analysis of particles in tissues must be
very carefully validated as errors are frequent (5).
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