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Abstract: The sustainability of mammals on Earth relies on milk. During lactation, maternal 

exposure to pollutants like metal nanoparticles (NPs) can affect offspring development and 

survival. Despite being banned from food applications in Europe due suspected toxicity, titanium 

dioxide (TiO2) NPs are still massively manufactured for countless other uses. While contamination 

of ecosystems is well documented, contamination of mammals remains underexplored. Here, we 

used synchrotron X-ray fluorescence and single particle inductively coupled plasma mass 

spectrometry to analyse human, animal, and infant formula milk. Titanium containing micro- and 

nano-particles were detected in all samples, regardless of the species, location, and processing. We 

identified varying concentrations, sizes, and combinations of rutile and anatase TiO2, ilmenite 

FeTiO3 and possibly titanite CaTiSiO5 or pseudobrookite Fe2TiO5. These findings suggest that 

milk serves as a carrier for titanium-containing nanomaterials to expose newborns on a daily basis 

until weaning.  

Keywords: milk, breastmilk, lactation, nanomaterials, nanoparticles, microparticles, 

contamination, titanium, rutile, anatase, ilmenite 
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Introduction 

Engineered titanium dioxide nanoparticles (TiO2-NPs) are massively used in all industrial sectors 

1,2. Anatase and rutile TiO2-NPs are typically manufactured from ilmenite (FeTiO3) ores for their 

coloring, photocatalytic, UV-filtering, or anti-corrosive properties 1,3. They are employed in 

countless applications ranging from cosmetics, pharmaceutics, electronics, paints to even food 1,2,4–

6. Use and waste degradation of Ti-containing products along with their release as industrial by-

product result in their unintentional release in ecosystems 2,5,7–13 while they are intentionally 

released on crops and soils for their fertilizer properties 14–16, added to wastewater as remediation 

agents 17,18 and even proposed for artificial ocean fertilization 19. Emergent literature reported the 

presence of TiO2-NPs in ecosystems. They were detected in Austrian lake waters 9, Australian and 

Dutch rivers 20–22, sea water in Brazil 12 Australia 21 and Spain 10, atmospheric particulate matters 

of all sizes in Brazil 13 and The Netherlands 20, landfill soils in the US 23 and Switzerland 8, and in 

sewage sludges and soils amended with the latter in the US 7,17,20,23,24. The first evidence for the 

contamination of living organisms by Ti-NPs has been provided recently in fish 12,13 and in human 

colon tumor sections 25, placenta, and newborn first stools 26, the latter indicating materno-foetal 

transfer. Whether such contamination represents a health hazard is unclear. Ti-NP toxicity remains 

debated and is likely to depend on the mineral phase, size, and concentration of nanoparticles27–29. 

However, TiO2-NPs were shown to exert geno- and cyto-toxic effects in vitro and in vivo 1,4,28,30–

32, including upon oral exposure in rodents 31, and proposed to participate in pathological disorders 

such as cancer 25,33–35, inflammatory gut 36,37, neurological and cardiovascular diseases 38,39, asthma 

40,41 and microbiota dysbiosis 42,43. They were classified as possible carcinogenic to humans upon 

inhalation by The International Agency for Research on Cancer (IARC) 34,44 and their used in food 

application as a colorant (E171) has been banned in France in 2020 and in Europe in 2022 32. If 

their toxicity is debated in adult organisms, little is known about their toxicity in the fragile 
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perinatal period. In C. elegans, exposure of newborn worms to TiO2-NPs altered their 

development, locomotion, and reproductive functions 45. In young rodents, exposure to TiO2-NPs 

has been shown to induce gut dysbiosis and intestinal immune injuries 46. Interestingly, in lactating 

rodents, maternal exposure altered the development, growth, and survival of their offspring 47–50. 

These health effects were shown to correlate with elevated soluble Ti levels measured in acid-

digested milk samples by ICP-MS 47, hence without providing evidence for the presence of Ti as 

Ti-containing NPs (Ti-NPs). To address the existence and the extent of actual contamination of 

milk by Ti-NPs, we used a combination of state-of-the-art synchrotron-based X-ray spectroscopy 

and mass spectroscopy approaches. We explored the presence, concentration, speciation 

(determination of chemical species), and size in the micro- and in nano-range, of Ti in samples of 

human, dairy livestock, and infant formula milk. 

Results 

Titanium element is detected in milk   

First, we used Inductively Coupled Plasma Mass Spectrometry (ICP-MS) to evaluate the presence 

of Ti in milk. We analyzed infant formula (IF) and dairy livestock milk (Table S1). IF samples 

were from several manufacturers intended for newborns (0-6 months) or infants (6 to 36 months), 

thickened or not, organic-based or not (Table S2). Dairy livestock powder milk (PM) was raw or 

skimmed, organic or not, from cows or goats and commercialized in France, Austria, or Poland 

(Table S1-2). Given that ICP-MS detects soluble Ti, we mineralized milk samples by double nitric-

hydrofluoric acid digestion to release Ti from Ti-containing particles. As shown in Fig. 1A, Ti was 

detected in all the IF samples tested and in 1 out of 5 PM samples. The concentration of Ti in IF 

samples ranged from 1.13 to 50.72 µg per liter of milk, with an average of 13.35 +/- 3.85 µg Ti/L 

which was much lower in PM (0.68 +/- 0.54 µg/L (Fig.1A)). Of note, Ti concentration was similar 

in batches of IF acquired several months apart (compare IF1 vs. IF1’, IF5 vs. IF5’, IF6 vs IF6’, 
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Fig. 1A). To verify that the absence of detection of Ti in some samples was not due to a suboptimal 

mineralization, Ti signal was acquired 1 000 times with a very short reading time of 100 

microseconds (µs) instead of 50 ms used in classical analytical conditions. In these conditions, any 

particles present would appear as elevated transient signals. Complete dissolution of Ti was 

confirmed in all milk samples, even in those with low Ti concentration. An example is given in 

Fig. S1 showing a profile of Ti signal similar to that of a standard solution of Ti. 

Next, we used synchrotron X-ray fluorescence (XRF) spectroscopy at LUCIA beamline, 

Synchrotron SOLEIL 51 (Saint-Aubin, FR) to investigate the presence of Ti in non-mineralized 

milk samples. Milk samples that were not already in powder were freeze-dried and pressed into 

pellets. In addition to the aforementioned milk samples, we analyzed breastmilk samples from ten 

women living in Paris and its immediate suburbs (collected by the Lactarium Port-Royal, AP-HP, 

Paris, FR). We also analyzed additional animal milk samples including raw (RW) or skimmed 

(SK) cow milk from two farms located approximately 20 km from Paris (cow farm 1 “cow-F1” 

and cow farm 2 “cow-F2”, table S1); organic raw milk from a donkey in Ariège county 

(FR)(“Donkey”, table S1); raw milk from three breeds of cows (Normande, Jersey, and 

Prim’Holstein (“Holstein”)) from an INRAE experimental unit (Le Pin-au-Haras, Normandie, FR) 

located 200 km from Paris, FR (Table S1-2). XRF analysis at 5.1 keV with an unfocused beam 

revealed the bulk elemental composition of milk samples 52 (Fig. 1B and S2). The relative 

abundance of sulfur (S), chlorine (Cl), sodium (Na), magnesium (Mg), aluminum (Al), potassium 

(K), silicon (Si), calcium (Ca), phosphorus (P) varied between samples (Fig. 1B-C and S2-3), even 

when milk originated from the same manufacturer (Fig. S4). Importantly, we observed the 

presence of a peak at 4.5 keV indicating the presence of Ti (Fig. 1B-C and S2-4) as confirmed by 

the Ti peak area under curve (Ti AUC, Fig. 1D). Ti was detected in all the samples but with levels 

varying by a 25-, 7- and 3-fold in IF, human and animal milk respectively (Fig. 1D). Samples with 
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the highest Ti AUC values were IF1, IF14 and IF9, all thickened milk intended for newborns with 

reflux (Fig. 1D). Amongst the samples with the lowest AUC we found organic-based milk (IF-2, 

-10, -11, -12, -13, PM3 and donkey), despite the lack of statistic significant difference with non-

organic samples (3.08 +/- 0.66 vs. 4.76 +/- 1.12 in organic vs. non-organic respectively). Even if 

powder milk were industrially processed, they contained levels of Ti within the same range as 

those found in farm milk (Fig. 1D). Interestingly, skimmed milk from both farm 1 and 2 cows had 

lower Ti AUC than their raw counterparts (compare “Raw” vs. “SK” in Fig. 1D) suggesting that 

Ti may be partly carried by milk fat globules (cream) or somatic cells, both removed by the low-

speed centrifugation skimming process. Analysis of milk from cows raised in experimental 

conditions showed that blended milk from 6 Normande cows contained less Ti compared to 

blended milk from 6 Holstein or 6 Jersey cows (Fig. 1C and S3F), as confirmed by analyzing Ti 

AUC (Fig. 1D). Note that milk from a single individual Jersey cow (“ind”, Fig. 1D) had similar Ti 

AUC level than the blended milk from 6 Jersey cows (Fig. 1D). No clear relationship was observed 

between Ti levels and milk yield, fat and cells while a slight tendency to correlate was observed 

between Ti levels and milk protein levels (Fig. S5). Acquisition of several regions of the same 

milk pellet resulted in similar Ti AUC (IF3: AUC=3.32 +/- 0.02, n=4 regions; IF5: AUC=1.75 +/- 

0.04 n=2 regions; IF7: AUC=1.65 +/- 0.09 n=2 regions, Fig. S6A). This homogeneity within 

samples was however not observed for IF4 (Ti AUC=5.28 +/- 4.2, n=2 regions, Fig. S6A), a 

heterogeneity observed for other elements as well (Fig. S6B). It has recently been suggested that 

IF may contain silicon dioxide NPs 53. Accordingly, we detected the presence of Si in several milk 

samples, in particular in industrially processed milk samples (PM1-3, PM5 and IF6, IF8, IF9, IF11-

14) and to a lesser extent in human and farm milk (Fig. S7).  

Titanium distributes in hotspots by micro-XRF 
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We used micro-XRF analysis to investigate the presence and distribution of Ti particles in milk 

pellets. We acquired maps of 1 to 3 mm2 in continuous flyscan mode with a step size of 3 µm and 

analyzed human (n=8), IF (n=4) and livestock (n=3) milk samples (Fig. 2, S8-11). Our results 

confirmed the presence of Ti in all samples and revealed that high Ti signal accumulated in small 

regions that we referred to here as “hotspots” (Fig. 2A, open arrowheads and Fig. S8A), emerging 

from a diffuse and low Ti signal (Fig. 2B, lineascan). Ti distribution in hotspots was observed in 

all samples analyzed (Fig. S8-11) and did not match that of other elements such as Ca and Si (Fig. 

2C). We used a tailored protocol on the open-source ICY-BioImage analysis software 54 to 

automatically detect and quantify Ti hotspots based on gaussian-filtered Ti maps (Fig. 2D-F and 

S8B). To avoid the quantification of hotspots in which the level of Ti would be too low to emerge 

from the surrounding low Ti signal, we only quantified hotspots whose average Ti signal intensity 

was superior by a 1.5 fold to that of the total image (Fig. S8C, pink bars, ratio “R”>1.5). This 

conservative threshold excluded hotspots with low Ti intensity levels (Fig. S8C, compare R<1.5 

vs manual detection or R<1) for which Ti accumulation could not be confirmed on the average 

pixel extracted XRF spectrum (data not shown). Therefore, this method slightly underestimated 

the number of Ti hotspots (Fig. S8C). On Ti maps of samples H1, H3 and H9, the majority of 

hotspots had very low Ti levels that were too close to that of the surrounding diffuse signal, leading 

to the detection of hotspots whose Ti content could not be confirmed by observation of the pixel-

selected XRF spectrum (data not shown). To avoid this, hotspots were instead detected manually 

on thresholded images by ImageJ program 55 (“manual” Fig. S8C and S11). As shown in Fig. 2D, 

milk were polydispersed in terms of Ti hotspots intensity except for human H2, 4, 8, 9 and 10 

whose Ti hotspots were all rather dim. Hotspots sizes ranged from 1 pixel to 227, 118 and 531 

pixels in human, IF and livestock milk respectively. Note that hotspots of 1 pixel in size could be 

equal or smaller than the beam size (3.1x2.6 µm). This 1-pixel sized population represented 5% of 
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total hotspots in farm cow milk up to 22% in human sample (Cow-F1-RW vs. H10, Fig. 2E,), and 

in average 13 +/- 2.8% in human, 10+/- 1.3% in IF and 9 +/- 3.8 % in animal milk samples. Taken 

together by type of milk, sizes of hotspots distributed similarly (Fig. 2E, right).  Given that freeze-

dried and commercial milk were all pressed from 100 mg dried milk into 78.5 mm2 pellets, we 

could estimate the number of hotspots per gram of milk (Fig. 2F). This calculation was done based 

on the assumption that the beam had penetrated the whole 1 mm thickness of the pellet, which 

most likely generates an underestimation of the results. We found that human milk contained 10 

952 to 160 139 Ti particles/g (H1 and H2 respectively, Fig. 2F), a 15-fold variation that was higher 

than variations observed in IF and animal milk (3- and 1.9-fold respectively, Fig. 2F). The average 

number of Ti particles per gram was similar in human and animal milk (6.93 +/- 2.13 x 104 vs. 

7.59 +/- 1.37 x 104 part/g respectively) which tended to be higher in IF samples despite the lack of 

statistical significance (1.70 x 105 +/- 3.86 x 104 part/g in average in IF).  

Chemical state speciation by micro-XANES of hotspots reveals the presence of various 

titanium-bearing minerals 

To speciate the chemical state of Ti in hotspots, we used Ti K-edge µ-XANES 56 (Fig. 3 and S12-

13). Of the 119 hotspots analyzed, the great majority (94%) resulted in a Ti speciation. 

Surprinsingly, we detected a diversity of Ti bearing minerals: rutile TiO2, anatase TiO2, ilmenite 

Fe2TiO3 and titanite CaTi(SiO5) or pseudobrookite Fe2TiO5 (“PB") 57,58(Fig. 3A-B and Fig. S12-

13). Rutile TiO2 accounted for the majority of the Ti minerals detected (65% of total hotspots 

analyzed) while anatase was the second most represented Ti bearing mineral (17% of total 

hotspots). Ilmenite represented 5% of total hotspots and PB or titanite in 2%, while the mineral 

bearing Ti remained not determined for 12% of hotspots analyzed (“nd”) (Fig. 3C). Sample-by-

sample analysis showed that each milk samples had a specific combination of Ti bearing minerals. 

In human milk, there was a majority of rutile TiO2 hotspots which were accompanied by a few 



 

8 

 

hotspots of anatase, pseudobrookite or titanite or nd while in some IF samples, only rutile hotspots 

were detected (Fig. 3C, compare all H with IF4). In another IF sample, we detected a majority of 

ilmenite hotspots, a few anatase and no rutile (IF6, Fig. 3C). Note that ilmenite was not found in 

any other milk sample analyzed. Anatase, which represented 17% of all the hotspots in human 

samples, represented 100% of IF4, 50% of IF1 and 33% of IF6. Regarding farm milk, donkey milk 

had a mix of (58:25:17) (rutile:anatase:nd) and normande cow milk was analyzed only for one 

hotspot that was rutile TiO2 (Fig. 3C and S13). Taken together, the global composition of Ti 

bearing minerals was as follows: (%rutile:anatase:ilmenite:PB:nd): animal (73:10:0:2:15), human 

(79:13:0:0:8) and IF (53:25:17:3:2) (Fig. 3C and S12-13).  

Titanium-containing particle sizes are in the nano-range  

Next, we investigated the presence of Ti-containing nanoparticles (Ti-NPs) by using the Single 

Particle ICP-MS (SP-ICP-MS) Nano Application Module of the SyngistixTM software. Milk 

samples were only diluted 1/10th in ultrapure water. Samples insufficiently dissolved to pass 

through the instrument capillaries without clugging them were centrifuged at low speed to remove 

larger clumps (IF1, IF1’, IF5, IF5’, and IF8, Table S3) or heated and sonicated for those that were 

too grainy (PM1, -4, and -6, Table S3). SP-ICP-MS consisted of 50 µs acquisitions of Ti intensity. 

By analyzing 1 000 000 measurements, results demonstrated the presence of Ti-containing 

particles as high Ti intensity peaks that emerged from a lower Ti intensity signal corresponding to 

Ti ions (“particles” vs. “soluble”, Fig. S14). Ti intensity peaks were converted into TiO2 particle 

diameter by the Syngistix Nanomodule assuming that particles are spherical. This approximation 

to particle shape is essential for calculating particle size, this calculated diameter will be used in 

the following results.   As shown in Fig. 4A and S15, all milk samples contained nanosized Ti 

particles. Their average diameter was 151.7 +/- 13.3 nm in IF and 132.8 +/- 6.9 nm in animal milk 

(Table S3), with size distributions varying between samples (Fig. S15). Considering that the 
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generally accepted definition of a nanoparticle states that at least one dimension of the particle 

should be below 100 nm in size 2, we analyzed the percentage of particles below 100 nm. In IF, 

Ti-NPs represented a third of the total Ti particles detected (average 31.9 +/ 7.5 %, Fig. 4B). Some 

samples contained 99 % of Ti-NPs (IF5) while others hardly any (IF3: 4 %, table S3 and Fig. S15). 

In dairy livestock PM, Ti-NPs represented 38.3 +/- 7.8% of the total Ti particles (Fig. 4B and Table 

S3). We then analyzed the concentration of Ti particles per gram of milk and liter of milk after 

resuspension in water following manufacturer recommendations to reconstitute bottle IF and PM 

milk (Fig. 4C-D). We found that IF contained in average 4.01 +/- 2.91 x108 Ti part/L while dairy 

livestock milk contained an average of 1.25 +/- 0.54 x 108 Ti part/L. IF5 and IF10 had the highest 

concentration of particles (3.99 x 109 and 4.29 x 108 part/L respectively), the lowest being IF8 and 

IF1’ (4.83 x 106 and 9.68 x 106 part/L respectively (Fig. 4C-D and Table S3). The two batches of 

IF5 acquired several months apart showed very different Ti particle levels, while it was similar for 

IF1 and IF6 batches (IF1 vs. IF1’ compared to IF5 vs. IF5’ and IF6 vs. IF6’, Fig. 4C-D, Table S3). 

A solution of 10 µg/L TiO2-NP standard reference material (Titanium Dioxide Nanomaterial 1898, 

National Institute of Standards & Technology) 59 was used as a positive control. We found it 

contained 1.47 x 108 part/L with a median particle size of 326 nm and the absence of particles 

below 100 nm (Table S3) in accordance with the certificate of analysis for a non-sonicated solution 

59. To verify the presence of particles of Ti and dissolved Ti in samples, we hypothesized that 

particles should be retained upon ultrafiltration on 30 kDa filters while soluble Ti should pass 

through. Accordingly, the concentration of Ti particles decreased upon filtration (Fig. S16A), in 

IF5’ it dropped from 5.08 x 107 to 0.48 x 107 part/L and in IF4 from 2.47 x 108 to 0.10 x 108 part/L 

(Fig. S16 and Table S3). Ultrapure water contained 8.6 x 105 part/L (“ultrapure water”, Fig. 4D, 

S16B, table S3), a concentration that was increased upon ultrafiltration to 4.6 x 106 part/L 

indicative of possible contamination during the process (Fig. S16B). To address whether some 
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particles may be aggregates of NPs, we used sonication known to dissociate aggregates of NIST 

TiO2-NPs 59. Sonication of the NIST standard induced a decrease of the Ti particle median size 

from 326 to 186 nm along with an increased concentration from 1.4 x 108 to 7.0 x 108 part/L before 

and after sonication respectively that corresponds to a fold change of 4.8 (Table S3). Similar trends 

were observed upon sonication of IF3 and IF5’ whose median particle size decreased from 146 to 

96 nm and from 116 to 106 nm respectively while the number of particles increased slightly for 

IF3 and by 2.5-fold for IF5’ (Table S3). Finally, the contribution of soluble vs. particle Ti to the 

total Ti concentration varied between samples (Fig. 4E and Table S3).  

Discussion 

As milk is an absolute requirement for mammals, it has been closely monitored for toxic 

compounds for years. Recently, a study has shown the contamination of breast milk by several 

toxic chemicals including per- and poly-fluoroalkyl substances (PFASs)60 but neither this study 

nor any of the literature we are aware of 61–64, has investigated the presence of titanium element or 

of Ti-NPs in milk and more generally, the passage of nanomaterials through the mammary gland 

into milk.  Here we have demonstrated the existence of a widespread contamination of milk by 

soluble titanium and also by titanium-containing microparticles and nanoparticles in human, dairy 

livestock and industrial milk. We have provided an extensive characterization of its chemical 

composition and mineral phase, as well as its particle size and concentration. Recently, it has been 

shown that oral exposure of lactating mice to TiO2-NPs resulted in increased levels of Ti in milk 

47. However, this study did not provide evidence for the presence of Ti-containing particles in milk 

given that authors mineralized milk samples before ICP-MS analysis 47. Here, using µXRF at 

synchrotron SOLEIL and SP-ICP-MS, we revealed the presence of Ti-containing microparticles 

and nanoparticles respectively. Whether the former are aggregates of the latter was shown for Ti 

microparticles collected in rivers and atmospheric matter 2,11,13,65 and is supported by the decrease 
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of Ti particle size that we observed upon milk samples sonication. SP-ICP-MS analysis also 

showed the presence of soluble Ti in milk, and that the contribution of soluble vs. particles to the 

total Ti concentration varied between samples. Note that the sample introduction system limits the 

maximal size of particles detected to 10 microns 66, thereby not detecting all the microparticles 

above that size, but these were detected by µXRF.  

Ti presence was demonstrated in all analysed human, dairy livestock, and infant formula milk 

analyzed. Similar Ti levels were measured in donkey milk originating from a farm in Ariège county 

(South of France) compared to cow milk from farms located 20 km from Paris while the levels 

varied in breastmilk despite women all lived in the same area (Paris or its immediate suburbs). 

Larger-scale analysis is therefore needed to investigate whether the contamination of milk by Ti is 

universal or whether it varies according to the geographical location of the sampling.  

The source of Ti in milk remains unclear. TiO2-NPs are massively used in all industrial sectors but 

the use of ilmenite, pseudobrookite, or titanite, which could explain their presence in milk, is less 

documented. In infant formula, Ti may originate from cow milk but given that the latter had lower 

Ti levels than IF, other sources of Ti contamination are likely to exist during the industrial 

processing for example. In dairy livestock, it is tempting to speculate that milk Ti derived from 

environmental sources in which Ti has been detected (water, soil, and air 2,5,7,8,11–13,17,20–23). 

Additional sources may account for Ti in breastmilk such as daily life products (cosmetics, 

toothpaste, food, pharmaceuticals)1,6, eroding building paints and coats, industrial activity, traffic, 

or proximity to soils and crops treated with Ti-NPs as fertilizers 1,5,13–16. Differential exposure to 

these sources may explain the observed variability of Ti levels in human milk.  

TiO2-NPs can be absorbed by different routes 34,67. In lactating rodents, both the airway and oral 

exposure to TiO2-NPs increased the concentration of Ti element in milk, but the airway resulted 

in higher levels in milk 47 suggesting that observed Ti levels variations in breastmilk could be the 
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result of differences in exposure routes. Maternal physiological factors and genetics may also 

influence milk composition and yield 68. We observed less Ti in Normande milk compared to the 

two other breeds despite all cows were raised in identical conditions in an INRAE experimental 

unit. Normande cow produced less milk than Jersey and Holstein cows arguing against a dilution 

due to larger volume of milk produced by Normande cows. Mice exposed to TiO2-NPs during 

lactation had elevated soluble Ti element in milk somatic cells 47. Here, variations of Ti levels in 

the three breeds did not seem to correlate neither with that of somatic cells nor with fat content. 

However removal of cells and fat by low-speed centrifugation of farm milk correlated with a 

decrease of Ti levels. Additional studies are thereby needed to clarify the role of lipids, cells and 

proteins as carriers of Ti especially given that Ti levels and milk protein content tended to vary 

similarly. Caseins, the major family of milk protein are known to assemble into micelles proposed 

to vehicle minerals and bioactive molecules 69. Whether the latter could encapsulate NPs and 

deliver it to offspring remains unknown. Other mechanisms may also be involved in the secretion 

of Ti in milk, including a passive transfer across the mammary epithelial barrier, which is damaged 

upon TiO2-NP exposure in rodents 49,70.  In 2010, TiO2-NPs were classified as possibly 

carcinogenic to humans by inhalation 34,44 and banned from use in food in France in 2020 and 

Europe in 2022 32. Our findings demonstrating the presence of Ti-NPs in milk raise concerns about 

their impact on neonatal and infant development and health. During lactation, maternal exposure 

to TiO2-NPs provoked multiple organ alterations in neonates breastfed, diminished their memory 

and learning skills, and decreased their growth and survival rate 47–49,71. These in vivo studies 

together with the large number of in vitro studies 4,67 were based on NPs with different 

characteristics to those we identified here. Hence, efforts are needed to investigate the effects of 

Ti-containing particles and NPs with the size distribution, concentration, and chemical 

composition identified herein in animal and human milk.  
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Materials and Methods 

Reagents and consumables 

Ultrapure water (resistivity > 18.2MΩ), Milli-Q® Integral3, Merck Millipore, Molsheim, France. 

Ultrapure nitric acid (67-69% HNO3 PlasmaPURE® Plus ref 250-039-171, SCP Science, 

Villebon-sur-Yvette). Ultrapure hydrofluoric acid (47-51% HF PlasmaPURE® Plus ref 250-036-

121, SCP Science, Villebon-sur-Yvette). Certified Reference Material NCS DC 73347, Human 

Hair, 2009, China National Analysis Center for Iron and Steel. Standard Reference Material 1898 

Titanium Dioxide Nanomaterial, National Institute of Standards & Technology. Centrifugal Filter 

Units Amicon® Ultra-4® Centrifugal Filters Ultracell 30 K (Merck Millipore, Molsheim, France). 

Polypropylene high clarity polyethylene (ISO 12485/ISO9001) 15 mL and 50 mL tubes were used 

to sample IF and animal milk while human milk samples were stored in hospital bottles CE0459 

certified. Ilmenite FeTiO3 was purchased from Sigma-Aldrich (cat. NO. 400874). 

 

Milk samples  

Samples of milk analyzed are listed in Tables S1-2. Human milk samples were collected by the 

Lactarium Port-Royal (AP-HP, Paris, FR) from 10 women living in theParis area. The donkey 

milk sample was obtained from an organic farm in Ariège county (FR), and cow milk samples 

were purchased from two farms (“cow-F1”, and “cow-F2”; located approx. 20 km from Paris 

(FR)). Milk samples from cows were also collected at the INRAE Experimental Unit Le Pin 

(Normandie region, (FR)). All cows were fed outdoors on fields of ray-grass Lolium perenne and 

white clover Trifolium repens grass and supplemented by 400 kg/year of OQUALIM-RCNA 

certified food concentrate consisting of rapeseed and sunflower meal feed, maize, wheat, wheat 

bran, beet molasses, calcium carbonate, sodium chloride. Milk samples were collected individually 

at the morning milking on 18/03/2021 from Jersey cows (n=5) (“Jersey”), Normande cows (n=6, 
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“Normande”), or Prim’Holstein cows (“Holstein”). Powder milk (PM) was purchased from 

grocery stores or online and included organic or not, raw or skimmed cow milk (two brands, (FR)), 

goat milk (Poland), raw cow milk (Austria) (Table S1). Infant formula (IF) milk was purchased 

from pharmacies or grocery stores, included first-age (0-6 months) organic or not, second-age (6-

12 months old) and infants (6-36 months), thickened or not, organic or not from six manufacturers 

(Table S2). 

Milk processing and quality analysis 

Human milk samples were frozen within 24 h after collection. Raw farm milk samples were 

centrifuged at 2000 rpm at 4°C for 30 minutes to remove fat and cells, before storage at -80°C 

(Table S1).  Milk samples were handled with particular care to avoid contamination by laboratory 

equipment. Manipulators avoided using Ti containing cosmetics. Cow milk samples from INRAE 

UEP were kept refrigerated for 24 h prior to blending and storage at -80°C. A sample from an 

individual Jersey cow was kept for analysis. Cow milk samples from INRAE UEP were analyzed 

by infra-red spectroscopy for the levels of proteins and fat and somatic cells were counted 

according to NF EN ISO 1333662 standard. 

ICP-MS analysis 

Milk samples preparation for ICP-MS 

Mineralized milk: 200 mg IF, PM, and freeze-dried donkey milk were incubated for 120 minutes 

at 95°C with 1mL of ultrapure nitric acid and 1mL of ultrapure hydrofluoric acid. After cooling, 

8mL of ultrapure water was added. 

Reconstituted milk: 1 g IF, PM, and donkey freeze-dried milk was dissolved in 14mL of ultrapure 

water and vortexed prior analysis. IF-1, -1’, -5, -5’, and -8 were centrifuged for 10 minutes at 3500 

rpm to remove large clumps. PM1, 4, and 6 samples were sonicated for 10 minutes in a water bath 

and then heated at 70°C for 90 minutes. 
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Total Ti concentration 

Titanium was measured by triple quad ICP-MS NexION® 5000 (Perkin-Elmer, Villebon-sur-

Yvette, FR) equipped with a Dynamic Reaction Cell (DRC®). As the major isotope of Ti (48Ti) 

interfered with 48Ca and several polyatomic species74, Ti was measured in the MS/MS mode using 

ammoniac (0,8 mL/min) as reaction gas to form a TiNH(NH3)4 complex read at mass 13175. The 

first quadrupole was then set at mass 48 and the second quadrupole at mass 131. For sample 

introduction, we used a PFA MicroFlow nebulizer coupled to a 50 mL baffled cyclonic spray 

chamber. Acquisition parameters were: Dwell time 50 ms, 20 sweeps, 10 readings, 3 replicates (10 

sec integration time per replicate). Mineralized samples were diluted 1:10 in ultrapure water before 

analysis in duplicates. Accuracy was checked by analysis of a Certified Reference Material (NCS 

DC 73347) prepared as milk samples: certified value 2.7 ± 0.6 µg/g, found to be 3.3 µg/g. 

Ti particle  

Ti determination using very short dwell time (100 µs): Analysis of reconstituted milk samples with 

reduced dwell time from 50 ms to 100 µs allowed us to observe some elevated transient signals, 

identified as Ti-containing particles, emerging from a continued signal of dissolved Ti. Such 

transient signals were no more observed in mineralized milk indicating a total dissolution of Ti-

containing particles. 

Single particle ICP-MS (SP-ICP-MS). Measurements were done with a NexION 5000 ICP-MS in 

single particle mode with the Syngistix™ Nano Application software module. Samples were then 

analyzed along with a Ti calibration standard with 50 µsec integration time repeated 1 000 000 

times. Such a short integration time provides several measurements for a single particle (Fig 

S13B). Particle size, distribution, and concentration were automatically computed by the software 

taking into account the nebulization flow rate, the transport efficiency factor, and the 

approximation of spherical particles.  
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X-ray fluorescence (XRF) and micro-X-ray absorption spectroscopy (µXAS)  

Frozen milk samples were freeze-dried using a Cosmos -80°C freeze-drier (Cryotec, Saint-Gely-

du-Fesc, FR), and mixed to homogenize. 100 mg of milk were pressed into 10 mm diameter pellets 

that were placed on a copper holder for analysis. The rutile and anatase TiO2 reference spectra 

were from58. Ilmenite was mixed with cellulose to generate an optimal concentration for 

transmission analyses. XRF and µXANES were performed at the LUCIA (Line Used for 

Characterization by Imaging and Absorption) beamline51 at the SOLEIL Synchrotron radiation 

facility (St-Aubin, FR). The Si (111) double-crystal monochromator was calibrated by setting the 

maximum of the first derivative of a metallic Ti foil XANES spectrum at 4.966 keV. An unfocused 

beam (about 2.6 x 2.1 mm²) was used for XRF spectra collection, and the beam was focused to 3.1 

x 2.6 µm² (H x V) using Kirkpatrik-Baez mirrors for micro-XRF (µXRF) and µXANES 

acquisition. The fluorescence signal was collected using a 60 mm² mono-element Si drift diode 

(Bruker AXS, Madison, USA). The experimental chamber was under vacuum to reduce the 

absorption and scattering of X-rays through the air. 

Data acquisition and processing 

 XRF spectra were collected at 5.1 keV in unfocused mode with a total acquisition time of 4 min. 

The µXRF maps were collected at 5.1 keV over areas of 1000 x 1000 µm² in continuous acquisition 

(Flyscan) mode with an equivalent step size of 3 µm and an acquisition time of 50 ms/pixel. The 

fluorescence spectra, collected from each pixel of the map were normalized by the incident flux 

and corrected from the detector deadtime value using scripts in Jupyter notebook. Elemental maps 

are then extracted using fast XRF linear fit PYMCA software plugin (50), implemented in a Jupyter 

notebook, that fitted the XRF spectra in each pixel of the map.  

Ti hotspots detection and fluorescence intensity were done automatically based on the open source 

ICY Bioimage Analysis protocol (52) consisting of Gaussian filtering of images subjected to the 
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wavelet spot detector plugin (Source code: https://gitlab.pasteur.fr/bia/spot-detector-block; Fig 

S7C et S8-9). Hotspots considered positive were those whose average intensity was superior to 

that of the average intensity per pixel of the entire image. To that end, the average intensity per 

pixel of hotspots was divided with that of the image. Hotspots with a ratio above 1.5 were 

considered positive since using a threshold of 1.0 resulted in hotspots considered positive despite 

the Ti signal being too close to the background and that could not be confirmed on the pixel-

selected XRF spectrum (Fig. S7C). For six maps in total (H9_33680, H1_33518, H1_33530, 

H1_33588, H1_33602, and H3_33794), hotspot detection was done by manual detection with the 

open-source ImageJ (53) using the wand tool on thresholded images. The threshold applied was 

only set for the minimal value, the maximal value being the maximal levels of the image (Fig. 

S10). 

For µXANES analysis, the points of interest (“POI”) were chosen based on µXRF Ti fitted maps. 

The XANES spectra were recorded in fluorescence and in continuous acquisition (FlyScan) mode 

over the energy range of 4.95 to 5.05 keV with an equivalent energy step of 0.2 eV and an 

acquisition time of 200 or 400 ms/energy step, for XANES (ilmenite reference) or µ-XANES 

respectively. If the signal-to-noise ratio is sufficient to determine the crystal phase by comparing 

it with the reference spectra, only one spectrum is collected. If the spectrum is too noisy for 

attribution, a second spectrum is recorded and averaged with the first one. Spectra were processed 

according to standard procedures using Fastosh software (54). The E0 edge energy was chosen as 

the maximum of the first derivative of the XANES spectrum. The background was subtracted from 

the spectra using linear regression in the region before the edge and polynomial regression after 

the edge to obtain a horizontal signal. 

Statistical analysis 

If not indicated otherwise, values are given as average +/- sem.  
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Figure legends  

 

Figure 1. Titanium (Ti) element is present in milk samples. (A). ICP-MS measurements of Ti 

concentration on nitric and hydrofluoric acid digested infant formula (IF) and animal samples 

including powder milk (PM). (B). X-ray fluorescence spectra collected at 5.1 keV on human (H2, 

H4), IF (IF1, IF2) and animal milk (donkey, Holstein cow milk). Insets are magnifications of Ti 

peaks. (C). Magnifications of Ti peaks for all samples analyzed. (D). Area under curve (AUC) of 

Ti peaks computed by PyMCA software for all samples.  

 

Figure 2. Titanium accumulates in hotspots (A). Micro-XRF Ti maps of human samples (H2, 

H4), infant formula (IF1, IF5), cow-F1-RW and donkey milk acquired in flyscan mode with a 

focused 3 x 3m² beam. Regions of interest (dotted square) were magnified, open arrowheads 

point to Ti accumulations in hotspots. Light corresponds to a high Ti level, while dark corresponds 

to a low Ti level. (B). Magnification of a region of interest (dotted box) on H8. Ti intensity is 

plotted along a line of interest (in red) crossing two hotspots (lower graph). Red arrowheads point 

to peak of Ti intensity in hotspots. (C). Elemental maps of calcium (“Ca”, in blue), silicon (“Si”, 

in green) and Ti (in red) for human sample H2. (D-E). Characterization of hotspots (“particles”) 

for Ti intensity (D) and size (E). Distribution by size is shown as a % of total hotspots for each 

sample (E, left graph) or by types of milk (E, right graph). Total area analyzed was as follow: 2.07 

mm2 for IF4; 2 mm2 for IF1, donkey, cow-F1-RW; 1.75 mm2 for H8; 1.5 mm2 for H2 and 1 mm2 

for H6, H9, H10, IF5, IF6 and Jersey cow. (F). Number of particles per gram of dried milk.  

 

Figure 3. Ti hotspots contain rutile (TiO2), anatase (TiO2), ilmenite (Fe2TiO3) and possibly 

pseudobrookite Fe2TiO5 or titanite CaTiSiO5 (A) Hotspots on H4, IF1 and IF6 were analyzed 

by Micro-X-ray absorption Near Edge Structure (µXANES) revealing spectra of rutile, anatase 

and ilmenite. Magnification around a region of interest is shown (black dotted lines) and the POI 

analyzed is marked by a black cross (B) µXANES spectra of POI 12 and 66 on H9 and IF1 Ti 

maps. (C) Percentage of Ti mineral phases detected in hotspots for each sample analyzed or as an 

average by type of milk. Scale bars 25µm.  

 

Figure 4. SP-ICP-MS reveals the presence of Ti nanoparticles in milk IF and animal milk 

samples were diluted in water (1/10th) and analyzed along with ultrapure water and a 10 µg Ti/L 

solution of standard TiO2-NP (NIST) by single nanoparticle ICP-MS. (A) Ti particle size, (B) % 

of total particles with a size below 100 nm and (C-D) number of Ti particles per gram of milk (C) 

or per liter of reconstituted milk, water or NIST solution. (E) Participation of soluble and particle 

to Ti concentration.  
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Figure 1.  
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Figure 2.  
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Figure 3.  
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Figure 4.  
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