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Une notion d’échelle… 

Qu’est-ce qu’une nanoparticule ?

… et une limite métrologique (100 nm) 
≠ d’un seuil en toxicologie ! 



Qu’est-ce qu’une nanoparticule ?

1 D 3 D 2 D 

Feuillets Tubes/fibres/fils Sphères 
•  argiles lamellaires 

(montmorillonite) 
•  nanotubes de carbone 
•  argiles circulaires 
•  nanocristaux de cellulose 
•  etc 

Trois catégories : 

Fabrication: 

•  cages de silice 
•  micelles phospholipides 
•  nano-argent 
•  dioxyde de titane 
•  etc (SiO2, FeO, ZnO, …) 



Qu’est-ce qu’un nanomatériau ?
DEFINITION DE LA COMMISSION EU 
du 18 octobre 2011 
On entend par «nanomatériau» un matériau naturel, formé 

accidentellement ou manufacturé contenant des particules 

libres, sous forme d’agrégat ou sous forme d’agglomérat, dont au 

moins 50 % des particules, dans la répartition numérique par 

taille, présentent une ou plusieurs dimensions externes se situant 

entre 1 nm et 100 nm. 

augmentation
de la surface 

spécifique

i.e., surface 
totale par unité 

de masse

surmultiplie les 
intéractions avec 
l’environnement, 

soit potentiellement 
les « effets »



Applications disponibles 
sur le marché 

N
om

br
e 

d’
en

re
gi

st
re

m
en

ts
 d

an
s 

l’i
nv

en
ta

ire
 

Type d’applications 
Nano-inventory, EFSA 2014 

Food additives

anti-agglomérants 
agents de texture 

colorants 
alimentaires nouveaux ingrédients 

E171 

E175 

E174 

E551 

E172i,ii,iii 
discret ! 

ingrédient 



Novasol© (Aquanova)	

Nano-encapsulation (nano-micelles)
exemple d’application sur le marché

Des nanotechnologies « vraies »
-  compléments alimentaires
-  aliments « fonctionnels »
-  boissons « innovantes »
-  produits phytosanitaires



Food additives: Interactions possibles dans l’intestin
Microbiote (plus de 1011 micro-organismes) et GALT (Gut-Associated Lymphoid Tissue)

revue ds. Houdeau, Lamas, Lison, Pierre
Cahiers de Nutrition et de Diététique
2018, 53: 312-321

Axe microbiote-intestin :

•  un environnement complexe,
•  en interaction permanente,
•  des altérations (dysbiose) 

sources de maladies 
chroniques (obésité, CRC, IBD)

Une demande de l’EFSA :

•  « There are limited data on the 
interactions of nanoparticles with 
the gut microbiome »

Guidance on risk assessment of the application of 
nanoscience and nanotechnologies in the food and 
feed chain: Part 1, human and animal health
EFSA Journal 2018;16(7):5327



Firmicutes 
Bacteroidetes 

Actinobacteria 

Proteobacteria 

60-80% 

15-30% 



Interactions avec le microbiote intestinal
Effets biocides du nano-Ag sur la flore intestinale chez la souris

Data from the present study were also compared to
the effects obtained after treatment with antibiotics.
In the study where they showed no effect of oral Ag
NP on mouse gut microbiota, Wilding observed a sig-
nificant decrease in α-diversity indexes and an in-
crease of the F/B ratio after exposure to a broad
spectrum antibiotic [34]. Other studies also showed a
relative reduction in Bacteroidetes with broad spectrum
antibiotics [48, 49], which indicates that Ag NP can have
similar activities.
Inversion of the gut microbiome F/B ratio has typ-

ically been associated with obesity and overweight in
mice and in humans [50–53]. Transplantation of gut
microbiota from obese animals into the gut of lean
mice induced higher fat gain than transplantation of
the gut microbiota from lean mice. Thus, one might
wonder if Ag NP might promote the development of
obesity. We did not observe any impact of Ag NP on
mice b.w. over a period of 28 d, and it might be
worth considering a longer chronic exposure to Ag
NP that might be needed to lead to a (pathological)
weight gain.

Ag NP disturb the abundance of bacterial families and
genera
Taxonomic assignment identified 23 families among
OTUs. Among all sequences, 99 % were mapped against
OTUs with an assigned family (Fig. 6a). The most abun-
dant families included Deferribacteraceae, Lactobacilla-
ceae, Paraprevotellaceae, Rikenellaceae, Ruminococcaceae,
Bacteroidaceae, Odoribacteraceae, Lachnospiraceae, and
S24 − 7 family. Upon treatment with Ag NP, the decrease
in Odoribacteraceae, Bacteroidaceae and S24-7 family and
the increase in Lactobacillaceae and Lachnospiraceae
accounted for the reduction of Bacteroidetes and increase
of Firmicutes, respectively (Fig. 6b). The S24-7 family
(unknown genus) has been detected in mouse feces in sev-
eral other studies, and represents a high proportion of the
bacterial population [54–57]. This family is poorly charac-
terized. A very recent study suggested that S24-7 could act
as a protective factor against diabetes [58]. In Drosophila
larvae, gut Lactobacillaceae were also increased by Ag
NP [31].
Taxonomic assignment identified 24 genera among

OTUs. Among all sequences, 56 % were mapped against

Fig. 5 Abundance of bacterial phyla in the gut microbiota after exposure to Ag NP. a Relative abundance of the main phyla averaged for each
group of Ag NP dose (0, 46, 460, 4600 ppb). b-d Scatter plots obtained for the most abundant phyla (average relative abundance ≥ 1 % in at
least one group). P-values were obtained with a linear trend test and adjusted with Benjamini-Hochberg method to control FDR (n = 5)

van den Brule et al. Particle and Fibre Toxicology  (2016) 13:38 Page 6 of 16

Altération dose-
dépendante du ratio 
Firmicutes/
Bactéroidetes
van den Brule et al -
Part Fibre Toxicol (2018) 
13:38

28 jours dans la nourriture,



Interactions avec le microbiote intestinal
Des corrélations avec les pathologies humaines ?

IBD CRC Obesity ENMs	effects	on	microbiota

Bacteroidetes ↙ ↙	 ↙ ↙	Ag-NP,	TiO2,	SiO2,	ZnO-NP

Firmicutes
			Erysipelotrichaceae	(f) ↙ ↗ ↗ ↙	TiO2
			Turicibacter	(g) ↙ ↙	TiO2
			Lachnospiraceae	(f) ↙ ↙ ↙ ↙	Ag-NP		↗	Ag-NP,	SiO2	
			Blautia	(g) ↙ ↙ ↙
			Blautia	faecis ↙
			Coprococcus	(g) ↙ ↙
			Roseburia	(g) ↙ ↙ ↙
			Roseburia	intestinalis ↙ ↗ ↙	Ag-NP
			Roseburia	inulinivorans ↙
			Clostridium	XIVa	and	IV	groups ↙ ↗
			Clostridium	lavalense ↙
			Dialister	invisus ↙
			Enterococcus	(g) ↗
			Eubacterium	(g) ↙ ↙
			Eubacterium	rectale ↙ ↗ ↙	Ag-NP		↗	TiO2		
			Eubacterium	ventriosum ↙ ↗ ↗	TiO2		
			Faecalibacterium	(g) ↙ ↙ ↙
			Faecalibacterium	prausnitzii ↙ ↙ ↙ ↙	Ag-NP
			Lactobacillus	(sp) ↙ ↙ ↙	Ag-NP,	TiO2,	SiO2,	ZnO-NP
			Oscillospira	(g) ↙ ↙	Ag-NP,	ZnO-NP
			Ruminococcus	gnavus	 ↗
			Ruminococcus	torques ↙ ↙	Ag-NP
			Streptococcus	(g) ↗ ↗	ZnO-NP		

Proteobacteria ↗ ↗ ↗ ↗	TiO2,	SiO2,	ZnO-NP	
			Enterobacteriaceae	(f) ↗ ↗ ↗ ↗	Ag-NP		
			Escherichia	coli ↗	 ↗ ↗	TiO2		
			Shigella	(sp) ↗ ↗ ↗	TiO2		
			Sutterella	(g) ↗
			Listeria	(sp) ↗

AGCC

Ligands
AhR

Pathogènes

revue ds. Lamas, Martins-Breyner, Houdeau 
en rédaction 

métabolites
protecteurs !

			Bifidobacterium	(g) ↙ ↙ ↙ ↙	Ag-NP



TiO2 alimentaire : passage systémique chez l’homme
9 volontaires sains / 100 mg E171 per os (5 mg/kg BW/jour)

Réflectance TiO2 sur frottis sanguins 

Dosages (ICPMS) 

Pele et al. Particle & Fibre Toxicology, 2015 
Kreyling et al - Nanotoxicology 2017, 11(4):443-453 
Jones et al - Toxicology Letters 2015 

Absorption estimée à 0,1-0,6% de la dose



Houdeau, Innovations Agronomiques 24 (2012)
Bettini & Houdeau, Biol Aujourd’hui 208 (2014)

Franchissement de la barrière intestinale:
Plusieurs voies de translocation possibles
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Brun et al - Particle and Fibre Toxicology 2014, 11:13 

Une voie d’absorption « nanospécifique » ?
ex. du nano TiO2 via les entérocytes (1), cellules à mucus (2), plaques de Peyer (3)



Coméra, Houdeau et al – en rédaction 

Quid in vivo ?
ex. du TiO2 alimentaire (E171) chez la souris (single dose)
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Coméra, Houdeau et al – en rédaction 

Quid in vivo ?
ex. du TiO2 alimentaire (E171) chez la souris (single dose)
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Accumulation de particules d’oxydes 
métalliques dans les plaques de Peyer 

de l’intestin grêle chez l’homme 

AlSi (E555) 
TiO2 (E171) 
SiO2 (E551) 

Quantité de pigments inorganiques vs. âge 

Nœuds 
Mésentériques (MLN) 

Lymphocytes T (Tnaïfs      Th1, Th2, Th17, Treg) 
Cellules dendritiques (antigen-presenting cells) 

Bactéries commensales (microbiote) 
Antigènes alimentaires 
Plasmocytes (lymphocytes B = anticorps)     

Données cliniques	


GALT et particules minérales/additifs#
une accumulation locale (paroi de l’intestin), des effets méconnus

Powell et al. Gut, 1996 
Powell et al. Brit J Nutr, 2007 
Butler et al. Inflamm Res, 2007 
Hummel et al. J Pediatr Gastroenterol Nutr, 2014 
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Plaques de Peyer"
site initiateur des réponses proinflammatoires!

Ex vivo re-stimulation!
anti-CD3/CD28 antibodies"
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 Th1 cell response"

cytokine IFN-gamma"

Th17 cell response"

cytokine IL-17"

T cell activation"

  immunosuppression des réponses Th1 
dans le GALT 

  Effets E171 = Nano-TiO2 (référent NM-105) 

Des effets immunotoxiques (intestin) ?

Bettini et al - Sci Rep. 2017;7:40373



Des particules minérales bloquent l’induction de 
la tolérance orale aux antigènes alimentaires :
exemple de la silice amorphe SiO2

défaut de mise en place de la TO
en présence de SiO2

Toda et Yoshino – J Immunotoxicol 2016, 13(5):723-8 



Test effet promoteur : modèle animal chimio-induit (DMH)
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* Significantly different of control, 
ANOVA and Fisher's Least-
Significant-Difference Test "

Control              200µg                10mg	


- Effet sur la taille des lésions "

Promotion of 
number of 
large ACF!

Bettini et al - Sci Rep. 2017;7:40373

coloration bleu de méthylène (x 40)"

taille des ACF (de 2 à 12 cryptes)"

Microadénome!
large ACF de 12 

cryptes!



Test effet promoteur : modèle animal chimio-induit (DMH)

- Pas de différence sur le nombre de lésions par côlon"

400	

450	

500	

550	

600	

650	

700	

750	

Contrôle	 S200	 S10	000	 A10	000	

- Effet sur le nombre d’ACF par lésion"

N
um

be
r o

f a
be

rra
nt

 c
ry

pt
s"

pe
r c

ol
on
"

Control            200µg            10mg	


Promotion of!
lesional load!

0	

20	

40	

60	

80	

Contrôle	 S200	 S10	000	 A10	000	

N
um

be
r o

f l
ar

ge
 A

C
F"

Pe
r c

ol
on
"

* Significantly different of control, 
ANOVA and Fisher's Least-
Significant-Difference Test "

Control              200µg                10mg	


- Effet sur la taille des lésions "

Promotion of 
number of 
large ACF!

Bettini et al - Sci Rep. 2017;7:40373

Effet PROMOTEUR 
confirmé chez la souris sur 
des tumeurs formées
Urrutia-Ortega et al -
Food Chem Toxicol. 2016 93:20-31

3.6. Intragastric E171 exposure enhanced tumor progression
markers

COX2 was used as tumor progression marker since an elevated
expression of this protein was found in approximately 50% of ad-
enomas and 85% of adenocarcinomas of colorectal cancer patients
(Eberhart et al., 1994; Gupta and DuBois, 2001; Marnett and DuBois,
2002), and elevated expression of COX2 is also associated with a
worse survival among those patients (Ogino et al., 2008). The nu-
clear protein Ki67 is a marker of tumor progression since its
expression correlates clinically with the stage of tumors (Li et al.,
2015). The increase in b-catenin expression is used as a predictive
marker in colorectal cancer and is helpful to establish the prognosis
of the disease (Yoshida et al., 2015).

Intragastric E171 exposure induced an increment of 32.8%,

24.55%, and 15.75% in COX2, Ki67 and b-catenin fluorescence,
respectively (Fig. 7B, D and F). The CAC group showed a higher
increase in tumor progression markers and 49.2%, 65.3% and 30.6%
in COX2, Ki67 and b-catenin fluorescence compared to the E171
group. However, E171 administration in the CAC group showed the
highest increase in florescence showing a 60%, 78.6% and 41.6% in
COX2, Ki67 and b-catenin fluorescence, respectively (Fig. 7B, D and
F).

3.7. Intragastric E171 exposure reduced number of goblet cell in
colon tissue

Goblet cells in the colon decreased in 51.5%, 57.2% and 71.1% in
the E171, CAC and CAC þ E171 groups respectively (Fig. 8BeD),
compared to the control group. The CAC þ E171 group showed the
highest decrease compared to the E171 group (*p < 0.05 vs Ct and
E171; Fig. 8E).

3.8. Interleukin detection in colon tissue

Interleukin expression was determined in colon tissue. No
changes were found in the E171 and CAC groups; however, a 51%
decrease of IL-2 was observed in the CAC þ E171 group when
compared to the E171 group (*p < 0.05; Table 1). A decrease of 53%,
61% and 65% was found in TNF-a (*p < 0.05 vs Ct), INF-g and IL-10
respectively, in the CAC þ E171 group (*p < 0.05 vs Ct; #p < 0.05 vs
E171; Table 1).

3.9. Expression of p65-NF-kB in colon tissue

As NF-kB has a key role as regulator of inflammation. We
analyzed the phosphorylated form of NF-kB found an over-
expression of activated protein in the nucleus (p65- NF-kB) of
colorectal epithelium from mice exposed to E171 particles as well
as in the CAC group (Fig. 9A). The quantification of fluorescence

Fig. 3. The mice body weight and consumption of food and water remained unchanged by intragastric administration to E171. A) Body weight was monitored during (72
days) and data are presented as mean ± standard deviation. B) Food and C) water consumption were monitored collectively in each group once a week during study (72 days) and
data are presented as mean ± standard deviation of each group, n ¼ 6.

Fig. 4. Intragastric E171 exposure increased tumor formation. Tumor formation
count after 72 days of treatment. CAC þ E171 group had increased tumor compared to
CAC group. Data are presented as mean ± standard error of each group, n ¼ 6,
**p # 0.01 vs CAC.

I.M. Urrutia-Ortega et al. / Food and Chemical Toxicology 93 (2016) 20e3124

coloration bleu de méthylène (x 40)"

taille des ACF (de 2 à 12 cryptes)"

Microadénome!
large ACF de 12 

cryptes!



Devenir du TiO2 dans l’organisme
bioaccumulation systémique chez l‘homme

Des particules de TiO2 sont détectées dans le foie et la rate chez 
l’homme (sur prélèvements post-mortem), dont ≥24% sont 
nanodimensionnées (< 100 nm)

Heringa et al – Part Fibre Toxicol 2018, 15(1):15

present as agglomerates, aggregates or primary particles.
In the tissues, 24% of the TiO2 particles in the number-
based size distribution was < 100 nm, but this fraction
may be underestimated considering the LODsize of
85 nm.
The TiO2 particle mass concentration in liver ranged

from 0.01 to 0.3 mg Ti/kg tissue (1.0 × 109 to 21 × 109

TiO2 particles/kg tissue) (Table 2). In spleen, this con-
centration ranged from 0.01 to 0.4 mg Ti/kg tissue
(1.2 × 109 to 56 × 109 TiO2 particles/kg tissue). The
LODparticle-number in the tissue matrix is 0.8 × 109 parti-
cles per kg tissue. The analytical recovery of TiO2 parti-
cles by enzymatic digestion of the matrix is 32 ± 7%.
This low analytical recovery is in accordance with best
international practices for this sample preparation and
detection technique [27]. Because of the low analytical
recovery, the Ti concentration of the particles is pre-
sented both as a minimum (not corrected for analytical
recovery), and a maximum (corrected for analytical re-
covery) (see Table 2).
The total-Ti values are in general within this Ti con-

centration range in the particles, Furthermore, tissues
with high total-Ti concentrations also contained high
TiO2 particle concentrations, and vice versa. Based on
the maximum Ti concentration values in particles, on
average minimally 51% (liver) and 67% (spleen) of total
Ti is present in these tissues as particle. Taking into
account the analytical recovery (32 ± 7%) and the LODsize

(85 nm) for the particles measurements, we assume all
total Ti is present as particles.

We did not observe a correlation in the abundance of
the TiO2 particles in liver and spleen from the same sub-
jects, while this would be expected based on the shared
external exposure. The reason for this lack of correlation
may be related to inter-individual differences in the vari-
ous involved biodistribution processes.
Lastly, small tissue grains of liver and spleen from two

subjects were analysed using SEM-EDX to visualize the
TiO2 particles. As shown in Fig. 2, the observed particles
are composed of Ti and oxygen and are present as an
aggregate or agglomerate, consisting of smaller primary
particles of 75–150 nm. Presence of Ti was also con-
firmed semi-quantitatively by EDX analysis in dry-ashed
liver and spleen samples (Fig. 2d).
Together, these analyses show that approximately all

TiO2 is present as particles in human liver and spleen,
with sizes ranging 85–550 and 85–720, respectively
(upper size limit of detection was > 1.5 μm). Probably
also smaller particles are present, however these cannot
be detected with the current methods. The SEM analysis
of the particles suggests that the larger particles consist
of smaller primary particles. Therefore, for the purpose
of risk assessment, we assume that all Ti is ultimately
present as TiO2 nanoparticles.

Risk assessment
In a next step, the total TiO2 levels in liver and
spleen were compared to the toxicologically safe tis-
sue levels for TiO2 (0.14 mg/kg for spleen and

a b

c d

Fig. 2 SEM characterization of detected TiO2 particles in a dried liver sample. a The secondary electron microscope image shows a TiO2

agglomerate below the surface of the liver tissue (arrow). b The backscattered electron image reveals the spherically shaped primary particles
within the agglomerate (arrow), with diameters between 75 and 150 nm; (c) illustrates the path of the EDX line scan across the aggregate in the
same image at higher magnification; (d) demonstrates the presence of TiO2 based on the corresponding increase of response for Ti (red line) and
oxygen (blue line) at the position of the particle. This forms a clear indication that the detected particle is indeed TiO2

Heringa et al. Particle and Fibre Toxicology  (2018) 15:15 Page 6 of 9

Etudes chez le rat (oral),
Distribution/accumulation jusqu’au 
cerveau (dont fœtal), reins, gonades, 
utérus, poumons, cœur, squelette…

Kreyling et al - Nanotoxicology 2017, 
11(4):443-453 
Rollerova et al - Endocr Regul 2015, 
49(2):97-112. 
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cytokine IFN-gamma"

Th17 cell response"

cytokine IL-17"

T cell activation"

  Effet adjuvant sur des réponses Th1/Th17 
au niveau systémique 

  Effets E171 = Nano-TiO2 (référent NM-105) 

Des effets immunotoxiques (systémique) ?

Bettini et al - Sci Rep. 2017;7:40373

IFN-γ IL-17 



Passage materno-foetal ?
Etude sur placenta humains isolés et perfusés de nano-Ag (modifications de surface) 

côté fœtal
NP< 25nm

Vidmar et al – Nanoscale 2018, 10(25):11980-11991 

: neutre en surface

: charge négative de surface

côté 
maternel

idem mais ÷ 10



Nanoparticules, alimentation et risque ?#
une question au cas par cas

  La majorité des études sont menées sur des nano-modèles (100% nano) :

- non extrapolables pour les additifs (composition mixte de particules)
- besoins d’études dédiées

  Une voie orale encore peu étudiée :

- exposition chronique aux faibles doses (consommateur/utilisateurs)
- incorporation ou non à la matrice alimentaire (modélisation)

  Des tests de sécurité à mettre en place (risque chimique ≠ risque physique)

- impacts sur le microbiome intestinal (écologie vs. activité métabolique)
- dose absorbée ≠ nombre de particules absorbées
- bioaccummulation systémique / effets à long terme ?
- facteurs de susceptibilité à des maladies chroniques (effets adjuvants / 
lésions précancéreuses / risque en mélange à d’autres contaminants ?)
- passage transplancentaire peu abordé / risque(s) pour la descendance ?
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