A Murine Oral-Exposure Model for Nano and Micro Particulates: Demonstrating Human Relevance with Food-Grade Titanium Dioxide
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ABSTRACT
Human exposure to persistent, non-biological nanoparticles and microparticles via the oral route is continuous and large scale (1012-1013 particles/day/adult in Europe). Whether this matters or not is unknown but confirmed health risks with airborne particle exposure warns against complacency. Murine models of oral exposure will help to identify risk but, to date, lack validation or relevance to humans. This work addresses that gap. It reports (i) on a murine diet, modified with differing concentrations of the common dietary particle, food grade titanium dioxide (fgTiO2), an additive of polydisperse form that contains micro- and nano- particles (ii) that these diets deliver particles to basal cells of intestinal lymphoid follicles, exactly as has been reported as a 'normal occurrence' in humans (iii) that confocal reflectance microscopy is the method of analytical choice to determine this and (iv) that food intake, weight gain, and Peyer's patch immune cell profiles, up to 18 weeks of feeding, do not differ between fgTiO2-fed groups or controls. These findings afford a human-relevant and validated oral dosing protocol for fgTiO2 risk assessment as well as providing a generalised platform for application to oral exposure studies with nano- and micro- particles.





Humans are exposed, orally, to vast numbers of non-biological nanoparticles and microparticles, many of which are chemically persistent. Within this category the ingestion of silicates and food grade titanium dioxide (fgTiO2) is estimated at 37.5 mg (median), or 1012 to 1013 particles, per adult per day in the UK.[1] For fgTiO2, this equates to an intake of ~ 0.04 mg/kg body weight / day for a 70 kg adult.[1] A further carefully conducted study reported broadly similar results in the Netherlands (0.06 – 0.17 mg/kg body weight / day at > 7 years of age), with even higher fgTiO2 intakes recorded for children of  2 – 6 years of age.[2]

What the effects of exposure are to these or other particles, via the oral route, is unknown but has become a key agenda item for the relevant regulatory bodies. [3-9]

With this in mind, this issue’s focus on ‘rethinking nanosafety’ is timely. This is especially so, given that accumulated data now show real and definitive health risks as a result of our exposure to common environmental particulates.[10] Notably, the relationship between airborne particles and cardiopulmonary diseases has been consistently demonstrated. However, much of this research has relied upon epidemiological approaches whereby large populations under different exposure conditions are correlated against adverse outcomes (i.e., mortality or biomarkers of disease).[11-12] To understand the risk of oral exposures to common particles however, such approaches are limited. This is because whilst exposures undoubtedly vary across populations, they do so in a diffuse fashion and not in geographical sub-populations. Data, therefore, are difficult to capture: dietary intake measures are reasonably crude and, unless specifically designed, do not include intakes of pharmaceuticals, nutraceuticals or swallowed toothpastes, which are major sources of oral particle intakes.[1] Even when studies are specifically designed to track all sources of oral particle exposure to humans, the complexity is such that subject numbers are limited by practicable design.[1] Moreover, oral intake studies do not track long-term exposures, but provide information on a short window of a few days or a week. 

Distinct methodology is therefore required for the oral route and, likely, an aggregate of approaches, including carefully conducted murine studies, will be necessary to inform human health risk assessment, effectively. 

Recently, the pitfalls of murine oral exposure models for nanoparticle and microparticle research have been reviewed.[13] In particular, it was noted that real-world human exposures are poorly represented by gavage whereby concentrated, daily boluses are forced into the stomach of rodents via an oral tube. Aside from physiological stress and its effects on the intestine, particles have a tendency to agglomerate and aggregate when concentrated. This may occur in the dosing apparatus, or in the intestine itself but, importantly, it may be irreversible resulting in no or limited uptake from the intestine. In any case, bolus delivery does not reflect human exposure patterns to particles, which will trickle in throughout the day from the acts of brushing teeth, through to intakes of diet and pills, to brushing of the teeth again. Usefully, rodents tend to graze on their diet providing a model to mimic the nature of human exposure to particles. Any criticism that dietary intakes are variable in rodents, and cannot be precisely monitored, can be readily countered by the arguments above, which outline much greater problems with the alternatives. Moreover, OECD guidelines for repeat dose oral toxicity testing (e.g. TG 408),[14]  do not mandate gavage but also allow for a test material to be incorporated in the diet or dissolved in drinking water, so any dietary approach could still be adopted within the OECD framework.

The next aspect for consideration is whether particle absorption from the small intestine via the murine diet ‘vehicle’ is successfully achieved. Indeed, the importance of confirming particle uptake for proper in vitro hazard identification, and avoidance of false-negative outcomes, has been a topic of considerable focus in recent years.[15-17] In much the same way, this same logic must apply to in vivo experimentation and, especially so, when human precedence has been so clearly demonstrated. In humans, the known target tissues for orally ingested, persistent particulates are the large lymphoid follicles of the small intestine, typically referred to as Peyer’s patches. Repeatedly, these have been shown to contain basally located ‘pigment cells’ that accumulate, nano- and micron -sized particles including a marked proportion of fgTiO2.[18-23] It is beyond reasonable doubt that these particles accumulate in such cells as a result of the ‘every day’ oral exposures described above. By no means does this rule out other tissue sites for environmental particle accumulation in humans, and, indeed, this is known to occur for liver and spleen.[24] However, as of yet, no other sites have been so thoroughly studied, or the precise location of their particle accumulating cells so accurately pin-pointed, as for Peyer’s patches. In turn, if, a diet with added persistent particles is to be considered a successful mimic of regular human exposures then basal Peyer’s patch accumulation of the fed particles must be observed. 

Here, we develop diets incorporating three differing levels of fgTiO2 to permit a physiologically relevant exposure method. We then confirm that these diets act as suitable ‘delivery vehicles’. We achieve this, for the first time in a murine model, by assessing the formation of particle-loaded cells at the base of gut lymphoid follicles (Peyer’s patches) as occurs in humans. Finally, we also establish sex-specific, key baseline measures such as intakes of fgTiO2 as a result of the dosing regimen, animal weight gain and how immune cell fractions of the Peyer’s patch change at three different time-points under confirmed exposure; all referenced to a negative control group (i.e. same diet but no fgTiO2 supplementation).

The diets were constructed through incorporation of fgTiO2 into the basal diet, namely American Institute of Nutrition (AIN)-76A, by Research Diets, Inc. (USA). The primary particle size distribution of the fgTiO2 has been described previously.[25] Scanning electron microscopy (SEM) and energy dispersive X-ray (EDX) spectroscopy confirmed that the particulate nature of the fgTiO2 was retained after diet incorporation (Figure S1). 

To validate whether the diets permitted uptake from the intestinal lumen, and thus cellular exposures to the fgTiO2, we surveyed the basal regions (i.e., serosal aspect) of Peyer’s patches for fgTiO2-containing cells at the end of the feeding study (18 weeks). The tissue harvest and method used to prepare sections – being careful to avoid inadvertent contamination – is shown in Figure S2. This time-point was chosen on the basis that the cellular accumulation of particles, deep in tissues, will require time and, pragmatically, because the goal was simply to assess whether the diet had achieved successful particle delivery or not. To achieve this, reflectance confocal microscopy, as previously used in human tissue analyses, was employed to detect the presence of fgTiO2 (Figure 1).[21]  A robust threshold for the detection of reflectant foci consistent with fgTiO2 was defined by removing all signal from complete, tile scanned images of Peyer’s patch tissue sections taken from three negative control animals (Figure 1A). Reflectant foci, indicating the presence of fgTiO2, were found at the base of Peyer’s patches for all three dose groups (Figure 1C-E) (additional ‘Z-stack’ 3-D images also shown, Figure S3). As previously shown in humans, SEM/EDX analyses confirmed that the tissue contained sub-surface particles rich in titanium (Figure 1F-H), further validating the reflectance findings.

Interestingly, the low and medium diets (6.25 and 62.5 mg fgTiO2/ kg diet) only generated very lightly impacted cells at the base of the Peyer’s patch, whereas the high diet 625 mg fgTiO2/ kg diet) generated something akin to ‘precursor pigment cells’ (Figure 1B-E). These latter findings were much more reminiscent of the cellular fgTiO2 loading previously observed in humans in this tissue region.[18-23] 

Throughout the feeding, the mice appeared healthy and weight gains were, as expected, different between female and male mice within each diet-group, but there was no difference between the diet groups (Figure 2). Overall, from these data we could estimate that mice were, on average, each exposed to ~17 µg (low), 165 µg (medium) and 1672 µg (high) of fgTiO2 per day (Table 1). Titanium dioxide was not present in the baseline diet of the control group. 

In the flow cytometry-based analyses of digested Peyer’s patch cell suspensions (Figure S4-S5), at different time points, repeated-measures ANOVA demonstrated an effect of time on the mean live phagocyte gate (P < 0.0001), with significant differences between week 6 and week 12 and between week 6 and week 18 (Figure 3). However, there was no influence of sex or diet (P > 0.6) on the percentages of live phagocytes. There was also no significant effect of time, sex or diet on the live lymphocytes gate (P > 0.2). For the subpopulations of cells, i.e., CD4 or CD8 T-cells, B-cells or different phagocytes (CD11b/CD11c/double negative), the cell marker percentages were reliably consistent between groups (Figure S6-S7). CD8 CD11chigh dendritic cells are renowned for the cross-presentation of exogenous antigen and stimulation of CD8+ T cell responses.[26] Phenotypic analyses of the phagocytic population present in the Peyer’s patches whole digests were extended to examine CD8and CD11b expression on CD11chigh subsets. This also failed to demonstrate any indication of the promotion of pro-inflammatory innate immune cell subsets resulting from the fgTiO2 diet (Figure S8, Table S1 and S2). The findings show, therefore, that long term feeding of fgTiO2 does not affect immune cell populations of the Peyer’s patch, despite additionally confirming this to be a site of uptake and basal accumulation for the particles. More detailed analyses can now be undertaken in future work and outcomes in Peyer’s patches linked to particle exposure, rather than some indirect effect of cell recruitment or migration.

In summary, in contrast to current mainstream work, this study demonstrates that incorporation of fgTiO2 into the AIN-76A diet permits uptake and subsequent delivery of fgTiO2 to target sites of known human relevance, which is a significant advancement for enabling oral particle risk assessment.  Importantly, diets as high as ~100 mg/kg body weight /day can be delivered via normal feeding without any evidence of gross perturbation of immune-cell physiology. We also demonstrate how simple reflectance microscopy of forming pigmented cells at the base of Peyer’s patches can be used to validate successful exposure. In the view of the authors, this kind of validation should become an essential component for in vivo studies with fgTiO2. For example, a recent study where growing rats were fed a pelleted diet containing ~40, 400 or 5000 mg fgTiO2 / kg diet, and then a large range of analyses undertaken, provided no information to confirm that tissues were actually exposed in the study.[27]  This makes the suite of ‘no effect outcomes’ that were reported difficult to interpret. 

The reporting of persistent particles, including titanium dioxide, associating with Peyer’s patches in murine experiments is not new. However, prior studies bear no relation to the advances reported here. For example, following oral gavage with large TiO2 particles (475 +/- 24 nm), Jani et al report an implausible tissue uptake of 11.9% and, with electron microscopy, they show a particle ‘in the vicinity of a Peyer’s patch’ with some apparently also noted in the ‘granular areas’.[28] Bettini et al report analytical signals that are suggestive of titanium dioxide somewhere in the murine Peyer's patch after addition of the particles to drinking water.[29]  Again, in the context of orally dosed titanium dioxide, Warheit et al mention Peyer's patches in a table.[30]  The work that we present is entirely different in that it tracks properly-fed fgTiO2 into specific cell sites, namely the base of the Peyer's patch, exactly as is seen in humans. Furthermore, we demonstrate how this is measurable with a simple light microscopy technique, yielding a readily accessible, site-specific 'biomarker' that can be used to confirm successful uptake and cell exposure after feeding. 
In short, the diet and methodology presented here provide for a physiologically relevant, oral dosing approach in particle risk assessment with appropriate tissue exposure measures. It will allow much more detailed analyses of the potential effects of fgTiO2 to now be undertaken, with proper human relevance, and should serve as a base for any such nanoparticle or microparticle research that is interested in the physiological and long term dosing of persistent particles. Moreover, as noted above, this approach can be readily adopted within the OECD framework for next generation risk assessments.  For example, it is known that human cells are impacted by fgTiO2, and accumulation increases with age.  Further steps would be a careful assessment of toxicity potential in a tissue-relevant fashion. Indeed, Peyer’s patches are key structures in intestinal immuno-surveillance and in the generation of immune responses, notably involving Immunoglobulin A. How human-relevant exposure to fgTiO2 impacts such functionality can now be addressed, beyond our current knowledge that gross perturbation of the system (cell infiltration) does not occur. In addition, how mesenteric lymph nodes are impacted by oral fgTiO2 can also now be investigated, alongside the implications for gastrointestinal immune responses.   

Experimental Section
The study procedures described were approved by the Grasslands Animal Ethics Committee (Palmerston North, New Zealand) in accordance with the New Zealand Animal Welfare Act 1999. The fgTiO2 was obtained from Sensient Colors (St. Louis, MO, USA). C57BL/6 mice aged 6 weeks were randomly assigned to one of 4 diets (0, 6.25 mg, 62.5 mg or 625 mg fgTiO2/kg of diet) exposing the mice to, respectively, zero and ~1, 10 and 100 mg fgTiO2/kg body weight/day. Mice were housed conventionally with feed intake and body weight recorded bi-weekly. At 6, 12 and 18 weeks mice were euthanized and the GI tracts harvested. Ileal tissues containing the most distal Peyer’s Patch were excised and snap frozen. Those from 18 weeks feeding were examined via confocal microscopy and SEM with EDX analysis. Remaining Peyer’s Patches were collected and enzymatically digested to form single cell suspensions for flow cytometry analysis after staining with either lymphocyte (CD4, CD45R and CD8a) or myeloid (CD11b, CD11c and CD8a) antibody staining cocktails with propidium iodide (PI) for dead cell exclusion. 
For confocal microscopy and SEM-EDX, frozen ileal tissue was embedded and 25 micron thick cryostat sections cut and collected on slides. Nuclei were labelled using Hoechst 33342 and slides were mounted with Prolong Diamond mountant. Reflectance confocal microscopy images were obtained using a Leica SP8 confocal microscope equipped with a 40X/1.3 oil immersion objective.  A 405 nm laser was used for Hoechst 33342 excitation. On a 2nd sequence, reflectance from a 488 nm laser was used to detect the fgTiO2. As noted in the text for results and discussion, a robust threshold for the detection of fgTiO2 was made by removing all signal from tilescanned images collected from negative control mice (i.e., exposed to the base diet but not fgTiO2). A red circle-marker was placed on each reflectance pixel above the threshold using the inbuilt ‘insertShape’ function in MATLAB R2019b (MathWorks). After confocal microscopy, coverslips were removed and the slides dried, cut down, mounted on stubs using colloidal graphite and lightly sputter coated with carbon for SEM/EDX of Peyer’s patch regions. A description of the statistical analyses and further details of methods can be found in the Supporting Information. 
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Figure 1. Accumulation of fgTiO2 in basal cells of murine Peyer’s patches following feeding. A, Tilescanned ‘overview’ image of a typical murine ileal tissue section containing a Peyer’s patch lymphoid follicle. Cell nuclei are labelled in blue by the fluorescent dye Hoechst 33342. The ‘base’ region of the patch, which lies just above the muscularis layer, is indicated (yellow). The example shown is from an unexposed mouse. B-E, Tissues from fgTiO2 exposed mice at higher magnification: (B), confocal reflectance microscopy (0.8 micron optical sections taken from the center of tissue sections) reveals the increasing formation of particle-loaded cells when mice are fed diets containing increasing amounts (C-E) of fgTiO2 (red circle-markers placed on reflectance signal to aid visualisation). F-H, Imaging and physical analysis by scanning electron microscopy and energy dispersive X-ray analysis (H) confirms the presence of titanium-rich particles inside of the tissue sections taken from the fgTiO2-fed mice. Scale bars B-E = 25 micrometers, with 10 micrometers in zoomed insets.  F-H = 10 micrometers. 


























Figure 2. Body weights of wild type C57BL/6 mice fed with AIN-76A diet +/- fgTiO2 at three levels. Body weights were recorded twice weekly for male (M: green) and female (F: blue) mice over (A) 6 weeks, (B) 12 weeks or (C) 18 weeks. Means ± SEM are shown, (n = 6 M and 6 F). ** P = < 0.01 Male versus Female body weights (one–way ANOVA with initial body weight used as a covariate).

[image: Macintosh HD:Users:johnwills:Desktop:Figures for Word:Figure_3.jpg]Figure 3. Frequencies of live cells residing within phagocyte and lymphocyte flow cytometric cell gates. Flow cytometric analysis of filtered, propidium iodide (PI)-stained single cell suspensions derived from Peyer’s Patch tissues of mice fed the AIN-76A diet, with or without added fgTiO2, for 6, 12 or 18 weeks. Control, low, medium and high titanium dioxide diets refer to the amount of fgTiO2 added to the basal diet as defined in the text. The mean ± SEM percentages of live (PI negative) cells residing within the (A) phagocyte or (B) lymphocyte gates are shown; (n = 6-8). Full flow cytometry gating and analysis strategy and a further breakdown of cell phenotype are shown in the supporting information. No significant differences were found between any of the diets for the combined (n = 6-8), male (n = 3-4) or female (n = 3-4) groups.


Table 1. Mean daily TiO2 intake and daily TiO2 dose of wild type mice fed with the AIN-76A TiO2 containing diet. 

	[bookmark: OLE_LINK1]
	
	Daily TiO2 intake (mg/day)
	

	Sex
	Diet
	6 Weeks
	12 Weeks
	18 Weeks
	P value1

	



Female

	6.25
	0.016 ± 0.002
	0.016  ±  0.001
	0.016 ± 0.001
	0.89

	
	62.5
	0.162 ± 0.008
	0.154 ± 0.012
	0.161 ± 0.012
	0.41

	
	625
	1.621 ± 0.126
	1.569 ± 0.087
	1.543 ± 0.081
	0.32

	
	
	
	
	
	

	
	
	Daily TiO2 dose (mg/kg body weight)
	

	
	6.25
	0.897 ± 0.071c
	0.825 ± 0.084c,d
	0.759 ± 0.029d
	< 0.052

	
	62.5
	8.737 ± 0.365a
	7.730 ± 0.552b
	7.931 ± 0.620b
	< 0.052

	
	625
	88.027 ± 6.886c
	79.451 ± 6.708c,d
	71.827 ± 4.640d
	< 0.012

	
	
	
	
	
	

	
	
	Daily TiO2 intake (mg/day)
	

	



Male
	6.25
	0.017 ± 0.001
	0.018 ± 0.002
	0.018 ± 0.002
	0.34

	
	62.5
	0.176 ± 0.018
	0.172 ± 0.005
	0.166 ± 0.007
	0.38

	
	625
	1.783 ± 0.133
	1.750 ± 0.102
	1.768 ± 0.145
	0.98

	
	
	
	
	
	

	
	
	Daily TiO2 dose (mg/kg body weight)
	

	
	6.25
	0.763 ± 0.049
	0.737 ± 0.065
	0.682 ± 0.076
	0.11

	
	62.5
	7.586 ± 0.990
	6.965 ± 0.402
	6.876 ± 0.516
	0.24

	
	625
	76.827 ± 4.700e
	70.853 ± 5.564e,f
	63.335 ± 4.933f
	< 0.052




[bookmark: _GoBack]Footnotes. 1Statistical comparison with one way ANOVA, 2pairwise comparison of group means with Tukey’s HSD test; significant differences between groups with superscript letters a/b P < 0.05, c/d P ≤ 0.01, e/f P < 0.001.
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Materials and Methods 
Preparation of mouse diets containing titanium-dioxide 
The well-defined standard rodent diet, American Institute of Nutrition (AIN)-76A, was selected as the foundation of the food grade titanium dioxide (fgTiO2) containing diets, and was used without fgTiO2 addition as the negative control diet [1-2]. Diets were prepared by Research Diets (New Brunswick, NJ, USA). Food grade anatase fgTiO2 particles were obtained from Sensient Colors (St. Louis, MO, USA). Our previous analyses of these particles showed a particle diameter range from 50 nm to 350 nm, with a maximum frequency of 100 nm. A histogram of particle size intervals, on a particle number basis, is also reported to include the nanofraction [3]. Equations 1-4 were used to calculate the quantities of fgTiO2 required for diets to expose the mice to ~ 1, 10 and 100 mg fgTiO2/kg body weight/day. For these equations, an estimated body weight of 25 g was used, based on reported averaged body weights for male and female C57BL/6 mice aged between 4 and 16 weeks [4]. Using an estimated average daily food intake of 4 g per day the amount of fgTiO2 per kg of diet was calculated as 6.25 mg, 62.5 mg and 625 mg fgTiO2/kg of diet for the dietary exposures noted above (i.e., 1, 10 and 100 mg fgTiO2/kg body weight/day).
Equation (1)
Daily TiO2 intake [mg/day] = Daily TiO2 dose [mg/kg body weight/day] X body weight [kg]

Equation (2)
TiO2 content of diet [mg/kg diet/day] = 

Equations used to establish daily weight gain and food intake:

Equation (3)
Daily weight gain [g/day] = 

Equation (4) 
Daily food intake [g/day] = 

Confirmation of fgTiO2 incorporation within the AIN-76A diet by Scanning Electron Microscopy and Energy Dispersive X-Ray Spectroscopy
A sample of the AIN-76A diet containing 625 mg/kg TiO2 was prepared for SEM by fixing a 2 mm X 2mm X 2mm sample of the diet on a SEM pin stub specimen mount with an adhesive carbon conductive tab. The sample was then carbon coated for an evenly conductive surface. Images were acquired by raster-scanning the sample with the electron beam at 20 kV and detecting secondary electrons using a FEI Quanta 200 environmental scanning electron microscope (Hillsboro, OR, USA). The acquired images were saved digitally. The chemical composition of particles that were detected by SEM were simultaneously assessed by EDX in order to confirm Ti. An example of this analysis is shown in Figure S1.

Tissue sample collection
At 6, 12 and 18 weeks mice from the respective groups were euthanized and the gastrointestinal tract removed and placed in cold PBS. Ileal tissues which included the most distal Peyer’s Patches were excised and rapidly frozen on an ice cold stainless steel bar which had been cooled in dry ice. Once frozen, the tissue was then carefully immersed in embedding medium within a cryomold on dry ice and transferred to -80oC storage. The remaining Peyer’s patches from each mouse were collected in 1 mL cold RPMI 1640 medium containing 100 g/mL DNaseI (Roche Diagnostics, Germany) and 100 g/mL LiberaseTL (Roche Diagnostics) for enzymatic digestion of the tissue to form single cell suspensions for flow cytometry. The samples were kept on ice for a maximum of 5 h. before tissue digestion was stopped by the addition of 10 mM ethylenediamine tetra-acetic acid (Life technologies). 

Tissue Sectioning and Fluorescence Labelling 
Snap-frozen ileal tissue samples containing Peyer’s patches were trimmed and transferred to molds containing pre-cooled optimal cutting compound (OCT). Sections were cut using a Leica CM1900 cryostat at 25 micron thickness before collection on SuperFrost Plus slides (ThermoFisher, 1800AMNT). The slides were then left to acclimatise at room temperature for at least 2 hours before circling with barrier pen (Vector Labs, H-4000) and fixing for ten minutes in 4% 0.1M phosphate buffered (pH 7.4) paraformaldehyde. Nuclei were labelled using a 1:2500 dilution of Hoechst 33342 (ThermoFisher, H3570) diluted in 25 mM Tris-buffered (pH 7.4) saline (TBS). Sections were washed with three changes of fresh TBS before mounting with #1.5 coverslips in Prolong Diamond mountant (ThermoFisher, P36965). 



Reflectance Confocal Microscopy 
Images (2048x2048 pixels) were collected using sequential scanning on a Leica SP8 confocal microscope via a plan apochromat 40x/1.3 oil immersion objective. The Hoechst 33342-labelled nuclei were excited using a 405 nm laser. On a second sequence, reflectance from a 488 nm laser was used to detect the fgTiO2. All images were collected in a single session, using identical settings for the reflectance channel. 

Image Analysis
A robust threshold for the detection of fgTiO2 was defined by removing all signal from tilescanned images collected from three negative control mice that were unexposed to fgTiO2. To aid visualization, a transparent circle-marker was placed on each reflectance pixel above the threshold using the inbuilt ‘insertShape’ function in MATLAB R2019b (MathWorks). 

Scanning Electron Microscopy and Energy Dispersive X-ray Analysis of Peyer’s Patch regions of tissue. 
After reflectance confocal microscopy, Prolong mounted coverslips were removed by overnight incubation at 37°C in a Coplin staining jar filled with phosphate buffered saline (pH 7.4). Slides were then air dried at room temperature for at least 24 h.  The slides were then cut down to the regions containing tissue sections, mounted on SEM stubs using colloidal graphite and lightly sputter coated with ~ 3 nm layer of carbon. Secondary and backscattered electron images were collected at 20 kV using a FEI/ThermoFischer Helios G4 CX DualBeam  focussed ion beam and scanning electron microscope (with in-lens secondary electron and circular backscattered electron detection). EDX was performed with an Oxford Instruments 150 mm2 SD detector running AZTEC software.

Flow cytometric analysis 
Single cell suspensions were prepared from the Peyer’s patch samples and kept on ice by transferring the samples to 37oC for 20 min followed by the addition of 10 mM ethylenediamine tetra-acetic acid. Samples were then passed through 70 m cell strainers to obtain single cell suspensions, washed and re-suspended in FACS buffer (comprising PBS containing 2 % FCS, 1 mM ethylenediamine tetra-acetic acid and 0.01 % sodium azide (BDH Laboratory Supplies, Poole, UK)).  Single cell suspensions were then incubated with rat anti-mouse Fc blocking antibody (clone 2.4G2, BD Biosciences, NC, USA) for 15 min on ice before the addition of either the lymphocyte (FITC anti-mouse CD4 (clone H129.19), PE anti-mouse CD45R (clone RA3-6B2) and APC anti-mouse CD8a (clone 53-6.7)) or myeloid (FITC anti-mouse CD11b (clone M1/70), PE anti-mouse CD11c (clone HL3) and APC anti-mouse CD8a (clone 53-6.7)) antibody staining cocktails for a further 15 min on ice. Single cell suspensions from a minimum of 3 and maximum of 4 mice per group underwent staining for lymphocyte and myeloid staining panels. Unstained and single- stained tubes were prepared at this time and used to set voltages and compensate for spectral overlap between fluorophores. Isotype controls were also prepared to assist with the setting of gates for positively staining phenotypic markers. Cells were then washed once in FACS buffer and re-suspended in ~200 L of residual buffer for cytometric analysis. Propidium iodide (PI; Life technologies) at a concentration of 0.8 g/mL was added to the cells in residual buffer immediately prior to acquisition on a FACS Calibur flow cytometer using CellQuest Pro software, version 6.0 (BD Biosciences, San Jose, CA, USA). A minimum of 22,000 events were acquired for samples stained with the lymphocyte panel and a minimum of 12,000 events acquired for the myeloid panel. Analysis of the flow cytometry data was performed using FloJo software, version 9.4.3 (Tree Star, Ashland, OR, USA). The gating strategy for the enumeration of lymphocytes is shown in figure S3 and figure S4 for myeloid cell subsets. 

Statistical analysis
 For all analysis significance was taken at P = < 0.05.  Normal distribution of data was assessed using the Shapiro-Wilk method and variance equality assessed using Bartlett’s test for equal variance prior to statistical comparisons. Comparisons of final body weights of male and female mice were carried out in R version 3.0.0, using one-way ANOVA with initial body weight used as a covariate. Mean daily TiO2 intake and daily TiO2 dose were examined using R with one-way ANOVA or the Kruskal-Wallis test (for non-parametric data), pairwise comparison of group means were compared with Tukey’s HSD test. Repeated-measures ANOVA was conducted in IBM SPSS Statistic (version 25; IBM Corporation) and used to investigate the effect of time, sex and diet on percent live phagocyte and lymphocyte gates.


Supplementary Figures

[image: Macintosh HD:Users:johnwills:Desktop:Figures for Word:Figure_S1.jpg]





















Figure S1. SEM-EDX analysis of AIN-76A diet containing fgTiO2 (a), Example SEM image of the AIN-76A diet containing 625 mg/kg diet fgTiO2 (indicated with red circles). Scale bar = 20 microns. (b). An example of the EDX spectra from the particles within the SEM image with arrows indicating the distinctive Ti double-peak. The red square in (a) corresponds to the particle analyzed for this example.

Figure S2. Harvesting Peyer’s patches for fgTiO2 microscopical analyses. (A) To minimise the opportunity of fgTiO2 contamination from the body cavity, or from remaining food in the lumen, short sections of ileum containing Peyer’s patches were carefully excised and maintained as intact intestinal segments without flushing or opening along the longitudinal axis. In fresh tissue, Peyer’s patches are not always easy to identify, but are visible to the trained eye as translucent ‘bulges’ (indicated by arrow). (B) Upon snap freezing in isopentane, they immediately become much more obvious (arrow), and a visual check at this step should be used to confirm presence in a segment. (C) Frozen intestinal segments are then embedded in OCT for sectioning in transverse orientation (two Peyer’s patch follicles indicated, arrows). (D) Ideally, sections for confocal reflectance microscopy to confirm exposure of fgTiO2 via the accumulation of precursor pigment cells at the ‘base of the patch’ (region indicated, purple) should be taken from close to the center of a follicle. This histological position can be confirmed by the presence of clear follicle associated epithelium (FAE) overlying the dome of the Peyer’s patch – and identifiable in itself by the absence of directly-overlying villi (two domes with overlying FAE are indicated, red). The scale bar in (D) indicates 250 microns.  


[image: Macintosh HD:Users:johnwills:Desktop:Figure S3.jpg]


Figure S3. Optical sectioning during confocal reflectance microscopy. Confocal optics allow the isolation of thin (e.g., < 1 micron thickness) ‘optical sections’ from deep inside tissue sections. This approach was used to confirm that the fgTiO2 reflectance signals analysed were not the result of inadvertent surface contamination: (A) A ‘base of patch’ maximum projection image of 23 optical sections taken throughout a ~ 16 micron cryostat tissue section (625 mg/kg diet group). Nuclei are shown in blue, and the reflectance signal from fgTiO2 is shown in white.  (B) High magnification 3-D visualisation of the data in the region indicated. Viewing from the XZ or YZ dimension (side insets) shows that the fgTiO2 is distributed throughout the full thickness of the cryostat section, and, as single, deep optical section shows (Figure 1), it is not a surface phenomenon. Scale bars = 25 microns. 
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Figure S4. Flow cytometric gating strategy for the enumeration of lymphocyte subsets. (A), An initial cell gate excluding debris was drawn based on forward and side scatter dot plot profiles. From this, (B) a live cell gate was drawn based on negative PI staining. Cells from the live cell gate were then again plotted (C) for forward and side scatter and a lymphocyte gate drawn (and confirmed by positive lymphocyte marker staining). Cells residing within the live, lymphocyte gate were finally plotted (D/E) for CD4 versus CD8 and CD45R versus side scatter to obtain numbers of CD4+, CD8+ and CD45R+ lymphocytes within mouse Peyer’s patch single cell suspensions. Representative plots from the analysis of Peyer’s patch single cell suspensions from one mouse are shown.
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Figure S5. Flow cytometric gating strategy for the enumeration of myeloid antigen presenting cell subsets. (A), An initial cell gate excluding debris was drawn based on forward and side scatter dot plot profiles and a live cell gate was drawn (B) based on negative PI staining. Cells from the live cell gate were then again plotted (C) for forward and side scatter and a large myeloid gate drawn (and confirmed by positive myeloid marker staining). Cells residing within the live, myeloid gate were plotted (D) for CD11c versus CD11b to delineate basic myeloid cell types. Representative plots from the analysis of Peyer’s patch single cell suspensions from one mouse are shown.
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Figure S6. Percentages of live CD4 and CD8 T lymphocytes and B lymphocyte subsets present in single cell suspensions of Peyer’s Patches analysed by flow cytometry. Cells from a live (PI negative) cell gate were plotted for forward and side scatter and a lymphocyte gate drawn which was used to plot CD4 versus CD8 and CD45R versus side scatter to obtain cell numbers. An example of the gating strategy is shown in Figure S2. CD4+, CD8+ and CD45R+ lymphocytes within mouse Peyer’s patch single cell suspensions from male and female mice are shown at 6, 12 and 18 wks in the (A) control diet group, (B) low, (C) medium and (D) high titanium dioxide diet groups, (n = 3-4 mice per donut chart). 
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Figure S7. Percentages of live CD11b and CD11c positive antigen presenting cell subsets present in single cell suspensions of Peyer’s Patches analysed by flow cytometry. Cells from a live (PI negative) cell gate were plotted for forward and side scatter and a phagocyte gate drawn which was used to plot CD11b versus CD11c to obtain cell numbers. An example of the gating strategy is shown in Figure S4. CD11b+, and CD11c+ phagocytes within mouse Peyer’s patch single cell suspensions from male and female mice are shown at 6, 12 and 18 wks in the (A) control diet group, (B) low, (C) medium and (D) high titanium dioxide diet groups (n = 3-4 mice per donut chart).
[image: ]
Figure S8. Flow cytometric gating strategy for the extended phenotypic analysis of myeloid antigen presenting cell subsets. (A), A large debris exclusion gate was drawn based on forward and side scatter dot plot profiles and the gated cellular population used to generate the live cell gate (B) based on negative PI staining. Gated live cells were then re-plotted (C) for forward and side scatter and an extended live myeloid gate drawn (and confirmed by the presence of positive myeloid marker staining). Cells within the live, myeloid gate were plotted (D) for CD11c versus CD11b to delineate basic myeloid cell types. CD11c high cells were further delineated on the basis of CD8 and CD11b expression in (E).   Representative plots from the analysis of Peyer’s patch single cell suspensions from one mouse are shown.
Table S1. Statistical comparisons of innate immune cell frequencies within Peyer’s Patch whole tissue digests 

	                                                                                                                         P values1
                        Population	                                    Sampling Time                     Diet                        Interaction 

	CD11b+ CD11clow
	< 0.001
	0.09
	0.5

	CD11chigh 
	0.39
	0.68
	0.22

	CD11chigh CD8+ CD11b-
	< 0.01
	0.86
	0.22

	CD11chigh CD8+ CD11b+
	< 0.001
	0.90
	0.61

	CD11chigh CD8- CD11b-
	< 0.001
	0.95
	0.83



Footnote. 1Statistical comparison with two way ANOVA using sampling point (6/12/18 weeks) and diet (AIN-76A diet without, or with 6.25/62.5/625 mg TiO2/kg) as factors. 


Table S2. Mean frequencies of antigen presenting cell subsets present within Peyer’s Patch whole tissue digests after 6, 12 and 18 week sampling time points of all treatment groups combined. 

	Population
	6 Weeks
	12 Weeks
	18 Weeks
	Combined

	CD11b+ CD11clow
	2.0 ± 1.0
	2.7 ± 0.9
	1.6 ± 0.7 
	2.1 ± 1.0 

	CD11chigh
	3.7 ± 1.1
	4.0 ± 1.1
	4.0 ± 1.2 
	3.9 ± 1.1

	
		Percentage of CD11c high

	CD8+ CD11b-
	25.3 ± 6.5
	28.7 ± 7.7
	31.7 ± 5.2 
	28.9 ± 7.0

	CD8- CD11b+
	34.0 ± 6.6
	45.7 ± 7.6
	40.4 ± 4.5 
	40.6 ± 7.8

	CD8- CD11b-
	40.7 ± 8.2
	25.6 ± 5.3
	28.1 ± 4.1 
	30.6 ± 8.6


Footnote. CD11b+CD11clow & CD11chigh are expressed as % of the live myeloid cell gate (shown, Figure S8C). CD8+ CD11b- / CD8- CD11b+ / CD8- CD11b- are expressed as % of the CD11chigh gate shown in Figure S8D.
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