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1 Description of task 
 
This task aimed to evaluate the capability of various nanomaterials (NMs) proposed in NANoREG 
project to cross different biological barriers (i.e. blood-brain barrier, intestine, lung and oral mucosa) 
using alternative in vitro models. Low (realistic) doses will be considered.  
The following themes have been proposed: 
• Subtask 5.3.1: Assessment of the suitability of current in vitro absorption models to study NMs 
crossing (intestinal model). 
• Subtask 5.3.2: Absorption through A549 ALI model (e.g. using human epithelial cells in 
monocultures at air-liquid interface). 
• Subtask 5.3.3: 3D oral mucosa barrier model. The ability of NMs to cross the mucosa barrier will 
be assessed using an in vitro 3D oral mucosa model developed from primary oral cells isolated from 
normal oral mucosa of healthy patients. This task will include assessment of the tissue NMs uptake 
and morphological modification of the 3D tissues exposed to NMs and evaluated by CytoViva 
microscopy. 
• Subtask 5.3.4: Blood Brain Barrier (BBB) in vitro model. 
• Subtask 5.3.5: Percutaneous absorption through skin. 
• Subtask 5.3.6: Develop an in vitro screening methodology for absorption/crossing of barriers (e.g. 
using biomimetic lipid membranes). 
Experiments will focus on the impact of different physico-chemical parameters (chemical 
composition, shape, size, etc.) of NMs in barrier permeability.  
The suitability of different methods and techniques (qualitative and quantitative) to study the 
potential intra-cellular penetration and crossing of NMs will be evaluated by identifying inherent 
limitations of these techniques and specific issues due to properties of NMs and biological matrices.  
Size distribution of NMs in appropriate assay media and buffers will also be analyzed. 
The in vitro screening methodologies for absorption or crossing through biological barriers 
developed in this task could be useful for the development of a decision tree (Task 5.7) and 
regulatory framework/toolbox (Task 1.4). 
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2 Description of work & main achievements 
 

2.1 Summary 
 
Particle interactions with biological barriers have a high priority in nanotoxicological studies, since 
barriers represent a semi-open interfaces for substances exchange between human body and 
environment. In addition, NMs crossing through the blood brain barrier (BBB) and placental barrier, 
might lead to NMs accumulation and long term toxicological effects both in the brain and in the 
unborn child. 
An important regulatory goal is to establish predictive models for biological barriers as tools in the 
assessment of potential health implications of nanotechnologies. To date, limited and controversial 
data are available on NMs uptake by cells of biological barriers and their transport across, both in 
vivo and in vitro. For this reason and also the large number of NMs, it is urgently needed to define 
well established in vitro models and protocols for evaluation of barrier crossing. 
Task 5.3 focused its activities on the evaluation of potential penetration and translocation of several 
NANoREG NMs characterized by different physico-chemical properties into different in vitro barrier 
models (i.e. intestinal epithelium, alveolar epithelium, oral mucosa, blood-brain barrier). Following 
NMs were considered in task 5.3: TiO2 NM-100, NM-101, NM-103 and NM-104; ZnO NM-110; SiO2 
NM-200 and NM-203; CeO2 NM-212; BaSO4 NM-220; Ag NM-300K and NM-302, multi-walled 
carbon nanotubes NM-401 and fluorescent negatively or positively charged 50 nm SiO2 (provided by 
IIT) NMs. 
The main achievements from task 5.3 are: 
 

1) Analysis of size distribution of NMs in water-BSA stock solution and in cell culture media 
at the beginning and the end of exposure.  

 
Size distribution of NMs in water – 0.05% BSA stock solution and in cell culture media used 
with the different in vitro barrier models at the beginning (time 0h) and the end of incubation 
(in general after 24h) was analysed by Dynamic Light Scattering (DLS) or by Centrifugal 
Liquid Sedimentation (CLS). These analyses are useful to determine the “behavior” of NMs 
once diluted in cell culture media and to determine whether cells were exposed to 
agglomerates and/or individual NMs 

 
2) Development of in vitro barriers models using SOPs:  

 
Four in vitro barrier models were set up in the framework of task 5.3 and used to evaluate 
the potential internalization and crossing of NANoREG NMs and their impact on tissue 
integrity (Table S1). 
 

 
Table S1: List of the different in vitro barrier models developed in this task and associated partners. 

 
 
2.1) Using common SOPs (two SOPs describing culture/differentiation of Caco-2 cells and 
evaluation of NMs impact on epithelium integrity were developed in this task) and sharing 
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same Caco-2 clone and same FBS batch, a tight intestinal epithelium was obtained after 21 
days of differentiation using semi-permeable inserts by all partners. Validation of complete 
intestinal epithelium differentiation was done by TEER measurement. 
 
2.2) An alveolar epithelium model was set up by culturing human alveolar A549 cells at air-
liquid interface (ALI model). 
 
2.3) An oral mucosa model was developed using primary oral cells isolated from normal 
mucosa of healthy patients. A SOP describing the procedure to obtain a fully differentiated 
oral mucosa model was established at UiB and adapted for NMs crossing evaluation. The 
adaptation consisted mainly in doing many of the procedures manually in order to avoid 
particle contamination and thus false positives.  
 
2.4) A blood-brain barrier (BBB) model was obtained by co-culture of endothelial bEnd.3 cells 
and primary astrocytes (glial cells). 

 
3) Study of potential toxicity of NMs using MTS cell viability assay and following common 

protocol to choose sub-toxic concentrations for crossing assay:  
 

Before starting the crossing assays, the sub-toxic concentrations applied NMs have been 
determined using the MTS viability assay SOP developed in the NanoValid project 
(http://www.nanovalid.eu/). 
 

- On intestinal non-differentiated Caco-2 cells, only Ag NM-300K (IC50 13.75 µg/ml) and 
ZnO NM-110 (IC50 45 µg/ml) showed an important toxic effect. The other NMs only 
displayed limited (10% for TiO2 NM-104, 16% for fluorescent green positively charged 
SiO2, 18% for CNT NM-401 and 27% for Ag NM-302) or no toxicity (Table S2).  
On differentiated Caco-2 cells, none of tested NMs displayed toxicity suggesting that 
differentiation state can modulate the sensitivity of Caco-2 cells to toxic agents (Table 
S2). 
 

 
Table S2: Evaluation of toxic effect of different NMs on Caco-2 cells. Non-differentiated or differentiated Caco-
2 cells were exposed to increasing concentrations (1 to 100 µg/ml) of several NMs or to benzalkonium chloride 
used as positive control. When possible, IC50 was calculated otherwise percentage of cell viability measured at 
the highest concentration (100 µg/ml) was indicated. Results are expressed as means ± % of CV when results 
from more than three partners were available and presented as percentages of non-treated cells. 

 
- On A549 cells (alveolar model) no toxic effect was observed for tested NMs up to 100 

µg/ml. Only NM-101 produced a decrease of cell viability (30%) at the highest 
concentration used (Figure S1). 

 

Numbers of 

partners 

(laboratories)

NM ID code NM chemistry (core) Differentiation state

Mean 

positive 

control 

IC50 

(µg/ml)

% CV 

positive 

control 

IC50

Positive 

control 

highest 

concentratio

n tested 

(µg/ml)

Mean 

percentage of 

viability 

positive 

control 

treated cells

% CV viability 

positive 

control 

treated cells

Mean NPs 

IC50 

(µg/ml)

% CV NPs 

IC50

NPs highest 

concentration 

tested (µg/ml)

Mean 

percentage of 

viability NPs 

treated cells

% CV viability 

NPs treated 

cells

1 NM103 TiO2 differentiated 50.00 39.76 -- 100 103.49 --

1 NM104 TiO2 differentiated 50.00 49.44 -- 100 97.95 --

1 NM110 ZnO differentiated 50.00 56.31 -- 100 101.18 --

1 Fluorescent red - SiO2 (IIT) SiO2 differentiated 50.00 36.74 -- 100 101.20 --

1 Fluorescent red + SiO2 (IIT) SiO2 differentiated 50.00 2.25 -- 100 104.31 --

1 Fluorescent green + SiO2 (IIT) SiO2 differentiated 50.00 28.8 -- 100 99.0 --

1 NM200 SiO2 differentiated 50.00 29.34 -- 100 95.82 --

2 NM100 TiO2 non-differentiated 4.43 -- 100 107.66 0.44

3 NM101 TiO2 non-differentiated 4.28 7.14 100 93.38 17.33

1 NM103 TiO2 non-differentiated 5.13 -- 100 94.89 --

1 NM104 TiO2 non-differentiated 5.80 -- 100 89.87 --

3 NM110 ZnO non-differentiated 5.03 0.82 44.96 49.13

5 NM200 SiO2 non-differentiated 5.44 23.23 100 102.41 11.40

2 NM203 SiO2 non-differentiated 5.61 -- 100 102.16 7.15

5 Fluorescent red - SiO2 (IIT) SiO2 non-differentiated 5.01 26.83 100 91.23 5.50

5 Fluorescent red + SiO2 (IIT) SiO2 non-differentiated 4.30 17.82 100 101.74 16.09

1 Fluorescent green + SiO2 (IIT) SiO2 non-differentiated 4.17 -- 100 84.08 --

2 NM212 CeO2 non-differentiated 4.53 -- 100 107.59 7.27

2 NM300K Ag non-differentiated 2.19 -- 13.75 15.63

1 NM302 Ag non-differentiated 3.96 -- 100 72.94 --

1 NM401 carbon nanotubes non-differentiated -- -- 200 81.72 --

http://www.nanovalid.eu/
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Figure S1: MTS cell viability assay. Submerged A549 cultures were exposed to SiO2 NM200,TiO2 NM101 and 
Silver NMs (NM300K and NM302) at various concentrations for 24 h. Untreated (0 µg/ml) and positive controls 
were included in each experiment. Results are expressed as cell viability percentage (%), Data are means of 3 
independent determinations ± SD. **p<0.01 and ***p<0.001 vs untreated cells (one way anova with Bonferroni 
test). 

 
- In the oral mucosa, no adverse effects were observed (qualitatively, evaluation of NMs 

impact on tissue morphology). 
 

- No cytotoxicity was observed for NM-100, NM-101, NM-212, NM-220 (up to 100 µg/ml) 
for each of the BBB models under study (Caco-2 and Bend.3 co-cultured with rat 
astrocytes). 

 
 

4) NMs internalization and cell crossing data (24h of incubation): 
 
Intracellular NMs localization was performed by different partners with two different techniques: 
Confocal Microscopy (CM), particularly useful for metallic NMs, and TEM.  
Crossing of NMs was evaluated with both qualitative (TEM/SEM coupled or not to EDX 
detector, flow cytometry, fluorescence microscopy and by ultrahigh resolution microscopy) and 
quantitative methods (PIXE, ICP-OES and ICP-MS). 
 

5.1) Intestinal barrier 
 
Table S3 summarizes results about internalization and crossing of selected NMs through 
intestinal epithelium. Cell free inserts were considered to evaluate the potential interference 
of insert membrane in the crossing of NMs. 
A limited crossing of the majority of tested NMs was observed through in vitro intestinal 
epithelium mainly based on qualitative results. 
Confocal microscopy, TEM/SEM observations and EDX analyses suggested that both red 
fluorescent - SiO2 and + SiO2 (10 µg/ml) were internalized and crossed intestinal barrier. No 
clear impact of the charge was noticed in the crossing of these fluorescent NMs through the 
in vitro intestinal epithelium.  
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NM ID 
code 

NM 
chemistry 

(core) 

Intracellular 
localization 

(TEM – 
confocal 

microscopy) 

Crossing (analysis of basolateral medium) 

 Cell free inserts Caco-2 cells inserts Conclusion 
Qualitative 

analysis 
(TEM/SEM – 

confocal 
microscopy) 

Quantitative 
analysis (ICP-MS) 

Qualitative 
analysis 

(TEM/SEM – 
confocal 

microscopy) 

Quantitative 
analysis 
(ICP-MS/ 

fluorescence 
levels) 

Crossing 

NM-100 TiO2 N.D. (CM) Yes by SEM (EDX 
confirmation) 

Not performed Yes by TEM by one 
partner/2 (EDX 
confirmation)  

 
Yes by CM 

Not performed Low crossing 

NM-101 TiO2 Not performed Yes by SEM (EDX 
confirmation) 

Yes Yes SEM/TEM by 
one partner/2 (EDX 

confirmation) 
 

Yes by CM 

N.D. <LOQ Low crossing 

NM-110 ZnO Not clear (TEM) 
N.D. (CM) 

N.D. Not performed Yes by CM 
 

Yes TEM (EDX 
confirmation for 

only one sample/3) 

Not performed Low crossing 

NM-200 SiO2 
 

Yes (TEM) Yes by SEM (EDX 
confirmation) but 

limited 

Limited sensitivity 
(high Si 

background levels 
in culture medium) 

Yes by TEM/SEM 
(EDX confirmation) 

but limited 

Limited 
sensitivity 
(high Si 

background 
levels in 
culture 

medium) 

Low crossing 

NM-203 SiO2 
 

Not performed Yes by SEM (EDX 
confirmation) but 

limited 

Not performed Yes by TEM for 
one partner/2 (EDX 

confirmation) 

Not performed Low crossing 

NM-212 CeO2 N.D. (CM) Not performed Yes Yes by CM 
 

Yes by TEM (no 
EDX confirmation) 

Yes Yes 

Fluorescent 
- SiO2 (IIT) 

SiO2 
 

Yes (CM) Not performed Not performed Yes by TEM (EDX 
confirmation) 

Not performed Yes 

Fluorescent 
+ SiO2 (IIT) 

SiO2 
 

Yes (CM) Not performed Not performed Yes by TEM (EDX 
confirmation) 

Not performed Yes 

NM-300K Ag Yes (CM) 
Yes (TEM) 

Yes by TEM Not performed Yes by CM 
 

Yes by TEM (no 
EDX confirmation) 

Not performed Yes 

NM-302 Ag Not clear (TEM) Yes by TEM Not performed N.D. by TEM Not performed No 

Table S3: Summary of internalization and crossing data obtained with indicated NMs through intestinal 
epithelium model. “Yes” indicates detection of NMs inside cells or in basolateral medium; N.D. = not detected. 
“Limited” in columns “qualitative and quantitative analysis” indicated that detection was not made in all 
analyzed samples. CM = confocal microscopy. LOQ = Limit of quantification. For conclusion, “yes” indicates 
detection of NMs in basolateral medium by different partners and techniques. “Low crossing” means that 
detection of NMs in basolateral medium of intestinal barrier model was not observed by all partners and not 
confirmed by different techniques. 

 
 
 
In parallel, impact of NMs on the intestinal epithelium integrity was investigated using Lucifer 
Yellow (LY) assay. None of tested NMs were shown to alter the intestinal epithelium integrity.  
LY assay was shown to be suitable to evaluate the effect of NMs on intestinal epithelium and 
BBB model integrity. No interference of NMs with this assay was observed. 
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5.2) Alveolar epithelium 
 
NM-101, NM-300K, NM-302K impaired the alveolar epithelium integrity (ALI model) at high 
concentrations used (≥ 25µg/ml). On the contrary, NM-100 and all the silica NMs tested (NM-
200, NM-203, red - SiO2 and red + SiO2) did not impair the A549 barrier. Red fluorescent 
silica NMs were internalized by the cells and were located in the cytoplasm (confocal 
microscopy observations). Flow cytometry analysis showed no crossing for all tested NMs.  
 
5.3) Oral mucosa epithelium 
 
Depth of nanomaterial crossing into the oral mucosa epithelium was evaluated by CytoViva 
ultrahigh resolution microscopy for TiO2 NM-101, Ag NM-300K, and Ag NM-302 and by 
fluorescence microscopy for the red fluorescent 50 nm + and - SiO2 NMs.  
Both fluorescent + SiO2 and - SiO2 NMs were localized at the surface or within the upper 
epithelial layer of the 3D models after a 24 hour exposure time. Both + SiO2 and - SiO2 NMs 
were also observed to be removed from the mucosal surface by the process of 
desquamation. A deeper penetration of - SiO2 NMs (at 200 µg/ml) was observed in 
comparison with + SiO2 NMs suggesting that charge could play a role in the depth 
penetration of SiO2 NMs into oral mucosa model.  
NM-101, NM-300K, and NM-302 NMs were all seen to be mainly removed from the 
epithelium by desquamation of the superficial epithelial layer. Some NMs were observed 
attached to the surface or inside the uppermost epithelial layer of the remaining epithelium, 
however not for all patients or concentrations. More NM-101 particles were observed inside 
the epithelium compared to NM-300K and NM-302 NMs.  
 
5.4) Blood-brain barrier 

 
ICP-OES analysis (carried out after 30 min and 1 hour of exposure) of basolateral medium 
showed no crossing of NM-212, NM-220, NM-110 and NM-101 at a maximum concentration 
of 100 µg/ml through BBB model.  
 

 
5) Evaluation of the suitability of in vitro models to study internalization and crossing of 

NMs. 
 

Due to several analytical technique limitations and interferences, in vitro models have 
currently a limited suitability to allow reliable evaluation of NMs crossing. These include 
interference of insert membrane, limited sensibility of some quantitative methods (e.g. PIXE, 
ICP-MS for some NMs such as SiO2 NMs), important volume of basolateral medium (1.5 ml) 
and presence of organic matter in culture media rendering difficult the reliable evaluation of 
NMs crossing.  
Treatment of media containing NMs with proteinase K followed by medium evaporation, only 
slightly improved the observation of NMs by TEM/SEM. Use of EDX should be systematically 
conducted in order to confirm the presence (or not) of NMs in basolateral cell culture media. 

 
An important interference of the insert membrane was highlighted in this task limiting the 
suitability of in vitro barrier models (intestinal epithelium, alveolar epithelium and BBB model) 
to reliably evaluate the crossing of NMs. 
In case of oral mucosa model, interference of membrane does not arise as the NMs were 
considered to successfully cross the oral mucosa barrier if they penetrated through the 
epithelium. So, oral mucosa model appears to be suitable for evaluation of NMs crossing but 
not for screening (medium or high throughput) as it constitutes a time- and resource (money 
and manpower) consuming model. 
 
Intracellular penetration of NMs was mainly investigated using TEM and confocal microscopy 
(CM). CM appears to be suitable to evaluate internalization of metallic and fluorescent NMs. 
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However, no information about NMs morphology and chemical composition is given by this 
technique. So, results obtained by CM should be confirmed by complementary techniques 
such as TEM-EDX which will allow identification of NMs-like structures with morphology and 
size similar to that of raw NMs. However, TEM has also shown some limitations in the study 
of NMs internalization. Indeed, this technique is costly and time-consuming. In addition, 
caution must be taken before drawing final conclusions about the internalization of NMs if no 
NMs are observed in cells. The absence of NMs inside cells in the selected areas might 
simply result from a very low frequency of NMs and therefore a low probability of 
observation. This conclusion is also valid for confocal microscopy. On another hand, a 
careful attention must be worn during TEM analyses to determine whether NMs have 
actually penetrated into cells. Data obtained in task 5.3 indicated that NM-like structures 
were in fact not included in the cellular “background” but rather overlaid on the cells. They 
could be driven during the cutting of tissue slides. 

 
Given the relevance that absorption data through epithelial barriers have in risk assessment 
of NMs, a further improving step in the set-up of in vitro barrier models is necessary. Indeed, 
use of in vitro barrier models is currently subject to too much limitations and interference to 
be recommended as such for a reliable evaluation of the potential crossing of NMs through 
biological barriers.  
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2.2 Background of the task  
 

 
 
 
 
 
 
 
 
 
 
 

A comprehensive understanding on the bio-distribution of NMs is essential to predict their effects 
and to evaluate their risks after exposure. The absorption of NMs through different biological barriers 
is the first step that determines internal exposure and systemic target tissue doses. Due to ethical 
and economical constrains, the use and development of relevant and alternative in vitro barrier 
models to predict the absorption of NMs should be of high priority. 
Task 5.3 evaluated the capability of various NMs to cross different biological barriers (including BBB, 
intestinal epithelium, lung epithelium and oral mucosa) using alternative in vitro models. The 
suitability of different methods (qualitative and quantitative) to study the NMs crossing and/or 
intracellular uptake will be evaluated (Q6-7). 
 
Intestinal epithelium model 
Differentiated human intestinal Caco-2 cell model has been selected to evaluate the potential 
crossing of NMs across the intestinal epithelium. The Caco-2 cell monolayer is a widely used in vitro 
model to predict oral absorption of organic compounds, particularly by the pharmaceutical industry 
(Artursson et al., 2001). In addition, this model has also been used to evaluate the intestinal uptake 
of nanomaterials (Lin et al., 2011, He et al., 2013, Bannunah et al., 2014, Gitrowski et al., 2014). 
Caco-2 cells in in vitro culture forms monolayers with an enterocyte-like phenotype and exhibits 
properties associated with the physical and metabolic barrier of the intestinal epithelium. Because of 
this similarity, the Caco-2 barrier model can provide a useful in vitro model to evaluate the potential 
absorption of NMs through the intestinal tract. 
 
Alveolar A549 ALI model  
The human alveolar cell line A549 grown in air liquid interface (ALI) was used as the main test 
system for this subtask. ALI cultures are obtained by growing cells on appropriate filters followed by 
removal of cell media from the apical side (top side), in this way, cell models simulate better the real 
in vivo situation. Within task 5.3 the alveolar cell line A549 was cultured following a consensus 
protocols agreed upon during the NANoREG project and which was based from both protocols 
provided by BAuA and INERIS.  
 
 
BBB model  
The criteria for selecting the BBB models were based on simplicity and reproducibility. BBB models 
identified for the NANoREG project should be cellular-based as availability of brain tissue may not 
be feasible for this project. Therefore, the main properties that a BBB model must achieved are 
summarised as follows (1) to have a physiologically realistic architecture (2) Presence of tight 
junction forming restrictive paracellular permeability (3) reproducible solute permeability (4) 
expression of functional transporter mechanisms present in vivo (5) expression of BBB marker 
enzymes (6) ease of culture and (7) cost effective. The bEnd.3 cell line derived from immortalized 
mouse brain endothelial cells was selected for Task 5.3. This cell model is of interest because of its 
advantages over primary cell culture, including the ability to maintain BBB characteristics over many 
passages and its low cost. Previous RT-PCR analysis showed that bEnd.3 cells express the tight 
junction proteins ZO-1, ZO-2, occludin and claudin-5, and junction adhesion molecules (Song et al., 
2003; Watanabe et al., 2013). They also maintained functionality of the sodium- and insulin- 

 Questions related to Task 5.3 

2 Measurement and characterization 

6 Fate, persistence and long-term effects 

7 Kinetics and fate, determination 

9 Mode of action: 

10 Hazard 
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dependent stereospecific facilitative transporter GLUT-1 and the P-glycoprotein efflux mechanism, 
formed fairly tight barriers to radiolabeled sucrose, and responded like primary cultures to disrupting 
stimuli. This cell line was grown as monolayers and supported by primary rat astrocytes to form co-
cultures. A parallel experiment was carried out replacing bEnd.3 cells by Caco-2 cells in co-culture 
with primary astrocytes. This experiment was intended as a control experiments since Caco-2 cells 
are widely recognized to form a proper cellular barrier to allow for barrier crossing experiments.  
 
Oral mucosa model 
There are few studies that looked into the ability of NMs to cross the oral mucosa barrier (Roblegg et 
al., 2012; Teubl et al., 2013a; Teubl et al., 2013b). Of note, these studies were limited to ex vivo 
porcine models and might not reflect what occurs in human oral mucosa. Reconstructed 3D human 
oral mucosa models mimic closely the architecture of the native in vivo human oral mucosa (Costea 
et al., 2002, Dabija-Wolter et al., 2009) and thus represent a more appropriate experimental model 
for NMs penetration.  
 
Size distribution of NMs in cell culture media used with these different in vitro models was analyzed 
mainly by Dynamic Light Scattering (DLS) but also with centrifugal liquid sedimentation (CLS). 
These data are useful to determine the “behavior” of NMs once diluted in cell culture media and to 
determine whether cells were exposed to agglomerates and/or individual NMs (Q2). 
Before starting evaluation of NMs crossing through different biological barrier models, potential NMs 
toxicity was evaluated using common viability assay and following common protocol to choose sub-
toxic NMs concentrations (Q10). 
In case of different NMs crossing profiles through a biological barrier our data could also participate 
to the identification of potential physical and chemical properties modulating "crossing behavior". 
Comparison of NMs crossing profiles according to the biological barrier could also be useful to 
highlight different permeability depending of the biological barrier (Q9). 
The in vitro screening methodologies for absorption or crossing through biological barriers evaluated 
in this task could be useful for the development of the decision tree in task 5.7. Several protocols 
were set up in the framework of task 5.3 (see annexes section). Common standard operating 
procedures (SOPs) for Caco-2 cell culture and differentiation and evaluation of NMs effects (e.g. 
impact on epithelium integrity) on Caco-2 cell barrier were set up. These SOPs were partially drawn 
up from ECVAM DB_ALM protocol n°142 – Permeability Assay on Caco-2 cells, including several 
amendments to adapt them to evaluation of NMs impact on barrier model. One SOP was set up by 
UiB describing the procedure to obtain organotypic cell culture (oral mucosa model) modified for 
exposure to NMs. 
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2.3 Description of the work carried out 
 

2.3.1 In vitro barrier models 
 
In vitro barrier models studied in the task are summarized in Table 1: 
 

 
Table 1: List of the different in vitro barrier models used in this task and associated partners. 

 
 
An in vitro intestinal epithelium model was obtained using the intestinal Caco-2 cell line. This cell line 
was isolated from a colorectal adenocarcinoma in a 72-year-old Caucasian male and has been widely 
used as model for the human intestinal epithelium (Artusson et al., 1991, 2001; Shah et al., 2006).  
In order to standardize and compare results generated by partners, common SOPs for Caco-2 cell 
culture and differentiation and evaluation of NMs effects (e.g. impact on epithelium integrity) on 
Caco-2 cell barrier were set up. These SOPs were partially drawn up from ECVAM DB_ALM 
protocol n°142 – Permeability Assay on Caco-2 cells, including several amendments to adapt them 
to NMs crossing evaluation (see annexes section, annexes 2 and 3). ECVAM recommended 
transwells (0.4 µm pores) were replaced by inserts with 1 µm pores in order to reduce interference 
of membrane in the crossing of NMs due to the small size of pores. Common Caco-2 clone 
(distributed by co-leader ISS) and serum batch were used by partners involved in intestinal model. 
Before starting NMs crossing experiments, reconstituted intestinal epithelium were checked for their 
complete differentiation and tissue integrity was evaluated by measuring the transepithelial electrical 
resistance (TEER).  
In parallel, other barrier models were set up including BBB model. This model was obtained using 
co-culture of endothelial bEnd.3 cells and glial primary astrocytes. A parallel experiment was carried 
out replacing bEnd.3 cells by Caco-2 cells in co-culture with primary astrocytes.  
An Alveolar in vitro model was set up by culturing human alveolar A549 cells at air-liquid interface 
(ALI model). 
Finally, In vitro 3D oral mucosa models were constructed using matched oral keratinocytes and 
fibroblasts isolated from oral tissue samples taken from healthy human patients. The 3D oral 
mucosa models were made by constructing an artificial biomatrix containing type I collagen and 
fibroblasts and with a layer of keratinocytes seeded on top. 
 
 

2.3.2 NMs internalisation and crossing evaluation 
 

Potential crossing and uptake of NMs were evaluated after 24h of incubation using different 
qualitative and quantitative techniques. As shown in Table 2, internalisation of NMs was mainly 
evaluated by transmission or scanning electronic microscopy (TEM/SEM) or fluorescent/confocal 
microscopy/Ultrahigh Resolution Imaging for fluorescent and metallic NMs.  
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PARTNER Methods - Instruments Internalization Crossing  
 

NMs binding to 
surfaces and 

interfaces 

ISS 
 

FEI FEG-SEM Inspect F microscope, 
equipped with X-ray energy dispersion 
spectroscopy (20 KeV, 10 mm and a 

24000X magnification) 

 

 
x 

 

LEITAT 
 

TEM JEOL J1010 (80 Kv, 0.2 nm 
resolution) 

x 
 
x 

 

TEM JEOL 2011 coupled to an EDS 
detector (Oxford Instruments 0.18 nm 

resolution, 200keV 
x 

 
x 

 

ICP-MS (Agilent, model 7500ce)  
 
x 

 

UNamur 
 

FEG-SEM field emission gun 
scanning electron microscope JSM 

7500F (Jeol, 1 nm resolution, 15-20 kev) 
equipped with a JED 2300 detector 

(EDX) 

 

 
 
x 

 

FEI Tecnai 10, Philips (0.42 nm 
resolution; 80 keV) 

x 
x  

Confocal microscopy Lecai SP5 x   

Proton induced x-ray emission (PIXE) 
coupled to a tandetron accelerator 

ALTAÏS using a 2.5 MeV proton beam 
(current < 3 nA). Analysis with 

GUPIXWIN software 

 

 
 
x 

 

TCD 

TEM x x  

Confocal microscopy x   

Flow cytometry  x  

UAB 
TEM-EDX  x  

Confocal microscopy x x  

UiB 

CytoViva Ultra High Resolution Imaging 
(CytoViva, Auburn, USA; 90 nm 

resolution) coupled to Olympus BX41 
microscope (Olympus America, Center 

valley, USA) with a Dage-MTI XLM 
camera (Dage_MTI, Michigan City, USA) 

x 

 
 
 
x 

 

80i Advanced Research fluorescent 
Microscope (Nikon Instruments, Tokyo, 

Japan) coupled to a Nikon Eclipse with a 
Nikon digital sight DS-U2 camera (Nikon 

Instruments)  
All images were analyzed with NIS-
Elements Basic Research software 
(version 4.20) (Nikon Instruments) 

x 

 
 
 

 

x 

 

TEM x   

Gaiker 
ICP-OES  x  

TEM x x  

ANSES 

TEM/Raman spectroscopy (collaboration 
with ULEI) 

x 
x  

Tof-SIMS (collaboration with BfR 
partner) 

x 
  

ICP-MS (collaboration with BfR partner)  x  

Chalmers Quartz crystal microbalance   x 

Table 2: List of techniques used by partners to study the internalisation/crossing of NMs through biological 
barrier models. 

 
 
Crossing of NMs was evaluated by analysing their presence in basolateral medium after incubation 
of barrier models with NMs sub-toxic concentrations (Figure 1, intestinal model).  
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Figure 1: Schematic representation of NMs incubation with intestinal model. Caco-2 cells were differentiated 
on the membrane of transwell to form a tight intestinal monolayer. Intestinal epithelium was incubated for 24h 
with sub-toxic NMs concentration added in apical medium. Crossing of NMs was determined by analysing their 
presence into basolateral medium. 

 
A similar experimental procedure was also used with BBB and Alveolar models. However it should 
be taken into account that ALI models were not exposed to cell culture media in the apical side.  
Presence of NMs into basolateral medium was investigated using both qualitative (e.g. TEM/SEM, 
flow cytometry, confocal microscopy) and quantitative (e.g. ICP-MS, ICP-OES, PIXE) techniques. In 
case of oral mucosa model, potential penetration of NMs and evaluation of penetration depth was 
studied using CytoViva Ultra High Resolution Imaging (URI). Issues and inherent limitations of these 
techniques and specific issues due to properties of the nanomaterials and the biological model were 
considered. For instance, observation of NMs after incubation in cell culture medium by TEM/SEM 
was not easy due to the presence of high amount of organic components. In addition, the large 
volume of basolateral medium (1.5 ml) reduced the chance to detect presence of NMs especially by 
TEM/SEM in case of crossing. Therefore, we evaluated whether evaporation of medium and 
treatment of cell culture medium with proteinase K could improve the observation of NMs.  
Epithelia are formed by cells that are tightly attached to each other by tight junctions. These 
junctions ensure the integrity of the epithelium avoiding crossing of undesirable compounds. 
Presence of NMs could alter the epithelium integrity by acting on tight junctions opening. To 
evaluate the NMs impact on the integrity of epithelia, paracellular marker Lucifer Yellow (LY) was 
used. LY does not penetrate inside cells and only crosses epithelium in case of tight junction 
opening (paracellular route). An increase in the LY permeability will only be detected in case of NMs 
effect on tight junctions.  
 

2.3.2.1 Adaptation of NMs solutions volume 
 
One important point when evaluating biological effects of NMs, is the respect of dosimetry 
independently of the assay system (i.e. well plate format) used for the experiments (see Table 3). In 
order to maintain the same dose units (µg of NMs/cm²) between crossing experiments (using 
inserts) and cytotoxicity experiments (using 96 well plates), assay volumes were adapted.  
 

 
 
Table 3: Calculation of NMs dose/cm² based on the well or the insert area and culture medium volume added 
per well/insert considering a NMs concentration of 100 µg/ml. A volume of 500 µl per insert leads to a higher 
NMs dose/cm² than in 96 well plate (100 µl/well). In this study, we used a volume of 350 µl of cell culture 
medium per insert to respect same NMs dose/cm² in both 96 well plate (viability assays) and insert (crossing 
experiments). 

 
 

Plate/flask well area (cm²) Contentration of NPs (µg/ml) Volume/well (ml) NPs dose/well (µg) Dose per cm² (µg/cm²)

96 well plate 0.32 100 0.1 10 31.25

Insert 1.12 100 0.5 50 44.64

Insert 1.12 100 0.35 35 31.25
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2.3.3 Ms evaluated for biological barriers crossing 
 
Several NMs characterized by different chemical composition, different size, different shapes and 
different charge were used in task 5.3 (Table 4).  
 

NMs In vitro barrier 
model 

Internalization Crossing 

 

SiO2 NM-200 

 
 

Intestinal barrier 

 
TEM (UNamur) 

TEM-EDX 
(LEITAT, UAB) 

 
TEM (UNamur) SEM-EDX 

(ISS) TEM-EDX (LEITAT, UAB) 
ICP-MS (LEITAT) 

 

Alveolar barrier TEM/SEM Flow cytometry (TCD) 

 
SiO2 NM-203 

Intestinal barrier / SEM-EDX (ISS) 
TEM-EDX (UAB) 

Alveolar barrier TEM (TCD) Flow cytometry (TCD) 

 
 

TiO2 NM-100 

 
Intestinal barrier 

Confocal 
microscope (UAB) 

SEM-EDX (ISS), TEM-
EDX/confocal microscope 

(UAB) 

Alveolar barrier / Flow cytometry (TCD) 

Blood brain barrier / ICP-OES (Gaiker) 

 
 
 

 
TiO2 NM-101 

 
Intestinal barrier 

Confocal 
microscope (UAB) 

SEM-EDX (ISS), ICP-MS 
(LEITAT), TEM-EDX/confocal 

microscope (UAB) 
 

Alveolar barrier / Flow cytometry (TCD) 

Oral mucosa 
barrier 

CytoViva UltraHigh 
Resolution Imaging 

(UiB) 

/ 

Blood brain barrier /  
ICP-OES (Gaiker) 

 
CeO2 NM-212 

 
Intestinal barrier 

Confocal 
microscopy (UAB) 

ICP-MS (LEITAT) , TEM-
EDX/confocal microscope 

(UAB) 

Blood brain barrier / ICP-OES (Gaiker) 

BaSO4 NM-220 Blood brain barrier / ICP-OES (Gaiker) 

 
 

Ag NM-300K 

 
Intestinal barrier 

TEM (UNamur) TEM/SEM-EDX (UNamur) 
TEM-EDX (UAB) 

Confocal 
microscope (UAB) 

Confocal microscope (UAB) 

Alveolar barrier TEM (TCD) Flow cytometry (TCD) 

Oral mucosa 
barrier 

CytoViva Ultra 
High Resolution 
Imaging (UiB) 

/ 

 
 

Ag NM-302 

Intestinal barrier TEM (UNamur) TEM (UNamur) 

Oral mucosa 
barrier 

CytoViva Ultra 
High Resolution 
Imaging (UiB) 

/ 

Alveolar barrier TEM (TCD) Flow cytometry (TCD) 
 

Red - SiO2 Intestinal barrier Confocal 
microscopy 

(UNamur, UAB) 

TEM/ SEM/EDX (UNamur) 

Oral mucosa 
barrier 

Fluorescence 
microscopy (UiB) 

 

Alveolar barrier Confocal 
microscopy (TCD) 

Flow cytometry (TCD) 

 
 
 

Intestinal barrier Confocal 
microscopy 
(UNamur) 

TEM/ SEM/EDX (UNamur) 
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NMs In vitro barrier 
model 

Internalization Crossing 

Red + SiO2 Oral mucosa 
barrier 

Fluorescence 
microscopy (UiB) 

 

Alveolar barrier Confocal 
microscopy (TCD) 

Flow cytometry (TCD) 

Table 4: List of NMs used in this study. Methods used to evaluate their internalization and crossing through 
different barrier models are indicated. 

 
 
All NMs were dispersed according to the Nanogenotox protocol including preparation of a water- 
0.05% BSA stock solution at 2.56 mg/ml. NMs were then diluted into appropriate culture media (Table 
5) before incubation with barrier models. Data on morphology and size distribution of these different 
NMs in stock solution and in culture media at different incubation times were collected and analysed 
by dynamic light scattering (DLS) or centrifugal liquid sedimentation (CLS). 
 
 

In vitro barrier model Medium 

All Water – 0.05% BSA 

Intestinal epithelium DMEM high glucose + 1% non-essential amino 
acids + 100 U/ml Penicillin/100 µg/ml 
Streptomycin + 10% FBS 

BBB DMEM high glucose + 1% non-essential amino 
acids + 10 U/ml Penicillin /10 µg/ml 
Streptomycin + 10% FBS 

Oral mucosa FAD-OT medium (DMEM/Nutrient Mix F-12 
Ham + 0.1% BSA + 5 µg/ml insulin-transferrin + 
0,4 µg/ml hydrocortisone + 10 ng/ml EGF + 50 
µg/ml ascorbic acid + 1% Ab/Am) 

A594 (ALI) DMEM low glucose+ 5 µg/ml gentamicin+ 10% 
FBS (ALI model) 
 

Table 5: List of media used in task 5.3. 

 

2.3.4 NMs toxicity evaluation 
 

Before starting the crossing assays, it is essential to determine the sub-toxic concentrations of NMs 
that will be used during the transport assay. UNamur shared with all partners the MTS viability assay 
SOP set in European project NanoValid to evaluate the potential toxicity of NMs on different cell 
lines (i.e. intestinal Caco-2 cells, alveolar A549 cells and endothelial bEnd.3).  
Benzalkonium chloride (BC, Caco-2 cells; 0-50 µg/ml) (Piret et al., 2012) or Cadmium sulfate CdSO4 
(A549 cells and bEnd.3; 0-100 µg/ml) were used as a positive controls and cells were incubated for 
24h in presence of increasing concentrations of NMs (0-100 µg/ml). The layout of the 96 well plate is 
illustrated in Figure 2 (Rosslein et al., 2015).  
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0 nM BC or 0 µg/ml NMs 

0.001 mg/ml BC or 1 µg/ml 

NMs 

0.0025 mg/ml BC or 10 µg/ml 

NMs 

0.005 mg/ml BC or 25 µg/ml 

NMs 

0.01 mg/ml BC or 50 µg/ml 

NMs 

0.05 mg/ml BC or 100 µg/ml 

NMs 

 

 

Figure 2: Plate layout used in MTS assay. The blue and hatched wells contain complete cell culture media 
with antibiotics and 3.9% of 0.05% BSA-water. Columns 1-5 and columns 8-12 contain chemical positive 
control (for instance, benzalkonium chloride -BC-) and NMs concentrations, respectively. Concentrations of 
NMs and BC considered in this study are indicated on the right. Adapted from Rosslein et al., 2015. 
 
 

In the case of oral mucosa model, preliminary crossing assays were done. These had the purpose 
to minimize the risk of NMs contamination of controls during post-processing of the 3D models. Thus 
controls and each type of exposure (each NM and concentration) were processed separately. 
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2.4 Results 
 
Results obtained in this task are described below by model. 
 

2.4.1 Intestinal epithelium 

2.4.1.1 Description of the model 
 
Intestinal epithelial barrier is formed by a cellular monolayer, mainly composed of enterocytes that 
act as an effective barrier, preventing the crossing of potential harmful compounds such as 
microorganisms, antigens or particles.  

Nanomaterials can reach the gastrointestinal tract after mucociliary clearance from the respiratory 
tract through the nasal region, or can be ingested directly if present in consumer products as food, 
cosmetic, etc. Moreover, some nanoparticles, in particular metal and metal oxide particles, can 
accumulate in plants and in the food chain (Rico et al., 2011).  

Caco-2 cells, originally established from human epithelial colorectal adenocarcinoma but able to 
spontaneously differentiate and polarized to enterocyte-like structures, are been extensively used in 
preclinical studies in pharmaceutical industry (FDA, 2000; Shah et al., 2006). Some of the most 
representative subcellular structures, such as microvilli and tight junctions, drug transporters and 
efflux proteins (e.g. P-gp, BCRP or MRP2), as well gut metabolic enzymes, appear following 
polarization and differentiation of Caco-2 cell, in particular when they are maintained in a bi-
dimensional cultured system as semi-permeable inserts (Sambuy et al., 2005).  

Caco-2 model was pre-validated by ECVAM for acute toxicity effects and active transport of drugs 
and chemicals (Prieto et al., 2010; Prieto et al., 2013) but not yet for passive crossing of 
nanoparticulate matter. It was reported that Caco-2 tight junctions are tighter compared to normal 
enterocyte junctions, consequently, paracellular transport might be underestimated for certain 
particle sizes. 

To obtain a tight well differentiated intestinal epithelium, Caco-2 cells were grown on semi-
permeable inserts, until the complete cellular differentiation was reached and a functional epithelial 
barrier was formed (about three weeks of culture). In order to standardize and compare results 
generated by partners, common standard operating procedures (SOPs) for Caco-2 cell culture and 
differentiation and evaluation of NMs crossing through Caco-2 cell barrier were set up. These SOPs 
were partially drawn up from ECVAM DB_ALM protocol n°142 –Permeability Assay on Caco-2 cells 
including several amendments to adapt them to NMs crossing evaluation. ECVAM recommended 
transwells (0.4 µm pore size) were replaced by inserts with 1 µm pore size in order to reduce 
interference of membrane in the crossing of NMs due to the small dimension of pores. Common 
Caco-2 clone (distributed by co-leader ISS) and serum batch were used by partners involved in 
intestinal model. After 21 days of differentiation, Caco-2 cells formed a tight monolayer composed of 
cylindrical enterocytes (Figure 3). 
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Figure 3: Histological analysis of thin section of intestinal Caco-2 cells monolayer. Caco-2 cells were seeded 
at 170,000 cells/insert and differentiated for 21 days. Caco-2 cells were stained with hemalun (nuclei in blue) 
and erythrosine (cytoplasmic proteins in red/pink). A) Data from UNamur; magnification: 200x. B) Data from 
LEITAT; magnification: 200x. 

 
 
Integrity of cellular barrier is an essential prerequisite to transport/absorption experiments and it is 
reached only if monolayer is undamaged during the culture time. Trans Epithelial Electrical 
Resistance (TEER) was measured during the whole differentiation process to monitor the evolution 
of cellular monolayer tightness. TEER was measured at 37 °C by chop-stick electrodes connected to 
a volt-ohmmeter (protocol is described in SOP for evaluation of NMs impact on Caco-2 cell barrier 
model, Annex 3) and expressed as Ω x cm2. According to acceptance criteria reported on ECVAM 
DB-ALM Protocol n. 142 (Permeability assay on Caco-2 cells), differentiated monolayers were 
considered suitable for crossing experiments if TEER value after 21 days of culture exceed 150 Ω x 
cm2. 

All partners monitored the Caco-2 differentiation on inserts measuring TEER on a regular basis. As 
expected, all partners measured an increase of TEER values during differentiation process (Figure 
4). A mean TEER value of 468 ± 69 Ω x cm2 was measured at the end of the 21 days of 
differentiation, in agreement with TEER values of differentiated Caco-2 cells reported from several 
authors (Des Rieux et al., 2007; Piret et al., 2012; Ouzilou et al., 2002). 
 

                                 
Figure 4: Evaluation of the intestinal epithelium integrity during differentiation process by measurement of 
TEER. TEER values (n=3 ± s.d.) of Caco-2 cells cultured on semi-permeable inserts at different days of 
differentiation.  
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TEER measurements were always performed before each crossing experiment in order to verify 
integrity of monolayer at the beginning of the experiment. 

Moreover, integrity of Caco-2 monolayer can also be evaluated by measuring the passive cross of 
small hydrophilic molecules, mainly through the paracellular space (i.e. tight junctions). Lucifer 
Yellow (LY) is one of these markers; its passage is easily detectable and provides a sensitive and 
reliable technique to determine integrity of barriers. A protocol for LY passage was developed in the 
task and used, at the end of exposure period, to verify NMs effects on monolayer integrity. The 
complete differentiation of in vitro intestinal epithelium model after 21 days was confirmed by 
measuring its integrity in presence or not of Ca++ chelator EGTA. An LY apparent permeability 
(Papp) of 2.1 10-8 cm/s ± 6 10-9 (i.e. 0.03% ± 0.01% of LY detected in basolateral –BL- medium) was 
measured after 21 days of differentiation. However, in presence of EGTA which is known to open 
tight junctions, the permeability to LY was drastically increased confirming the formation of thigh 
intestinal epithelium after 21 days (Figure 5). 
 

 
Figure 5: Evaluation of the paracellular permeability of intestinal epithelium after 21 days of differentiation. 
Reconstituted intestinal epithelium was incubated with LY in presence or not of 2.5 mM of EGTA for 2h. 
Integrity of Caco-2 monolayer was evaluated by measuring the percentage (%) of LY present in the 
basolateral side of intestinal epithelia (UNamur). Results are expressed as means ± s.d. (n = 3), and 
presented as percentages of total LY added in apical side. ***: P < 0.001 vs. non-treated (CTL) cells. (Data 
were analyzed by Student’s t-tests). 
 

2.4.1.2 NMs morphology and size distribution 
 
Potential internalisation/crossing of several NMs through intestinal epithelium model was evaluated 
by partners (Table 6). 
 

* 
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Table 6: List of NMs used with intestinal epithelium model. 

 

2.4.1.2.1 TEM analysis of NMs 

Morphology and size of selected NMs in water – 0.05% BSA were analysed by TEM (UNamur, UAB 
and UiB). Figure 6 shows an example of each one of the selected nanomaterials. Table 7 offers a 
description of the average sizes of all the studied NMs. 
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Figure 6: TEM analysis of NMs morphology. A) NM-100; B) NM-101; C) NM-110; D) NM-200; E) NM-203; F) 
NM-212; G) NM-300K; H) NM3012; I) NM-401; J) red - SiO2; K) red + SiO2.  
 
 

  NM ID code Partner TEM size (nm) ± s.d. 

TiO2 

NM-100 
UAB 104.01 ± 39.42 

Average 104.01 ± 39.42 

NM-101 

UIB 71.105 ± 24.77 

UAB 54.69 ± 35.39 

Average 59.39 ± 33.46 

ZnO NM-110 

UAB 132.37 ± 69.53 

UNamur 109.545±80.320 

Average 132.171±79.334 

SiO2 

NM-200 

UAB 16.53 ± 4.18 

UNamur 16.43 ± 4.98 

Average 16.51 ± 4.33 

NM-203 
UAB 24.26 ± 9.38 

Average 24.26 ± 9.38 

- SiO2 

UIB 76.08 ± 10.5 

UNamur 58.85 ± 3.30 

Average 73.206±11.611 

+ SiO2 

UIB 72.26 ± 9.41 

UNamur 62.054 ± 6.28 

Average 70.70±9.708 

CeO2 NM-212 
UAB 70.33 ± 49.61 

Average 70.33 ± 49.61 

Ag 

NM-300K  

UNamur 21.54 ± 5.05 

UIB 18.42 ± 4.91 

UAB 7.75 ± 2.48 

Average 14.44 ± 7.11 

NM-302 

UIB 803.83 ± 218.91 

UNamur 3123.31 ± 1493.08 

Average 2791.96 ± 1612.29 

 

            K) 

 

 

 

 

 

 

 

 

mailto:SiO2@IIT%20(+)
mailto:SiO2@IIT%20(+)
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MWCNT NM-401 
UAB 6012.093 ± 4091.45 

Average 6012.093 ± 4091.45 
 

Table 7. Average size of selected NMs following TEM analysis.  

 
 

2.4.1.2.2 NMs size distribution 

Size distribution of NMs in water – 0.05% BSA stock solution and in Caco-2 cell culture medium (at 
100 and 10 μg/ml) at the beginning (time 0h) and the end of incubation (after 24h) was analysed by 
Dynamic Light Scattering (DLS) or by Centrifugal Liquid Sedimentation (CLS). Results are reported 
in the Table 8. 
Four different TiO2 NMs were evaluated by DLS: NM-100, NM-101, NM-103 and NM-104. For NM-
100, size distribution data were quite reproducible between partners. There was no significant 
difference of Z-Average between stock concentration and NMs in cell culture media at 100 or 10 
μg/ml independently of incubation time. An important variability was observed between partners for 
NM-101 in cell culture medium. In general, the data showed more agglomeration at higher 
concentrations. On the other hand, there was a decrease of Z-average with time. NM-103 and NM-
104 NMs were characterised by one partner. In both cases, Z-average was higher in stock solution 
than in cell culture medium at 100 μg/ml suggesting a dispersant effect of cell culture medium. Size 
in solution at 10 μg/ml concentration was no evaluated. No change was observed between 0 and 
24h.  
For ZnO-NMs, NM-110 was analysed. Higher Z-Average was appreciated when the NMs were 
mixed in culture medium (100 and 10 μg/ml) than in stock solution based on water and BSA. For 
100 μg/ml solution, results showed high variability between partners. For 10 μg/ml only one partner 
evaluated Z-average which decrease at 24 h of incubation. 
Four types of SiO2-NMs were evaluated: two normal silica: NM-200 and NM-203, and two red 
fluorescent silica: - SiO2 and + SiO2. In the case of NM-200, high variability between partners was 
observed and, consequently, high s.d. was detected. For NM-203, decrease of Z-average was 
observed at 10 μg/ml concentration at time 0. There was high variability at 24 h between partners. 
Regarding - SiO2 and + SiO2, no clear pattern was observed. 
Regarding CeO2-NMs (NM-212) and Ag-NMs (NM-300K), no changes were appreciated in different 
concentrations and different time of incubation, except for NM-300K at 10 μg/ml which seems to be 
minor than the others. 
Finally, for MWCNT only one compound was studied: NM-401. The Z-Average in stock solution was 
higher than in medium. 
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Intestinal barrier Z Average (d.nm) 

 

NMs Concentration -> 2.56 mg/ml 100 µg/ml 10 µg/ml 

 

Incubation Time -> 0 h 0 h 24 h 0 h 24 h 

Compoun
d 

Nanomaterial 
Partne

r ID 
Mean s.d. Mean s.d. Mean s.d. Mean s.d. Mean s.d. 

TiO2 

NM-100 
UAB 

244,7 14,4 271,9 28,09 
345,1

3 7,85 
311,5

3 3,84 
316,4

3 10,88 

ISS 
247,5 0,5 320,1 42,84 

231,5
3 35,05 

271,6
0 2,83 

221,7
3 10,03 

  
TOTA

L 246,12 9,25 
296,0

0 41,80 
288,3

3 66,24 
295,5

6 22,09 
269,0

8 52,71 

NM-101 
ISS 

483,23 9,02 481,4 58,22 
172,1

0 0,66 
353,8

7 54,23 
144,4

3 39,45 

LEITA
T 474,73 14,66 480,8 20,60 

498,4
5 79,55 // // // // 

UAB 
397,97 4,10 241,1 1,22 

262,2
7 4,25 

140,7
7 23,93 

177,2
7 1,75 

  
TOTA

L 451,98 41,63 401.1 
123,9

3 
287,5

0 
140,0

1 
247,3

2 
122,5

9 
160,8

5 30,78 

NM-103 
ANSE

S 285,28 23,59 152.7 4,67 187,4 1,34 // // // // 

  
TOTA

L 285,28 23,59 152.7 4,67 
187,4

0 1,34         

NM-104 
ANSE

S 450,5 45,91 148,2 2,97 
149,3

5 1,20 // // // // 

  
TOTA

L 450,50 45,91 148,2 2,97 
149,3

5 1,20         

ZnO 

NM-110 ANSE
S 241,04 15,36 320 

113,3
0 

239,0
8 14,66 // // // // 

UAB 244,70 4,30 463 1,21 
440,2

7 9,94 
352,5

3 10,75 
186,3

3 3,69 

  
TOTA

L 243,24 8,50 405.8 96,65 
359,7

9 
110,6

6 
352,5

3 10,75 
186,3

3 3,69 

SiO2 

NM-200 ANSE
S 441,75 49,23 368.6 

130,6
8 

235,6
2 

137,7
8 // // // // 

ISS 251,37 22,27 187.5 71,48 
141,6

3 67,12 25,32 8,66 17,47 1,58 

LEITA
T 215,07 11,80 164.8 3,52 

144,5
3 6,02 // // // // 

UAB 
183,60 16,24 151.7 0,71 // // 

349,1
3 24,52 

444,5
0 28,62 

  
TOTA

L 272,95 
107,6

7 218.1 
111,5

6 
177,6

0 
106,7

8 
187,2

3 
178,1

2 
230,9

8 
234,6

0 

NM-203 
ISS 162,13 9,15 168.9 7,30 

434,6
0 

141,3
4 20,45 0,23 18,20 0,38 

UAB 135,53 0,23 141.4 5,04 
170,9

0 1,68 41,15 1,04 
141,2

0 2,86 

  
TOTA

L 148,83 15,68 155.2 16,09 
302,7

5 
169,8

6 30,80 11,36 79,70 67,39 

- SiO2 
UAB 

1275,0
0 

369,0
0 432,3 43,78 

281,7
0 7,53 71,25 25,57 

281,3
0 10,30 

    
1275,0

0 
369,0

0 432,3 43,78 
281,7

0 7,53 71,25 25,57 
281,3

0 10,30 

+ SiO2 UAB 
183,60 16,27 151,7 0,71 

330,3
0 35,86 

295,5
0 27,31 

266,0
0 13,92 

    
183,60 16,27 151,7 0,71 

330,3
0 35,86 

295,5
0 27,31 

266,0
0 13,92 

CeO2 

NM-212 LEITA
T 269,27 31,21 276,3 58,28 

276,2
7 63,26 // // // // 

UAB 302,77 7,64 278,5 1,18 
289,3

7 4,62 
240,1

0 0,60 
244,5

0 2,36 

  
TOTA

L 286,02 27,38 277.4 36,89 
282,8

2 40,75 
240,1

0 0,60 
244,5

0 2,36 

Ag 
NM-300K Silver UAB 102,38 3,48 100 1,05 94,47 0,34 68,96 1,96 92,06 2,88 

  
TOTA

L 102,38 3,48 100 1,05 94,47 0,34 68,96 1,96 92,06 2,88 

MWCNT 
NM0401 UAB 

6934,6
7 

118,4
9 955,7 5,24 

934,9
7 19,37 

968,8
3 47,31 

867,7
3 

111,6
8 

  
TOTA

L 
6934,6

7 
118,4

9 955.7 5.2 935 19.4 
968,8

3 47,31 
867,7

3 
111,6

8 

 
Table 8: Z-Average ± s.d. (DLS measurements) for all NMs analysed with intestinal epithelium model. 
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In parallel, particle size distribution and agglomeration state of NM-110, NM-200, NM-300K, NM-
302, and fluorescent positively and negatively charged SiO2 NMs were characterized by CLS by 
UNamur.  
Results were expressed in relative weight to reveal the size distribution of NMs agglomerates and in 
relative particle number to distinguish the size distribution of individualized NMs. The maximal 
values in each sample were arbitrarily set to 100% and correspond to the main peak (see tables 9, 
10 and 11) when several peaks were detected. Size distribution was analysed on two (NM-300K, 
NM-302 and fluorescent - SiO2 and + SiO2 NMs) or three (NM-110, NM-200) independent 
experiments. One or two asterisks (*) were indicated when one peak was observed in only one or 
two of the different replicates respectively.  
NM-200 NMs mainly formed agglomerates in water – 0.05% BSA with a mean peak (corresponding 
to maximum weight measured) of 1139 nm. A second peak at 142 nm was also measured (Table 9). 
These two peaks were also observed after dilution in Caco-2 cell culture medium independently of 
incubation time. A slight reduction of the main peak size was noticed in cell culture medium 
suggesting a slight dispersant effect of culture medium.  
Size of primary particles (size distribution in number) appeared to be relatively similar (around 31.9 
nm) independently of the solution (water – 0.05% BSA stock or in cell culture medium) and 
incubation time. 
Size distribution analysis of NM-300K NMs revealed presence of a main peak (corresponding to 
maximum weight measured) around 10 nm in both water – 0.05% BSA stock solution and in cell 
culture medium (Table 9). A smaller peak was detected around 179 nm in all solutions suggesting 
formation of some small agglomerates of NM-300K NMs. The main peak most likely correspond to 
primary NMs as its size was almost identical to the size of the peak measured in number. 
Interestingly, the size of primary NMs corresponds to the size reported by NM-300K datasheet (15 
nm). Altogether these data indicated that NM-300K NMs are mainly dispersed as primary particles in 
both water – 0.05% BSA stock solution and in cell culture medium. 
Size distribution of NM-302 NMs were characterized by presence of a main peak around 433 nm in 
both water – 0.05% BSA stock solution and in cell culture medium independently of incubation time 
(Table 9). The size of this peak was quite similar to that of the peak measured in number indicating 
that NM-302 NMs are mainly monodispersed. 
 
 
 
 
 
 
 
 
 
 
 
 
  



NANoREG Deliverable 5.03 
Page 30 of 137 

 

 
Table 9: Size distribution analysis of NM-200, NM-300K and NM-302 NMs by Centrifugal Liquid 
Sedimentation. Peaks corresponding to hydrodynamic diameters and detected in different solutions (water – 
0.05 % BSA and Caco-2 cell culture medium) after different incubation times are indicated. Main peak 
corresponds to the maximal values measured in each sample and arbitrarily set to 100%. Size distribution 
was displayed in relative weight (w) or number (n). Results are expressed as mean of two (NM-300K and NM-
302) or 3 independent measurements. * corresponds to a peak detected in only one of the replicates. ** 
corresponds to a peak detected in only two replicates. PDI is defined as the average diameter from the weight 
related distribution divided by the average diametre from the number related distribution. 
 
 
 
Size distribution analysis of ZnO NM-110 NMs revealed that these NMs mainly formed 
agglomerates with a main peak (corresponding to maximum weight measured) around 226 nm in 
both water – 0.05% BSA stock solution and in cell culture medium independently of incubation time 
(Table 10). Presence of individualized NM-110 NMs was likely limited as no clear peak was detected 
in cell culture medium by measuring size distribution in relative particle number. 
 
 
  

  
NM-200 NM-300K Silver NM-302 Silver 

  
Average ± SD Average ± SD Average ± SD 

Concentration 
(mg/ml) 

Incubation 
time 

Detected peak (nm) in 
relative weight (w) or relative 

number (n) 
PDI 

PDI 
s.d. 

Detected peak (nm) in 
relative weight (w) or 
relative number (n) 

PDI 
PDI 
s.d. 

Detected peak (nm) in 
relative weight (w) or 
relative number (n) 

PDI 
PDI 
s.d. 

2.56 mg/ml 0 

1139.3 ± 149.2 (main peak, w) 

17.7 10.6 

142.7 ± 4.8 (w) 

3.3 0.1 

453.9 ± 1 (main peak, 
w) 

2.5 1.3 
141.9 ± 4 (w) 12.5 ± 0.1 (main peak, w) 76.3 ± 5.7 (w) 

48.8 ± 16.7 (n) 11.4 ± 0 (n) 326.5 ± 5.6 (n) 

100 µg/ml 

0 

896 (w)* 

17.9 8.3 

152.3 ± 8 (w) 

4.86 3 

425.7 ± 37.2 (w) 

1.4 / 
855.5 ± 187.7 (main peak, w) 11.4 ± 1.2 (main peak, w)   

138.1 ± 2.7 (w)** 10.1 ± 0.7 (n) 320.3 ± 24.7 (n) 

33 ± 14.6 (n)     

24 

751.3 ± 158.8 (main peak, w) 

19.1 3.5 

184.6 ± 47.6 (w) 

2.63 0 

425.6 ± 20.4 (w) 

2.5 0.3 112.7 ± 35.5 (w)** 11 ± 0.01 (main peak, w)   

28.2 ± 2 (n) 10.3 ± 0.1 (n) 357.2 ± 9.5 (n) 

10 µg/ml 

0 

977.46 (w)* 

15.4 9 

  

12.05 6.6 

  

1.3 / 
760 ± 2 (main peak, w) 257.8 ± 163 (w) 403.9 ± 38.2 (w) 

176.4 (w)* 10.1 ± 0.1 (main peak, w)   

24.4 ± 1.6 (n) 9.3 ± 0.01 (n) 315.4 ± 2.9 (n) 

24 

778.6 (w)* 

6.9 1.6 

  

1.7 0.1 

  

1.8 0.2 

671.2 (w)*     

664.6 ± 140.7 (main peak, w) 158.1 ± 6.7 (w) 457.8 ± 70.4 (w) 

627.4 (w)* 9.4 ± 0.3 (main peak, w)   

600.1 (w)* 8.9 ± 0.2 (n) 304 ± 35.7 (n) 

518.3 (w)*     

24.9 (n)*     
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NM0110 

  
Average ± SD 

Concentration 
(mg/ml) 

Incubation 
time 

Detected peak (nm) in relative 
weight (w) or relative number 

(n) 
PDI PDI s.d. 

2,56 mg/ml 0 

244.7 ± 56.7 (main peak, w) 

11.1 6.4 
151.1 (w)* 

22.9 ± 1.6 (w) 

13.8 ± 0.2 (n) 

100 µg/ml 

0 

660 (w)* 

8.2 0.7 

191.5 ± 43.6 (main peak, w) 

158.3 (w)* 

35.1 (w)* 

n.d. (n) 

24 

246.8 ± 38.8 (main peak, w) 

8.5 2.3 
157.9 (w)* 

23.3 (w)* 

n.d. 

10 µg/ml 
0 

522.5 (w)* 

9.2 / 
219.2 (w)* 

21.42 (main peak, w)* 

n.d. (n) 

24 n.d. (w and n) / / 

 
Table 10: Size distribution analysis of NM-110 NMs by Centrifugal Liquid Sedimentation. Peaks 
corresponding to hydrodynamic diameters and detected in different solutions (water – 0.05 % BSA and Caco-
2 cell culture medium) after different incubation times are indicated. Main peak corresponds to the maximal 
values measured in each sample and arbitrarily set to 100%. Size distribution was displayed in relative weight 
(w) or number (n). Results are expressed as mean of 3 independent measurements. * corresponds to a peak 
detected in only one of the replicates; n.d. = not detected. Data obtained from only one sample (NMs not 
detected in the other samples due to lack of enough materials) are indicated in red. PDI is defined as the 
average diameter from the weight related distribution divided by the average diametre from the number 
related distribution. 

 
 
 
Size distribution analysis of fluorescent 50 nm + SiO2 and – SiO2 NMs was more complicated (Table 
11). An important variability was noticed between independent replicates especially after dilution in 
cell culture medium. For some replicates it was not possible to detect a clear size distribution. In 
addition, a multimodal size distribution was observed in both water – 0.05 % BSA and cell culture 
medium for both fluorescent NMs render difficult to determine a clear mean hydrodynamic diameter. 
In general a peak higher than 1 µm and corresponding to agglomerates was measured. In parallel 
smaller peaks (around 50-80 nm) corresponding to better dispersed NMs were also identified. 
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  (-) SiO2  (+) SiO2 

  
Average ± s,d. Average ± s.d. 

Concentration 
(mg/ml) 

Incubation 
time 

Detected peak (nm) in relative 
weight (w) or relative number 

(n) 
PDI 

PDI 
s.d. 

Detected peak (nm) in 
relative weight (w) or 
relative number (n) 

PDI 
PDI 
s.d. 

2,56 mg/ml 0 

1067.7 ± 29.6 (w) 

9.2 5.3 

1270.2 (main peak. w) 

11 11.5 

88.3 (w)* 
 

107.9 ± 26.9 (w) 

80.5 ± 0.3 (w) 81.1 (w) 

71 ± 0.5 (w) 

71.7 (w) 

58.63 ± 0.2 (main peak. w) 58.4 (w) 

80.3 ± 0.5 (n) 
88 ± 41.8 (mean peak, 

n) 

70.8 ± 0.3 (n) 79.6 (n)* 

58.4 ± 0.2 (n) 70.8 (n)* 

 

0 

1003.5 (w) 

9.4 / 

1998.8 (w) 

23.1 / 

65.2 (main peak. w) 90.2 (main peak. w) 

53.8 (w) 62.4 (w) 

 

48.8 (w) 

52.5 (n) 61.3 (n) 

 

48.6 (main peak. n) 

24 n.d n.d. / n.d n.d. / 

25 µg/ml 

0 

1283 (main peak. w) 

29.7 / 

1391.5 (main peak.w) 

28.3 / 

53.4 (w) 62.8 (w) 

 
51.7 (w) 

52.9 (n) 62.6 (n) 

 
50.4 (main peak. n) 

24 

1983 (w) 

76.8  / n.d. n.d. / 
 

24.9 (n) 

10 µg/ml 
0 

121 (main peak, w) 

n.d. / 

2102.8 (w)* 

48.8 / 

52 (w) 
1265.2 (w)* 

 

 
1124.5 (w)* 

 

 
91.6 (w)* 

 

 
73.8 (w)* 

 63.7 (w)* 

 51.2 (w)* 

51.1 (n) 72.4 (n)* 

 63.8 (n)* 

 
63.1 (n)* 

 

 51.4 (n)* 

 50.6 (n)* 

 28.2 (n)* 

24 n.d. n.d. / n.d. n.d. / 

mailto:SiO2@IIT%20(-)
mailto:SiO2@IIT%20(+)
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Table 11: Size distribution analysis of fluorescent 50 nm (+) SiO2 and (–) SiO2 NMs by CLS. Peaks 
corresponding to hydrodynamic diameters and detected in different solutions (water – 0.05 % BSA and Caco-
2 cell culture medium) after different incubation times are indicated. Main peak corresponds to the maximal 
values measured in each sample and arbitrarily set to 100%. Size distribution was displayed in relative weight 
(w) or number (n). Results are expressed as mean of two independent measurements. * corresponds to a 
peak detected in only one of the replicates; n.d. = not detected in all samples. Data obtained from only one 
sample (NMs not detected in the other samples) are indicated in red. PDI is defined as the average diameter 
from the weight related distribution divided by the average diametre from the number related distribution. 
 

2.4.1.3 Evaluation of NMs toxicity 
 

Potential cytotoxicity of NMs was evaluated by MTS viability assay by all partners (excepted UAB 
who determined toxicity of their NMs by counting viable cells after elimination of dead cells following 
a washing step) to choose sub-toxic concentrations for crossing assay. Non-differentiated Caco-2 
cells were exposed to increasing concentrations (1 – 100 µg/ml, see Figure 2, section 2.3.4) of 
different NMs for 24 h. 
 

- only Ag NM-300K (IC50 13.75 µg/ml; CV of 16 % CV) and ZnO NM-110 (IC50 45 µg/ml; 
CV of 49.2 %) showed an important toxic effect. The other NMs only displayed limited 
(10% TiO2 NM-104, 16% fluorescent green positively charged SiO2, 18% CNT NM-401 
and 27% Ag NM-302) or no toxicity. Toxicity potency decreased in the following order: Ag 
NM-300K>ZnO NM-110>Ag NM-302>CNT NM-401> green fluorescent positively charged 
SiO2>TiO2 NM-104>red fluorescent negatively charged 50 nm SiO2 (- SiO2)>TiO2 NM-
103>red fluorescent positively (+ SiO2) charged 50 nm SiO2=SiO2 (NM-200, NM-
203)=CeO2 NM-212=TiO2 (NM-100, NM-101).  

- No toxic effect was observed for ZnO NM-110, SiO2 NM-200, TiO2 (NM-103 and NM-
104), SiO2 NM-200 and green or red fluorescent SiO2 on differentiated Caco-2 cells up to 
100 µg/ml. 

 
 
Only Ag NM-300K (IC50 13.75 µg/ml; CV of 16 % CV) and ZnO NM-110 (IC50 45 µg/ml; CV of 49.2 
%) showed an important toxic effect. The other NMs only displayed limited (10% TiO2 NM-104, 16% 
fluorescent green positively charged SiO2, 18% CNT NM-401 and 27% Ag NM-302) or no toxicity 
(Table 12). Toxicity potency decreased in the following order: Ag NM-300K>ZnO NM-110>Ag NM-
302>CNT NM-401> green fluorescent positively charged SiO2>TiO2 NM-104>red fluorescent 
negatively charged 50 nm SiO2 (- SiO2)>TiO2 NM-103>red fluorescent positively (+ SiO2) charged 50 
nm SiO2=SiO2 (NM-200, NM-203)=CeO2 NM-212=TiO2 (NM-100, NM-101). 
In parallel, toxic effect of ZnO NM-110, SiO2 NM-200, TiO2 (NM-103 and NM-104) and green or red 
fluorescent SiO2 was investigated on differentiated Caco-2 cells. As observed on non-differentiated 
Caco-2 cells, no toxic effect was noticed for SiO2 NM-200, TiO2 NM-103 and red fluorescent SiO2 on 
differentiated Caco-2 cells. Interestingly, the significant or limited toxicity of ZnO NM-110 and green 
fluorescent SiO2 and NM-104 NMs, respectively were no more observed on differentiated cells 
suggesting that differentiation state can modulate the sensitivity of Caco-2 cells to toxic agents.  
NMs concentrations of 100, 25 and 10 µg/ml were chosen for crossing experiments except for ZnO 
NM-110 (50, 25 and 10 µg/ml), Ag NM-302 (50, 25 and 10 µg/ml) and NM-300K (15 and 10 µg/ml). 
 



NANoREG Deliverable 5.03 
Page 34 of 137 

 
 
Table 12: Evaluation of toxic effect of different NMs on Caco-2 cells. Non-differentiated or differentiated Caco-
2 cells were exposed to increasing concentrations (1 to 100 µg/ml) of several NMs or to benzalkonium chloride 
used as positive control. When possible, IC50 was calculated otherwise percentage of cell viability measured at 
the highest concentration (100 µg/ml) was indicated. Results are expressed as means ± % of CV when results 
from more than three partners were available and presented as percentages of non-treated cells. 

 

2.4.1.4 Crossing/uptake evaluation 
 

Observation of NMs after incubation in cell culture medium by TEM is not easy due to the presence 
of high amount of organic components. In addition, the large volume of basolateral medium (1.5 ml) 
reduces the chance to detect presence of NMs in case of crossing.  
We evaluated whether evaporation of medium and treatment of cell culture medium with proteinase 
K could improve the observation of NMs. Proteinase K cleaves high molecular weight proteins 
(Figure 7).  
 
 
 

                                                         
Figure 7: Observation of proteins from Caco-2 cell culture medium treated or not for 2h with proteinase K (100 
µg/ml). 20 µg of proteins were separated on SDS-page gel and visualized after coomassie blue coloration. 

 
 
After 24h of incubation at 37 °C, cell culture media containing NMs (25 µg/ml) were incubated with 
proteinase K (100 µg/ml) for 2h at 37 °C before being evaporated with speedVac (2-3 h at 60 °C). 
This procedure allows reducing the medium volume to approximately 100 µl. 

Numbers of 

partners 

(laboratories)

NM ID code NM chemistry (core) Differentiation state

Mean 

positive 

control 

IC50 

(µg/ml)

% CV 

positive 

control 

IC50

Positive 

control 

highest 

concentratio

n tested 

(µg/ml)

Mean 

percentage of 

viability 

positive 

control 

treated cells

% CV viability 

positive 

control 

treated cells

Mean NPs 

IC50 

(µg/ml)

% CV NPs 

IC50

NPs highest 

concentration 

tested (µg/ml)

Mean 

percentage of 

viability NPs 

treated cells

% CV viability 

NPs treated 

cells

1 NM103 TiO2 differentiated 50.00 39.76 -- 100 103.49 --

1 NM104 TiO2 differentiated 50.00 49.44 -- 100 97.95 --

1 NM110 ZnO differentiated 50.00 56.31 -- 100 101.18 --

1 Fluorescent red - SiO2 (IIT) SiO2 differentiated 50.00 36.74 -- 100 101.20 --

1 Fluorescent red + SiO2 (IIT) SiO2 differentiated 50.00 2.25 -- 100 104.31 --

1 Fluorescent green + SiO2 (IIT) SiO2 differentiated 50.00 28.8 -- 100 99.0 --

1 NM200 SiO2 differentiated 50.00 29.34 -- 100 95.82 --

2 NM100 TiO2 non-differentiated 4.43 -- 100 107.66 0.44

3 NM101 TiO2 non-differentiated 4.28 7.14 100 93.38 17.33

1 NM103 TiO2 non-differentiated 5.13 -- 100 94.89 --

1 NM104 TiO2 non-differentiated 5.80 -- 100 89.87 --

3 NM110 ZnO non-differentiated 5.03 0.82 44.96 49.13

5 NM200 SiO2 non-differentiated 5.44 23.23 100 102.41 11.40

2 NM203 SiO2 non-differentiated 5.61 -- 100 102.16 7.15

5 Fluorescent red - SiO2 (IIT) SiO2 non-differentiated 5.01 26.83 100 91.23 5.50

5 Fluorescent red + SiO2 (IIT) SiO2 non-differentiated 4.30 17.82 100 101.74 16.09

1 Fluorescent green + SiO2 (IIT) SiO2 non-differentiated 4.17 -- 100 84.08 --

2 NM212 CeO2 non-differentiated 4.53 -- 100 107.59 7.27

2 NM300K Ag non-differentiated 2.19 -- 13.75 15.63

1 NM302 Ag non-differentiated 3.96 -- 100 72.94 --

1 NM401 carbon nanotubes non-differentiated -- -- 200 81.72 --
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A drop of these NMs suspensions was filed on a TEM grid with formvar and observed with a JEOL 
FEG-SEM 7500-F microscope.  
As shown in Figure 8, treatment with proteinase K reduced the halo formed by organic components 
surrounding ZnO NM-110 NMs rendering easier the focus on NMs at high magnitude. Similar 
observations were made for SiO2 NM-200 and Ag NM-300K (Figures 9 and 10). Based on these 
data, we decided to evaporate and treat the basolateral media with proteinase K for crossing 
experiments. 
 

 
Figure 8: TEM micrographs of ZnO NMs in water-BSA 0.05% (A) or in Caco-2 cell culture medium (25 µg/ml, 
B-C) after 2 h of incubation in presence (B) or not (C) of proteinase K (100 µg/ml) and evaporation of cell 
culture medium. After treatment with proteinase K, halo formed by organic components surrounding ZnO NM-
110 NMs (C) is greatly reduced (B) rendering easier the observation of NMs at high magnitude (compare B 
and C). 
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Figure 9: TEM micrographs of SiO2 NMs in water-BSA 0.05% (A) or in Caco-2 cell culture medium (25 µg/ml, 
B-C) after 2 h of incubation in presence (B) or not (C) of proteinase K (100 µg/ml) and evaporation of cell 
culture medium.  
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Figure 10: TEM micrographs of Ag (NM-300K) NMs in water-BSA 0.05% (A) or in Caco-2 cell culture medium 
(25 µg/ml, B-C) after 2 h of incubation in presence (B) or not (C) of proteinase K (100 µg/ml) and evaporation 
of cell culture medium. 
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2.4.1.4.1 SiO2 NMs (UNamur, UAB, ISS, LEITAT) 

 

Potential cellular uptake and crossing of two different SiO2 NMs (NM-200 and NM-203) through 
intestinal epithelium was investigated. As shown in Figures 11 and 12, SiO2 NM-200 and NM-203 
NMs displayed a flake-like morphology with a mean size of 16.51 nm ± 4.33 and 24.26 nm ± 9.38 
respectively.  
 

 
 
Figure 11: TEM micrographies revealing the morphology of NM-200 in water-BSA stock solution. B) NM-200 at 
higher magnification. 

    
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12: TEM micrography revealing the morphology of NM-203 NMs in water-BSA stock solution. 
 

 

2.4.1.4.1.1 Barrier integrity 

 
Barrier integrity has been checked for Silica nanomaterials (NM-200 and NM-203) by Lucifer Yellow 
(LY) passage. Any NMs caused alteration of the integrity of the Caco-2 barrier at the end of the 
exposure period for all concentrations tested (10, 25 and 100 µg/ml). 
As control, LY passage was also determined for each NMs concentration through insert-free cells, 
processed in the same manner of cell inserts. Results are depicted in Figures 13 and 14.   
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Figure 13. Intestinal epithelium integrity (percentage of LY passage) after 24h of exposure to different 
concentrations of NM-200 measured by ISS (green bars), LEITAT (orange bars), UAB (blue bars) 
ANSES (grey bars) and UNamur (purple bars). For each laboratory, data are the mean (± s.d.) of three 
independent assays performed in triplicate. Mean of LY passage percentage (± s.d.) through cell inserts 
(yellow bars) or cell-free inserts obtained by the five laboratories (red bars). 
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Figure 14: Intestinal epithelium integrity (percentage of LY passage) after 24h of exposure to different 
concentrations of NM-203 measured by ISS (green bars) and UAB (blue bars). For each laboratory, 
data are the mean (± SD) of three independent assays performed in triplicate. Mean of LY passage 
percentage (± s.d.) through cell inserts (yellow bars) or cell-free inserts obtained by the two laboratories 
(red bars). 
 
 

2.4.1.4.1.2 SiO2 NMs internalization/crossing evaluation 

 

2.4.1.4.1.2.1 NM-200 (UNamur, UAB, ISS, LEITAT) 

 
Potential internalization of NM-200 by intestinal epithelial cells was investigated by TEM. UNamur 
evaluated the internalization of nanoparticles in Caco-2 cells exposed to NM-200 at 1, 10 and 100 
µg/ml. NM-200-like structures were observed only in cells exposed at 100 µg/ml (two cells out of 29 
observed) (Figure 15). These structures were localized freely inside the cytoplasm and show similar 
morphology and size to NM-200 from water – 0.05% BSA stock solution (see Figure 11). Presence 
of a protein corona could explain the slight differences in size between the NM-200-like structures 
observed inside Caco-2 cells and NMs in water – 0.05% BSA stock solution. 
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Mean size: 31.35 nm ± 10.5

 

Figure 15: TEM images of cells exposed to NM-200 at 100 µg/ml. NM-200-like structures were observed 
inside cytoplasm of two different Caco-2 cells (A and C). B and D) Magnification of areas containing NM-200-
like structures observed in A and C respectively. 

 
 
Interestingly, LEITAT also observed one aggregate of NMs (33.5 nm in length) localized freely (not 
surrounded by membranes) in the cytoplasm of one cell. The mean size of the particles was 38.14 
nm ± 8.7 nm (Figure 16). UAB was not able to detect NM-200 inside Caco-2 cells exposed at 100 
µg/ml.  
 
 

 
Figure 16: TEM micrographs of Caco-2 cells exposed to 100 µg/ml SiO2 NM-200 for 24h (LEITAT). 

 
 

A) 

B) 

D) 

C) 

Mean size 35.1 nm ± 7.7 

E 
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Altogether, these data suggested that NM-200 are able to be internalized by intestinal enterocytes. 
 
 
In parallel, potential crossing of NM-200 was evaluated by analyzing presence of these NMs in 
basolateral culture media of Caco-2 inserts treated for 24h with 10, 25 and 100 µg/ml by FEG-SEM 
microscope equipped with EDX detector. Cell-free inserts were also treated with same 
concentrations to evaluate the impact of insert membrane in the crossing of NMs. Before 
observation, both apical and basolateral media were treated with proteinase K and evaporated. 
EDX spectra of NM-200 samples in apical culture media at the beginning of experiments (time 0) 
showed low traces of Si. This result confirmed cells exposition to NMs (Figure 17). 

 
Figure 17: A) back-scattered electrons (BSE) image of NM-200 (100 µg/ml) agglomerates present in apical cell 
culture media at time 0. B) EDX spectrum of apical culture medium at time 0 (ISS). 

 
In the basolateral media of inserts without cells, NM-200 were not detected at 10 and 25 µg/ml, 
while NM-200 surrounded by a halo of organic compounds (as shown by the low content of Si in the 
EDX spectrum) were detected at 100 µg/ml. NMs were occasionally observed and were not found in 
all samples, the successful of detection varying in the different experiments (Figure 18).  
 

 
Figure 18: A) BSE image of NM-200 agglomerates present in basolateral medium of inserts without cells after 
24h of incubation with 100 µg/ml. B) EDX spectrum on NMs agglomerates present in basolateral culture 
medium (ISS). 

 
In the basolateral media of insert with cells, NM-200 were detected only at 100 µg/ml, however this 
was rare and not in all samples (Figure 19). Altogether, this result suggest a slight crossing of NM-
200 through intestinal epithelium. 
 

 

      A)         B)  

 

A      B  
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Figure 19. A) BSE image of NM-200 agglomerates present in basolateral medium of inserts with cells after 
24h of incubation with 100 µg/ml. B) EDX spectrum on NMs agglomerates present in basolateral culture 
medium of inserts with cells, confirming the crossing of NM-200 through the intestinal barrier (ISS). 

 
 
LEITAT and UAB also evaluated crossing of NM-200 after 24h of incubation of intestinal epithelium 
with 100 µg/ml. TEM observations of cell culture samples performed at LEITAT showed the 
presence of salts and organic material that prevented a direct detection of NMs as well. TEM-EDX 
analysis confirmed the presence of Si in the NM-200 from the water – 0.05% BSA stock solution 
(Figure 20A) and the presence of Si in the apical media of cells exposed to NM-200 at 100 µg/ml 
(Figure 20B). Conversely, from the basolateral side, it was not possible to detect the presence of Si 
by TEM-EDX, suggesting the absence or very low translocation of NM-200 through the Caco-2 cell 
barrier. 
 

 

 
 
Figure 20: Elemental composition analysis by TEM-EDX. A) NM-200 at 100 µg/ml water – 0.05% BSA stock 
solution. Green arrow shows Si detection. B) Apical medium from cells exposed to NM-200 at 100µg/ml. 
Green circle shows Si detection (LEITAT). 
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At UAB, the presence of Si was sporadically detected in the basolateral media of intestinal 
epithelium (Figure 21). 
 

 
Figure 21: Elemental composition analysis by TEM-EDX. Basolateral medium from cells exposed to NM-200 
at 100µg/ml. Green circle shows Si detection (UAB). 
 
 

Presence of NM-200 at different concentrations (100, 25, 10 and 1 µg/ml) was investigated at 
UNamur in different samples including apical culture medium of intestinal epithelium (Figure 22A) 
and basolateral medium of both cell free insert (Figure 22B) and intestinal barrier (Figure 22C). After 
24h of incubation in presence of 100 µg/ml of SiO2 NMs, NM-200-like structures were observed in all 
media (red arrows) mainly surrounded by organic matter (black arrows). However, similar structures 
were also observed in basolateral medium of NMs non-treated epithelium (CTL, Figure 22D) render 
difficult to formally identify NM-200. As shown in Figure 22B (blue arrows), some structures 
displayed white dots corresponding to organic matter partly altered by electron beam during 
observation.  

 
Figure 22: NM-200 (100 µg/ml) detection in Caco-2 cell culture medium by TEM. A) Apical culture medium. B) 
Basolateral medium of cell free insert incubated for 24h with 100 µg/ml of NM-200 and C) of Caco-2 cell 
inserts incubated for 24h with 100 µg/ml of NM-200. D) Basolateral medium of NMs non-treated epithelium 
(CTL). Red arrows indicate NMs whereas black arrows underline presence of organic matter surrounding 
NMs. Blue arrows indicate structures displaying white dots. 
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ICP-MS analysis 
LEITAT evaluated the suitability of ICP-MS to analyze the Si metal concentration. NM-200 at 1, 10 
and 100 µg/ml were used for this purpose. To analyze Si content, a HF (hydrofluoric acid) resistant 
sample introduction system (PFA) was used instead of the conventional quartz system. This 
modification minimizes the presence of silicon in the system. 
The setup of the Si content determination by ICP-MS drew the following conclusions: 
1. In cell culture medium, the Si concentrations are similar to the blank digestion, but the 
background level of this “blank” sample was quite high (3000 ppb). After the subtraction of the Si 
blank concentration, the calculated Si concentration in DMEM was <15 µg/ml. 
2. The Si concentration could not be determined in the samples of NM-200 at 1 or 10 µg/ml due to 
the high Si background levels in the cell culture medium. Only the samples at 100 µg/ml showed a 
significant difference in comparison to the background levels that permit to perform a reliable 
determination. 
3. Cell media samples containing NM-200 should be around 100 µg/ml to be able to detect Si 
concentration by ICP-MS. 
 
 
 

2.4.1.4.1.2.2 NM-203 (UAB, ISS) 

Crossing of NM-203 was evaluated at ISS by FEG-SEM microscope equipped with EDX detector in 
the same experimental conditions reported for NM-200. ISS investigated the eventual presence of 
NM-203 NMs analyzing culture media at the beginning of treatments (time 0) and basolateral media 
of inserts with and without cells after 24h treatment with 10, 25 and 100 µg/ml NMs.  
EDX spectra of NM-203 samples in culture media at the beginning of experiments showed low 
traces of Si (Figure 23). This result confirms cell exposition to NMs.  

 
Figure 23: A) BSE image of NP agglomerates in NM-203 sample: culture media at the beginning of 
experiments. B) EDX spectrum collected by NP agglomerates in culture media at the beginning of 
experiments, confirming the exposure to NM-203 (ISS). 

 
 
In the basolateral media of inserts without cells, NM-203 were not detected at 10 and 25 µg/ml; NM-
203 NMs surrounded by a halo of organic compounds (as shown by the low content of Si in the EDX 
spectrum) were detected at 100 µg/ml (Figure 24). NMs were occasionally observed and were not 
found in all samples. In the basolateral media of Caco-2 cell insert, no NM-203 were detected.  
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Figure 24: A) BSE image of NP agglomerates in NM-203 sample at 100 µg/ml: basolateral medium of inserts 
without cells. B) EDX spectrum collected by NP agglomerates in basolateral medium of inserts without cells 
confirming the crossing of NM-203 through the insert membrane (ISS). 
 

 
UAB performed TEM-EDX observations of basolateral medium of cells exposed to NM-203 at 100 
µg/ml. Presence of Si was sporadically detected (Figure 25). 
 

 
Figure 25. Elemental composition analysis by TEM-EDX performed at UAB. Basolateral medium from cells 
exposed to NM-203 at 100 µg/ml. Green circle shows Si detection. 

 
 
Proteinase K treatment. 
 
SEM observations of these samples showed the presence of salts and organic material that 
prevented the detection of NMs. To improve the detection of the NMs by SEM, the suspensions of 
NMs in basolateral culture media were treated with proteinase K, then evaporated with speedVac as 
indicated in section 2.4.1.4. Drops of these NP suspensions were filled on TEM grids and observed 
with FEG-SEM/EDX.  
The SEM images of the samples seem to indicate that the treatment with the proteinase K and the 
following evaporation of the culture medium are not sufficient to obtain samples suitable for 
scanning electron microscopy. For NM-200, few particles have been identified in the basolateral 
medium, not in all experiments and only at the highest concentration. As above reported it is 
probably due to the presence of a thick layer of organic compounds and phosphates enveloping and 
surrounding the NMs that make difficult their detection at high magnification. It cannot be excluded 
that the presence of this thick layer of organic compounds could lead to an underestimation of the 
NMs in the basolateral medium and to an incorrect evaluation of the NMs crossing through the 
intestinal barrier. 
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2.4.1.4.2 Fluorescent negatively and positively charged SiO2 NMs (UNamur, UAB, ISS, ANSES) 

 
 

Red fluorescent positively (+) SiO2 and negatively (-) SiO2 charged 50 nm SiO2 NMs (provided by 
IIT) were chosen as common NMs to all WP5.3 partners. Both fluorescent SiO2 NMs display a 
spherical morphology (Figure 26) with a similar size (58.9 ± 3.2 nm for - SiO2 and 62.1 ± 6.3 nm for 
+ SiO2).  

 
Figure 26: TEM micrographs showing the morphology of fluorescent - SiO2 (A) and + SiO2 (B) NMs in water – 
0.05% BSA stock solution.  

 
 
The aim was to compare the crossing of these fluorescent positively and negatively charged SiO2 

NMs through different biological barriers by taking advantage of their fluorescent properties for an 
easier detection of these NMs in tissues and in basolateral side and determine the importance of the 
charge in this crossing process. 
Different partners tested the limit of quantification of the fluorescence associated with these NMs. 
Serial dilutions of + SiO2 and - SiO2 NMs were prepared in Caco-2 cell culture medium (from 100 to 
0.001 µg/ml) and analysed using a fluorimeter. A dose-dependent decrease of the fluorescence 
signal was observed between 100 and 10 µg/ml by all partners but with no linearity. At 1 µg/ml and 
lower concentrations, a great variability was observed between two measurements (UNamur data, 
Figure 27A). In addition, no relationship was noticed between dilution factor and measured 
fluorescence values at lowest concentrations (Figure 27). All together, these data indicate that the 
limit of quantification is 10 µg/ml for both NMs rendering difficult the detection of NMs based on their 
fluorescent properties in the basolateral medium in case of biological barrier crossing. Nevertheless, 
it was decided to investigate their potential crossing (being aware that it will not be possible to have 
quantitative values) and their internalization by TEM and confocal microscopy respectively. 
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Figure 27: Evaluation of the limit of detection of fluorescence associated with + SiO2 and - SiO2 NMs. Serial 
dilutions of + SiO2 and - SiO2 NMs were prepared in Caco-2 cell culture medium (from 100 to 0.001 µg/ml) and 
fluorescence values were measured by different partners using fluorimeter. Results obtained by UNamur 
showing two measures (A), Anses (B) and IIT (C) are displayed.  

 
 

2.4.1.4.2.1 Barrier integrity 

 

The effect of + SiO2 and - SiO2 NMs at 100, 25 and 10 µg/ml on the intestinal epithelium integrity 
after 24h of incubation was evaluated by measuring the intestinal barrier permeability to paracellular 
marker LY. 
Neither - SiO2 nor + SiO2 NMs induced an increase in the crossing of LY through intestinal 
epithelium (Figures 28 A-B and 29 A-B) independently of the concentration, suggesting no alteration 
of intestinal epithelium integrity. In parallel, the percentage of LY able to cross cell-free inserts was 
measured in presence or not of fluorescent NMs. No interference of both NMs with crossing of LY 
was observed (cell free inserts, Figures 28 C-D and 29 C-D). 
 

Fluorescent SiO2 NPs Exc 578 nm; em 612 nm

Concentrations 100 µg/ml 1 µg/ml 0.5 µg/ml 0.1 µg/ml 0.05 µg/ml 0.01 µg/ml 0.001 µg/ml
0 (Caco-2 medium + H2O 

+ 0,05 %BSA)

SiO2 negatively charged 0.1475 0.0096 0.0068 0.0022 0.0014 0.0041 0.0033 0.0007

0.1597 0.0029 0.0022 0.0063 0.0063 0.0072 0 0.0017

SiO2 positively charged 0.2028 0.0052 0.0048 0.0038 0.0043 0.003 0.0065 0.0003

0.1939 0.0046 0.0056 0.0063 0.0017 0.0016 0.0036 0

Positive SiO2 NPs

Negative SiO2 NPs

UNamur

Anses IIT

A

B C
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Figure 28: Evaluation of the paracellular permeability of intestinal epithelium after exposure to fluorescent – 
SiO2 NMs. After 24h of incubation with increasing concentrations of - SiO2 NMs, integrity of Caco-2 monolayer 
was evaluated by measuring the percentage (%) of LY present in the basolateral (BL) side of intestinal 
epithelia (A-B) and cell-free inserts (C-D) by ISS (A and C) and UNamur (B and D) partners. Crossing of LY 
through cell free inserts incubated for 24h with the same concentrations of - SiO2 NMs was investigated to 
determine the potential interference of NMs with this assay (B). Results are expressed as means (n = 1 or 3) ± 
s.d., and presented as percentages of total LY added in apical side. 
 
 

 
Figure 29: Evaluation of the paracellular permeability of intestinal epithelium after exposure to fluorescent + 
SiO2 NMs. After 24h of incubation with increasing concentrations of + SiO2 NMs, integrity of Caco-2 monolayer 
was evaluated by measuring the percentage (%) of LY present in the basolateral (BL) side of intestinal 
epithelia (A-B) and cell-free inserts (C-D) by ISS (A and C) and UNamur (B and D) partners. Crossing of LY 
through cell free inserts incubated for 24h with the same concentrations of + SiO2 NMs was investigated to 
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determine the potential interference of NMs with this assay (B). Results are expressed as means (n = 1 or 3) ± 
s.d., and presented as percentages of total LY added in apical side. 

 

2.4.1.4.2.2 Fluorescent SiO2 NMs internalization/crossing evaluation (UNamur, UAB) 

 
For Internalization/crossing experiments, concentrations of 25 and 10 µg/ml were chosen for both 
NMs.  
Potential cellular internalization of + SiO2 and - SiO2 NMs was evaluated by confocal microscopy.  
Both SiO2 NMs were observed (at both concentrations tested) at the surface of intestinal epithelium 
and inside Caco-2 cells (Figures 30 and 31; UNamur data). Intracellular localization was in general 
more often observed with - SiO2 NMs. Interestingly, intracellular localization was confirmed by UAB 
partner for - SiO2 NMs (Figure 31).  
 

 
Figure 30: Observation of - SiO2 NMs within Caco-2 cell monolayers by confocal analysis. Intestinal epithelia 
were incubated for 24h with 25 or 10 µg/ml of fluorescent - SiO2 NMs. Enterocyte actin was stained with 
phalloidin (green) and nuclei with Hoescht (blue). - SiO2 NMs (red) were mainly localized inside the upper part 
of Caco-2 cells (yellow circles) (UNamur). 
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Figure 31: Observation of + SiO2 NMs within Caco-2 cell monolayers by confocal analysis. Intestinal epithelia 
were incubated for 24h with 25 or 10 µg/ml of fluorescent + SiO2 NMs. Enterocyte actin was stained with 
phalloidin (green) and nuclei with Hoescht (blue). + SiO2 NMs (red) were observed both at the surface and 
inside cells (yellow circles) (UNamur). 
 

 
 
 

 
Figure 31: Observation of - SiO2 NMs within Caco-2 cell monolayers by confocal analysis. Intestinal epithelia 
were incubated for 24h with 100 µg/ml of fluorescent - SiO2 NMs. Cytoplasmic membrane was stained with 
Cell Mask (red) and nuclei with Hoescht (blue). - SiO2 (green) were mainly localized inside the upper part of 
Caco-2 cells (arrows) (UAB). 
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Presence of + SiO2 and - SiO2 NMs in basolateral media was evaluated by TEM. As shown in Figure 
32B, spherical structures were observed in basolateral medium of intestinal epithelia incubated for 
24h with 10 µg/ml of + SiO2 NMs. These spherical structures displayed a mean size very similar to 
that of + SiO2 NMs (compare Figures 32A and 32B). Similar structures were also observed in 
basolateral medium of intestinal epithelia exposed to 10 µg/ml of - SiO2 NMs (Figure 32D) 
characterized by a higher size than the - SiO2 NMs in stock solution (compare Figures 32C and 
32D). This higher size could be due to adsorption of specific proteins from culture medium that had 
lower affinity for positively charged nanoparticles.  

 
Figure 32: TEM analyses of basolateral media of intestinal epithelia incubated for 24h with 10 µg/ml of + SiO2 
or - SiO2 NMs for 24h. (A and C) Water – 0.05% BSA stock solutions of + SiO2 and - SiO2 NMs respectively. (B 
and D) basolateral media of intestinal epithelia incubated with + SiO2 or - SiO2 NMs respectively. Size of NMs 
was determined using ITEM program (UNamur). 
 

 
In order to confirm presence of both + SiO2 and - SiO2 NMs in basolateral media of intestinal 
epithelia, EDX coupled to the JEOL FEG-SEM 7500-F microscope was used. As shown in Figures 
33 and 34, Silicium (Si) was detected inside areas presumably containing SiO2 nanoparticles.  
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Figure 33: EDX analysis of basolateral medium of intestinal epithelia incubated 24h with 10 µg/ml of - SiO2 
NMs. Presence of Si was detected by measuring the Si K ray intensity. Si signal mapping was overlaid with 
STEM pictures (A). EDX spectra (B) and values for several chemical elements are indicated (C). 
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Figure 34: EDX analysis of basolateral medium of intestinal epithelia incubated 24h with 10 µg/ml of + SiO2 
NMs. Presence of Si was detected by measuring the Si K ray intensity. Si signal mapping was overlaid with 
STEM pictures (A). EDX spectra (B) and values for several chemical elements are indicated (C). 

 
 
All together, these qualitative data suggested that both fluorescent SiO2 NMs were able to penetrate 
and cross the intestinal barrier without clear difference due to the charge. These preliminary results 
need to be confirmed by quantitative data. Intracellular localisation of NMs and absence of alteration 
of intestinal epithelium integrity suggest that both + SiO2 and – SiO2 NMs cross the intestinal barrier 
being taken up by enterocytes. 
 
 

2.4.1.4.3 TiO2 NMs (ANSES, UAB, ISS, LEITAT) 

 

Potential cellular uptake and crossing of four different TiO2 NMs (NM-100, NM-101, NM-103 and 
NM-104) through intestinal epithelium was investigated. As shown in Figure 35A, in batch dispersion 
(Water-0,05% BSA) NM-100 displayed a polygonal shape with a size of 113 ± 28 nm while NM-101 
batch dispersion is composed of aggregates/agglomerates particles with irregular surface and 
primary size of 3 ± 0.5 nm. In both cases, primary particle size and morphology correlate very well 
with information provided by JRC. 
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Figure 35: A) TEM images of NM-100 batch dispersion. It is composed of aggregates/agglomerates particles 
with polygonal shape and size of 113 ± 28 nm. B) TEM images of NM-101 batch dispersion: it is composed of 
aggregates/agglomerates particles with irregular surface and primary size of 3 ± 0.5 nm. TEM analysis were 
performed at EcamRicert (partner n° 41). 

 
 

2.4.1.4.3.1 Barrier integrity 

 
Barrier integrity was checked for Titania nanomaterials (NM-100, NM-101, NM-103 and NM-104) by Luciferin 
Yellow (LY) passage. Any NMs caused alteration of the integrity of the Caco-2 barrier at the end of the 
exposure period for all concentrations tested (10, 25 and 100 µg/ml). 
As control, LY passage was also determined for each NMs in insert-free cells, processed in the same manner 
of cell inserts. Results are depicted in Figures 36, 37, 38. 

 
Figure 36: Barrier integrity after 24h of treatment with different concentrations of NM-100 evaluated by 
ISS (green bars) and UAB (blue bars). Passage in cell-free inserts is the mean of the data, ± s.d, 
obtained in the two laboratories (red bars). For each laboratory, data are the mean (± s.d) of three 
independent assays performed in triplicate. 
  

 

     A                            B    
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Figure 37: Barrier integrity after 24h of treatment with different concentrations of NM-101 evaluated by 
ISS (green bars), UAB (blue bars), and LEITAT (orange bars). Passage in cell-free inserts is the mean 
of the data obtained in the three laboratories, ± s.d. (red bars). For each laboratory, data are the mean 
(± s.d.) of three independent assays performed in triplicate. 

 
Figure 38: Barrier integrity after 24 treatment with different concentrations of NM-103 and NM-104 
evaluated by ANSES with cell inserts and cell-free inserts (red bars). Data are the mean of three 
independent assays performed in triplicate (± s.d.). 

 
 

2.4.1.4.3.1 TiO2 NMs internalization/crossing evaluation 

 

2.4.1.4.3.1.1 NM-100 (UAB, ISS) 
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NM-100 internalization was evaluated by confocal microscopy after 24 hours of incubation at 100 
µg/ml. Cytoplasmic membrane and nucleus were marked with Cell Mask (red) and Hoechst (blue), 
respectively. Since some metallic nanoparticles are able to reflect polarized light, is possible to 
detect them by confocal microscope. UAB marked this reflection light in green because it is easier to 
discriminate between membrane and nucleus. Two transversal cuts perpendicular to each other 
allow identifying NMs attached to the plasmatic cell membrane outside cells (Figure 39).  
 
 

 
Figure 39: internalization of NM-100 (green labelled) after 24h treatment of differentiate Caco-2 
cells with 100 µg/ml (UAB). 

 
 
NM-100 crossing was assessed by TEM-EDX. TEM observations showed the presence of large 
agglomerate of salts and organic material that rendered very hard the detection of NMs. As reported 
in Figure 40, only two aggregates likely containing TiO2 NMs were observed in the basolateral 
medium of intestinal epithelia after 24h exposure to 100 µg/ml of NM-100. EDX analysis confirmed 
presence of Ti inside these aggregates.  
 
 

 

 
Figure 40: TEM-EDX observation of intestinal epithelium basolateral medium after 24h of 
treatment of Caco-2 inserts treated with 100 µg/ml NM-100. Green circle shows Ti detection 
(UAB). 
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UAB also studied potential crossing of NM-100 by confocal microscopy. NM-100 were detected by 
reflection of polarized light (green). After treatment with NM-100 (100 µg/ml) some reflection green 
spots were observed in basolateral medium of intestinal epithelium suggesting that NM-100 are able 
to cross intestinal barrier (Figure 41).  

 
 

       
Figure 41: NM-100 NMs detection by confocal microscopy reflection method. Caco-2 cells inserts 
were exposed for 24h to 100 µg/ml NM-100 and basolateral medium was analyzed for presence 
of NM-100 (UAB). 

 

ISS evaluated potential crossing of NM-100 (10, 25 and 100 µg/ml) through intestinal barrier by 
FEG-SEM/EDX. SEM observations were done on NMs suspensions in culture media either at the 
beginning of treatments (time 0) and at the end of incubation (24h) both in basolateral media of cell-
free insert (in order to check the potential interference of insert membrane in NMs crossing) and of 
Caco-2 cells inserts.  
As reported for silica NMs, SEM observations showed the presence of salts and organic material 
that prevented the detection of NM-100. To improve the evaluation of NM-100 crossing, basolateral 
media were treated with proteinase K and then evaporated with speedVac.  
EDX spectra of NM-100 samples in culture media at the beginning of experiment showed traces of 
titanium (Ti), confirming the cell exposition to NMs (Figures 42A and 42B). 
In the basolateral media of insert without cells, NM-100 were detected at 25 and 100 µg/ml and 
clearly identified by EDX spectra. These NMs appeared always enveloped and surrounded by a 
thick layer of organic compounds and phosphates (Figures 43A and 43B). On the contrary, no NM-
100 were detected in the basolateral media of Caco-2 cell inserts suggesting no crossing of NM-100 
through intestinal epithelium. However, it cannot be excluded that the presence of thick layer of 
organic compounds could lead to an underestimation of the NMs in the basolateral medium and to 
an incorrect evaluation of the NMs crossing through the intestinal barrier. 

 

 

A   B   
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Figure 42: A) back-scattered electrons (BSE) image of NM-100 (100 µg/ml) agglomerates present in apical cell 
culture media at time 0. B) EDX spectrum of NMs agglomerates in culture media at time 0 confirming 
presence of Ti (ISS). 

 

 
Figure 43: A) back-scattered electrons (BSE) image of NMs agglomerates observed in basolateral medium of 
inserts without cells incubated with NM-100 NMs at 100 µg/ml. B) EDX spectrum of NMs agglomerates in 
basolateral medium of cell-free inserts, confirming the crossing of NM-100 NMs through insert membrane 
(ISS). 
 

 
 
 
 

2.4.1.4.3.1.2 NM-101 (UAB, ISS, LEITAT) 

 
Potential crossing of NM-101 through intestinal barrier was investigated by FEG-SEM (ISS), 
confocal microscopy (UAB) and ICP-MS (LEITAT).  
Basolateral media from Caco-2 cell inserts and cell-free inserts exposed to NM-101 (10, 25 and 100 
µg/ml) were collected at the end of incubation (24h), treated with proteinase K and evaporated.  
EDX analysis of culture media samples containing NM-101 (100 µg/ml) at time 0 showed traces of 
Ti, confirming inserts exposure to NMs (Figures 44A and 44B). In basolateral media of cell-free 
inserts, NM-101 were detected at 25 and 100 µg/ml and clearly identified by EDX spectra in all 
samples analyzed. These NMs appeared always enveloped and surrounded by a thick layer of 
organic compounds and phosphates (Figures 45A and 45B).  
In the basolateral media of Caco-2 cell inserts NM-101 particles were detected at 100 µg/ml in all 
samples analysed, but not at the lower concentrations (10 and 25 µg/ml) (Figures 46A and 46B).  

 
Figure 44: A) BSE image of NMs agglomerates present in apical culture media at time 0. B) EDX spectrum 
collected by NMs agglomerates in culture media at time 0 confirming presence of Ti (ISS). 

 

     A        B            

 

A        B   
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Figure 45: A) BSE image of NMs agglomerates observed in basolateral medium of inserts without cells 
incubated with NM-101 at 100 µg/ml. B) EDX spectrum of NMs agglomerates in basolateral medium of cell-
free inserts, confirming the crossing of NM-100 NMs through insert membrane (ISS). 

 
 
Figure 46: A) BSE image of NMs agglomerates observed in basolateral medium of Caco-2 cells inserts 
incubated with NM-101 at 100 µg/ml. B) EDX spectrum of NMs agglomerates in basolateral medium of Caco-2 
cells inserts, indicating crossing of NM-101 through the intestinal barrier (ISS). 

 
 
 
NM-101 crossing was also investigated by confocal microscopy and TEM-EDX at UAB. 
After treatment with NM-101 (100 µg/ml) some reflection green spots were observed in basolateral 
medium of Caco-2 cells inserts (Figure 47) suggesting that some NM-101 crossed the Caco-2 
intestinal barrier.  
 

 

A    B  

 

A   B  



NANoREG Deliverable 5.03 
Page 61 of 137 

 
Figure 47: NM-101 detection by confocal microscopy reflection method. Caco-2 cells inserts were 
exposed for 24h to 100 µg/ml of NM-101.  

 
TEM analysis of basolateral media of Caco-2 cells inserts was more complicated. TEM observations 
revealed presence of large agglomerates of salts and organic material that rendered very hard the 
detection of NMs. As reported in Figure 48, only one aggregate was observed in the basolateral 
medium of cell inserts treated with 100 µg/ml. However, EDX analysis of the sample did not confirm 
presence of Ti; only salts were detected. Improvement of sample preparation would be necessary in 
order to detect small quantity of NMs.  
 
                                                 

 
Figure 48: TEM-EDX observation of basolateral medium after 24h of treatment of Caco-2 cells inserts 
treated with 100 µg/ml of NM-101. 

 
 
LEITAT evaluated the crossing of NM-101 by ICP-MS analysis. Apical and basolateral media from 
cell inserts and cell-free inserts exposed 24h to NM-101 (10, 25 and 100 µg/ml) were collected and 
an acidic digestion (hydrofluoric acid and nitric acid) with an analytical microwave was performed to 
completely dissolve NMs into metal ions. The digested samples were analysed by ICP-MS (Agilent, 
model 7500ce). 
The percentage of Ti in each compartment (apical and basolateral) and the percentage of Ti 
remaining in the system (i.e. inside cells, insert membrane, insert wall and the basolateral wall) was 
calculated for each concentrations. Data are reported in Tables 18 and 19. 
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Ti (µg/ml) 

 NM-101  
[µg/ml] 

Cell free insert Cells insert 

Apical Basolateral Apical Basolateral 

0 0,03 ± 0,01 0,02 ± 0,01 0,02 ± 0,01 <LOQ 

10 0,95 ± 0,20 0,14 ± 0,01 1,49 ± 0,75 <LOQ 

25 2,43 ± 0,40 0,21 ± 0,01 4,12 ± 1,87 <LOQ 

100 12,5 ± 1,01 0,39 ± 0,08 15,8 ± 9,05 <LOQ 

 
Table 18: Ti concentration measured by ICP-MS in apical and basolateral media of Caco-2 cells or cell free 
inserts exposed to NM-101 at 10, 25 and 100 µg/ml. Mean ± s.d. (three independent assays). Limit of 
quantification (LOQ) = 0.01 µg/ml. 

 
 
 

 

% Ti 

NM-101 
[µg/ml] 

Cell free insert 
Remaining in 
the system 

Cell insert Remaining 
in the 

system Apical Basolateral Apical Basolateral 

10 34,8 ± 7,30 22,38 ± 5,34 42,9 54,2  ± 27,3 <LOQ 45,8 

25 39,7 ± 6,61 14,65 ± 3,83 45,6 67,5 ± 30,6 <LOQ 32,5 

100 44,9  ± 3,64 5,96 ± 1,45 49,1 56,9 ± 32,5 <LOQ 43,1 

 
Table 19: Percentage of Ti in apical and basolateral samples and percentage of Ti remaining in the system of 
inserts exposed to NM-101 at 10, 25 and 100 µg/ml. Mean ± s.d. (three independent assays).  

 
 
The ICP-MS metal content analysis showed no quantifiable NMs translocation (levels below the 
quantification limits) in cells inserts exposed to TiO2 NM-101. The percentage of Ti observed in the 
basolateral side of the cell free inserts showed that there was a limited crossing of NMs through the 
insert membrane. Interestingly, percentage of NMs detected in basolateral medium of cell free 
inserts decreased when NMs concentrations increased suggesting that at high exposure 
concentrations, NMs (probably in agglomerate state) could get stuck into the pores and interfere in 
the NMs passage across the membrane.  
 

2.4.1.4.4 Ag NMs (UNamur, UAB) 

 
Potential cellular uptake and crossing of Ag NMs through intestinal epithelium was assayed using 
two different types of Ag NMs: NM-300K NMs displaying a spherical morphology with a mean size of 
21.5 ± 5.1 nm (Figure 49) and NM-302 NMs characterized by a rod shape with a mean length of 
3123.3 ± 1493.1 nm and a mean thickness of 282.6 ± 134.1 nm (Figure 50). These two Ag NMs 
were provided as suspension in presence of specific dispersant.  
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Figure 49: TEM micrographs showing the morphology of NM-300K in water – 0.05% BSA stock solution (A) or 
in Caco-2 cell culture medium (100 µg/ml) after 24h of incubation (B). Size of NMs was determined using 
ITEM program (UNamur).  

 
 

                     
 
Figure 50: TEM micrographies revealing the rod-shaped morphology of NM-302. A-B) water – 0.05% BSA 
stock solution; C-D) NM-302 (50 µg/ml) in Caco-2 cell culture medium after 24h of incubation. Size of NMs 
was determined using ITEM program (UNamur). 

 

2.4.1.4.4.1 Barrier integrity 

 
Barrier integrity was evaluated for silver (Ag) NMs (NM-300K and NM-302) by measuring the 
intestinal permeability to paracellular marker LY. 
NM-300K showing an important toxicity (see section 2.4.1.3), only two concentrations (15 and 10 
µg/ml) were tested for crossing experiments. Non-treated intestinal epithelia (0 µg/ml) were 
incubated in culture medium containing dispersant. As shown in Figure 51A and B, NM-300K did not 
significantly modify the integrity of intestinal epithelium independently of the concentration. No 
interference of NM-300K with crossing of LY was observed in cell-free inserts (Figure 51B). 
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Figure 51: Evaluation of the paracellular permeability of intestinal epithelium after exposure to NM-300K. After 
24h of incubation with increasing concentrations of NM-300K, integrity of Caco-2 monolayer was evaluated by 
measuring the percentage (%) of LY present in the basolateral side of intestinal epithelia (A) and cell-free 
inserts (B) by UAB and UNamur partners. Crossing of LY through cell free inserts incubated for 24h with same 
concentrations of NM-300K was investigated to determine the potential interference of NMs with this assay. 
Results are expressed as means ± s.d. obtained by the two laboratories (n = 1 or 3 independent runs) and 
presented as percentage of total LY added in apical side.  

 
 
 
Effect of NM-302 on the integrity of intestinal epithelium was evaluated at three concentrations (50, 
25 and 10 µg/ml) are reported in Figure 52. No alteration of the integrity of intestinal barrier was 
observed (Figure 52A). No interference of NM-302 with crossing of LY was observed in cell-free 
inserts (Figure 52B). 
 

 
Figure 52: Evaluation of the intestinal epithelium integrity after 24 treatment with increasing concentrations of 
NM-302 by measuring the permeability to LY. Passage of LY was evaluated in intestinal epithelia (A) and cell-
free inserts (B). Results in percentage (%) of LY detected in basolateral medium were expressed as means ± 
s.d. for n = 3. 

 

2.4.1.4.4.2 Ag NMs internalization/crossing evaluation 

 

2.4.1.4.4.2.1 NM-300K (UNamur, UAB) 

 
Potential uptake of NM-300K by intestinal epithelial cells was investigated by TEM and confocal 
microscopy. Some metallic NMs (e.g. Silver, cerium, titanium and zinc) can be observed by confocal 
microscopy due to their capability to reflect polarized light. However, this technique does not allow to 
distinguish between aggregates and individual NMs. Green spots likely corresponding to NM-300K 
were observed both attached to the plasmatic cell membrane and localized inside Caco-2 cells after 
24h of incubation (Figure 53).  
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Figure 53: Confocal images including two transversal cuts perpendicular to each other of intestinal epithelial 
cells exposed to NM-300K at 50 µg/ml for 24h. Cytoplasmic membrane and nucleus were marked with Cell 
Mask (red) and Hoechst (blue), respectively. Ag NMs were visualized in green by reflection of polarized light 
(UAB).  

 
 
Spherical NM-300K-like structures were identified inside cytoplasm of Caco-2 cells (Figure 54) by 
TEM. These spherical structures displayed a size similar to that of stock solution (Figure 49A). All 
together, these data suggest that NM-300K could be internalized by intestinal epithelial cells.  
 

                   
Figure 54: A) TEM images of intestinal epithelial cells exposed to NM-300K at 15 µg/ml for 24h. Spherical 
structures were observed in the cytoplasm of Caco-2 cells. B) Higher magnification of spherical structures Size 
of NMs was determined using ITEM program (UNamur). 

 
Potential crossing of these NMs was also evaluated by confocal microscopy and TEM. As shown in 
Figure 55, green spots were detected in basolateral medium of NM-300K-treated intestinal 
epithelium (50 µg/ml) by confocal microscopy.  
 

                  
Figure 55: Confocal images of intestinal epithelia basolateral media incubated (B) or not (A) with NM-300K at 
50 µg/ml for 24h. NM-300K-like structures were visualized in green by reflection of polarized light (UAB). 
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Analysis of basolateral medium of cell free inserts (after treatment with proteinase K and 
evaporation) by TEM revealed presence of spherical structures with size similar (mean size of 31.7 ± 
11.6 nm, (Figure 56) to that of NM-300K measured in stock solution suggesting that insert 
membrane did not impair the crossing of these NMs.  

                   
Figure 56: TEM analyses of basolateral media of cell free inserts incubated with 15 µg/ml (A) or 10 µg/ml of 
NM-300K (B) for 24h. Size of NMs was determined using ITEM program (UNamur).  
 

 
Detection of NM-300K in basolateral medium of intestinal epithelia was more difficult due to the 
presence of important amount of organic background. Some spherical structures characterized with 
a slightly mean higher size (46.5 ± 16.4 nm) were observed (Figure 57).  
 
 

                       
Figure 57: TEM analyses of basolateral media of intestinal epithelia incubated with 15 µg/ml of NM-300K for 
24h (two independent media A and B). Size of NMs was determined using ITEM program (UNamur). 
 

In order to confirm presence of NM-300K in basolateral medium of intestinal epithelia, EDX analysis 
were conducted by UNamur with a JEOL FEG-SEM 7500-F microscope equipped with EDX 
detector. As shown in Figure 58, no silver signal was measured. However, to make EDX analysis, 
observations had to be conducted with a magnification not higher than 15000-20000x limiting the 
possibilities to detect individualized Ag NMs. Therefore, areas with high amount of NMs are required 
for quantification (such as in stock solution, Figure 49A). 
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Figure 58: EDX analysis of basolateral medium of intestinal epithelium incubated 24h with 10 µg/ml of 
Ag NM-300K. Two independent basolateral media were analysed (A and B). EDX spectra and values 
for several chemical elements are indicated. 

 
 

2.4.1.4.4.2.2 NM-302 (UNamur) 

 
Potential crossing of NM-302 was evaluated by TEM. NM-302 like-structures (50 µg/ml) were 
observed in apical medium of intestinal epithelia (Figure 59A and B) but not detected in basolateral 
medium. However, NM-302 like-structures were observed in basolateral medium of cell free insert 
(Figure 59C and D) confirming that rod shaped NMs were able to cross insert membrane in absence 
of cells.  
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Figure 59: TEM analyses of apical (A-B) and basolateral (C-D) media. (A-B), Rod-shaped structures were 
observed in apical medium of intestinal epithelia incubated for 24h with 50 µg/ml of NM-302. (C-D), Rod-
shaped structures were observed in basolateral medium of cell free inserts incubated for 24h with 50 µg/ml of 
NM-302. 

 
Potential internalization of NM-302 was also investigated by TEM. No NM-302 like-structures were 
observed inside Caco-2 cells exposed to NM-302 NMs at 50 µg/ml (39 observed cells). One NM-302 
like-structure (black arrow) was observed in the cytoplasm of one Caco-2 cell exposed to NM-302 
NMs at 25 µg/ml. However, this structure seemed to overlay to the cell and not be included in the 
cytoplasm (Figure 60A). Similar observations were made in cells exposed to NM-302 at 10 µg/ml 
(Figure 60B-C).  
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Figure 60: TEM images of Caco-2 cells exposed to NM-302 at 25 µg/ml (A) or 10 µg/ml (B-C). Rod-shaped 
structures were observed overlapping cells (black arrows). N = nucleus. 

 
Observation of control intestinal epithelium (only exposed to dispersant) showed cylindrical tightly 
cells but intriguingly, rod shaped structures were also observed in three cells (on a total of 36 
observed cells, Figure 61). All together, these data suggest that NM-302 were not able to cross 
intestinal epithelium with no clear uptake by intestinal cells.  
 

                       
Figure 61: TEM images of dispersant exposed Caco-2 cells. Rod-shaped structures were observed 
overlapping cells (black arrows). N = nucleus. 

 
 
 
 
 
 

2.4.1.4.5 ZnO NMs (UNamur, UAB, ANSES) 

 
TEM analysis revealed that ZnO NM-110 NMs were characterized by different shapes: rods, 
spheres, ovals with a mean size of 103.2 ± 62 nm (Figure 62).  
 

                                    
Figure 62: TEM micrographs showing the morphology of NM-110 in water – 0.05% BSA stock solution. Size of 
NMs was determined using ITEM program (UNamur). 

 

2.4.1.4.5.1 Barrier integrity 

 
The effect of ZnO NM-110 at 50, 25 and 10 µg/ml on the intestinal epithelium integrity after 24h of 
incubation was evaluated by measuring the intestinal barrier permeability to paracellular marker LY. 
Even if ANSES (Figure 63A) and UNamur (Figure 63C) partners noticed a trend to intestinal 
permeability increase, no statistically significant difference was measured. In addition, average of 
intestinal permeability to LY from three partners did not show statistically significant difference 
between non-treated intestinal epithelia and ZnO NMs incubated epithelia (Figure 63D). No 
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interference of ZnO NMs with crossing of LY through cell free inserts was observed (Figure 63E). 
Altogether, these data suggest that NM-110 did no alter the intestinal epithelium integrity. 
 
 
 
 
 
 
 
 
 

 

 

 
 
 
Figure 63: Evaluation of the paracellular permeability of intestinal epithelium after exposure to NM-110. After 
24h of incubation with increasing concentrations of NM-110, integrity of Caco-2 monolayer was evaluated by 
measuring the percentage (%) of LY present in the basolateral side of intestinal epithelia (A-D) and cell-free 
inserts (E) by ANSES (A), UAB (B) and UNamur (C) partners. Crossing of LY through cell free inserts 
incubated for 24h with same concentrations of NM-110 was investigated to determine the potential 
interference of NMs with this assay. Results are expressed as means (n = 1 or 3 independent runs) ± s.d., and 
presented as percentage of total LY added in apical side. Mean of LY percentage passage (± s.d.) through cell 
inserts (D, yellow bars) or cell-free inserts (E, red bars) obtained by the three laboratories.  
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2.4.1.4.5.2 NM-110 NMs internalization/crossing evaluation 

 
Potential uptake of NM-110 by intestinal epithelial cells was firstly investigated by TEM.  
As shown in Figure 64, ZnO NMs-like structures were observed outside Caco-2 cells near apical 
microvilli.  
 

                                        
Figure 64: TEM images of Caco-2 cells exposed to ZnO at 25 µg/ml for 24h. ZnO NMs-like structures (black 
arrows) were observed near microvilli (green arrow) of the apical side of intestinal cells (UNamur). 

 
However presence of ZnO NMs inside Caco-2 cells was controversial. Indeed, some ZnO NMs-like 
structures (with a similar size to the stock solution NM-110) localized in cytoplasm or nucleus of 
Caco-2 cells were in fact not included in the cellular “background” but rather appeared overlaid on 
the cells (Figures 65 and 66) as described for NM-302 (see section 2.4.1.4.3.2.2). 

                           
Figure 65: TEM images of Caco-2 cells exposed to ZnO NMs at 25 µg/ml for 24h. ZnO NMs-like structures 
localized inside cytoplasm (A and B) or in nucleus (C and D) appeared overlaid on the cells. B and D are 
magnification of A and C respectively. N = nucleus. Size of NMs was determined using ITEM program 
(UNamur). 
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Figure 66: TEM images of Caco-2 cells exposed to ZnO NMs at 10 µg/ml for 24h. ZnO NMs-like structures 
localized inside cytoplasm (A and B) or in nucleus (C and D) appeared overlaid on the cells. B and D are 
magnification of A and C respectively. N = nucleus (UNamur). 

 
 
On the other hand, some spherical structures (mean size of 49.1 ± 6.5 nm) seemed embedded 
inside cytoplasm of Caco-2 cells were also observed (Figure 67). 
 

             
Figure 67: TEM images of Caco-2 cells exposed to ZnO NMs at 25 µg/ml for 24h. Spherical structures 
localized inside cytoplasm of Caco-2 cells. B) is a magnification of A). 

 
Altogether, these data suggest that particular attention must be worn during TEM observations to 
determine whether NMs have actually penetrated into cells.  
In parallel, UAB investigated potential uptake of NM-110 by Caco-2 cells using confocal microscopy. 
As illustrated in Figure 68, no NM-110 were observed inside Caco-2 cells after 24h of incubation.  
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Figure 68: Confocal image of intestinal epithelial cells exposed to NM-110 at 50 µg/ml for 24h. Cytoplasmic 
membrane and nuclei were stained with Cell Mask (red) and Hoechst (blue), respectively. ZnO NMs were 
visualized in green by reflection of polarized light (UAB). 

 
Basolateral medium of intestinal epithelium treated with 50 µg/ml of ZnO was also analysed by 
confocal microscopy. A higher amount of green spots was detected in basolateral medium of NM-
110-treated intestinal epithelium in comparison with medium from non-treated epithelia (Figure 69).  
 
 

                     
Figure 69: Confocal images of intestinal epithelia basolateral media incubated (B) or not (A) with NM-110 at 50 
µg/ml for 24h. NM-110-like structures were visualized in green by reflection of polarized light (UAB). 

 
 
 
As described for other NMs, observation of ZnO NMs in culture medium by electronic microscopy 
was very difficult due to the presence of important amount of organic background. Some ZnO NMs 
were observed at high concentration (50 µg/ml) after 24h of incubation in Caco-2 cell culture 
medium (Figure 70). However, observation of these NMs in apical and basolateral media (after 
proteinase K treatment and medium evaporation) at lowest concentrations (10 µg/ml) was very 
difficult. 
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Figure 70: TEM observation of ZnO NM-110 in Caco-2 cell culture medium after 24h of incubation (no 
treatment with proteinase K). Red arrows indicate NMs whereas black arrows underline presence of organic 
matter surrounding NMs. 

 
 
 
Presence of ZnO NM-110 in basolateral medium of intestinal epithelium was therefore evaluated by 
EDX coupled to JEOL FEG-SEM 7500-F microscope. As shown in Figure 71, Presence of Zn was 
confirmed by EDX analysis suggesting the crossing of ZnO NMs through intestinal epithelium at low 
concentration (10 µg/ml) after 24h of incubation. However, EDX analysis of two other independent 
replicates did not confirm presence of Zn in basolateral medium. 
Based on these data, conclusions on crossing and uptake of ZnO NM-110 are difficult to draw. Poor 
intracellular uptake was noticed (only one cell containing NM-110-lile structures in cytoplasm 
observed by TEM – no internalisation observed by confocal microscopy) after 24h of incubation with 
high concentration (50 µg/ml) whereas a limited crossing through intestinal epithelium was 
observed. 
 

 
 
 
Figure 71: EDX analysis of NMs detected in basolateral medium of intestinal epithelium incubated 24h with 10 
µg/ml of ZnO NM-110. (A) ZnO NMs observed by TEM. (B and C) Overlay of Zn L and Zn K signals with SEM 
observation. (D and E) EDX values for several chemical elements.  

 
 

2.4.1.4.6 PIXE method (UNamur) 

IMG1 5.0 µm

Zn K 5.0 µm

10 µm

IMG1 5.0 µm

Zn L 5.0 µm

10 µm

Thin Film Standardless Standard Quantitative Analysis

Fitting Coefficient : 0.3969

Element (keV) Mass% Counts Error% Atom% Compound Mass% Cation K

Zn K* 8.630 0.78 1414.67 4.66 0.20 6.2414

Si K 1.739 0.59 9136.67 0.57 0.35 0.7342

P K 2.013 3.57 46470.41 0.11 1.92 0.8709

Cl K (Ref.) 2.621 22.75 257985.53 0.02 10.71 1.0000

Ca K 3.690 8.54 78107.28 0.07 3.55 1.2390

C K 0.277 48.31 233658.61 0.00 67.13 2.3445

O K 0.525 15.46 193411.97 0.01 16.13 0.9063

Total 100.00 100.00

Thin Film Standardless Standard Quantitative Analysis

Fitting Coefficient : 0.3969

Element (keV) Mass% Counts Error% Atom% Compound Mass% Cation K

Zn L* 1.012 13.31 57309.54 0.06 3.75 3.0134

Si K 1.739 0.52 9136.67 0.57 0.34 0.7342

P K 2.013 3.12 46470.41 0.11 1.85 0.8709

Cl K (Ref.) 2.621 19.88 257985.53 0.02 10.33 1.0000

Ca K 3.690 7.46 78107.28 0.07 3.43 1.2390

C K 0.277 42.21 233658.61 0.00 64.75 2.3445

O K 0.525 13.51 193411.97 0.01 15.55 0.9063

Total 100.00 100.00

B Zn L C Zn KA

D

E
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PIXE method was proposed to detect and quantify NMs present in basolateral medium. PIXE offers 
the advantage of multi-element identification and quantification (i.e. NMs and their surrounding 
matrix), minimal preparation, and fast measurements. This method was previously used successfully 
to quantify SiO2 NMs and Ag NMs in aqueous food (milk and coffee) matrices (Lozano et al., 2012). 
The objective was to establish whether PIXE could be sensitive enough to detect low amount of 
NMs in cell culture media. Stock solutions of SiO2 (NM-200), fluorescent SiO2, ZnO (NM-110), and 
Ag (NM-300K and NM-302) NMs were prepared according to the Nanogenotox protocol before 
being diluted at low concentrations (1, 0.5, 0.1, 0.01, 0.001 µg/ml) into Caco-2 cell culture medium. 
 
Sample preparation took place by evaporating the entire liquid at 37°C. 200 µl of MilliQ H2O were 
added in the vial, and subjected to 15 minutes of bath sonication (35 kHz) in order to re-suspend the 
solid pellet. The sample transport was done sequentially by placing 20 µL on top of a carbon tape 
covered truncated cone sample holder, followed by evaporation in an oven at 60 °C for 1 hour. The 
process was repeated nine times in order to transport the whole 200 µL with the re-suspended 
matter. 
PIXE measurements were done on the tandetron accelerator ALTAÏS of the University of Namur 
using a 2.5 MeV proton beam irradiating the samples with a current < 3 nA. Analysis was done with 
the specialized software GUPIXWIN. 
No detection of the different NMs was possible at all doses except for ZnO NM-110 that was 
detected at 1 µg/ml. Reasons for this lack of sensitivity for SiO2 NM-200 and Ag NM-300K – NM-302 
include the fact that their emission lines are very close to other prominent elements present in 
biological matter such as P whose emission line is next to that of Si, and Ca whose emission lines 
are around the L-shell X-ray emission lines of Ag. Some other causes that could have contributed 
are related to the sample preparation process. For example, it is possible that some NMs attached 
to the vial tube wall during the evaporation process and did not re-suspend. Another possibility is 
that during the transport of the re-suspension to the sample holder, a process taking about 10 hours, 
there was some unexpected sedimentation of the NMs. 
In conclusion, PIXE, under the current sample preparation protocol, is only able to detect metals at a 
concentration of 1 µg/ml with emission lines > 4.5 keV, which is a zone which does not contain any 
emission line from biological elements (P, S, Cl, K, Ca) nor background noise. 
All together, these data indicate that PIXE is not sensitive enough to detect low concentrations of 
NMs for biological barrier crossing assays and cannot be recommended as reference method in that 
context.  
 

2.4.1.4.7 CeO2 NMs (UAB, LEITAT) 

 
The potential cellular uptake and crossing of CeO2 NMs (NM-212) through intestinal epithelium was 
investigated. As shown in Figure 72A, NM-212 displayed a geometrical irregular morphology with a mean size 

of 70.33 nm ± 49.61 (Figure 72B). 
 

 

A                                                                B 
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Figure 72: A) TEM image from CeO2 stock solution. B) Histograms corresponding to size analysis (data 
derived from TEM. 100 measurements). 

 
 
 

2.4.1.4.7.1 Barrier integrity 

 
Barrier integrity has been checked for CeO2 NM-212 by Lucifer Yellow (LY) passage. NM-212 did 
not produced alteration of the integrity of the Caco-2 in any of the concentrations tested (10, 25 and 
100µg/ml)  
As control, LY passage was also determined in cell-free inserts, processed in the same manner of 
cell inserts. Results are depicted in Figure 73.   

 
Figure 73: Intestinal epithelium integrity (% of LY passage) after 24h of exposure to different 
concentrations of NM-212 measured by LEITAT (orange bars) and UAB (blue bars). For each 
laboratory, data are the mean (± s.d.) of three independent assays performed in triplicate. Mean of % of 
LY passage (± s.d.) through cell-free inserts obtained by the two laboratories (red bars).  

 

2.4.1.4.7.2 CeO2 NMs internalization/crossing evaluation 

2.4.1.4.7.2.1 NM-212 (UAB, LEITAT) 

 
Cell internalization was evaluated by confocal microscopy by UAB in cells exposed at 100 µg/ml. 
NMs were only observed attached to the plasmatic cell membrane without apparent intracellular 
penetration (Figure 74). 
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CeO2-NPsNegative control

 
 
Figure 74: Confocal microscopy observation of CeO2 NM-212 (green signal) after 24h of exposure of 
differentiated Caco-2 cells at 100 µg/ml. Cytoplasmic membrane and nucleus were marked with Cell Mask 
(red) and Hoechst (blue), respectively. CeO2 NMs were visualized in green by reflection of polarized light 
(UAB).  

 

 
 
In parallel, crossing of NMs was evaluated by TEM-EDX and confocal microcopy (UAB) and ICP-MS 
(LEITAT) analysis of basolateral media of differentiated cells exposed to NM-212 at 100 µg/ml after 
24h. Evaluation of potential crossing of NM-212 by confocal microscopy revealed presence of green 
spots in basolateral medium of intestinal barrier that could correspond to CeO2 NM-212 (Figure 75). 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 75: Confocal microscopy images by reflection method of basolateral cell culture media of 
Caco-2 inserts exposed 24 h to NM-212 NMs at 100 µg/ml. 

 
TEM observations showed the presence of large agglomerate structures. However, the analysis of 
elemental composition by EDX could not confirm the presence of Ce (Figure 76) 
 
 

NPs in green 
attached in 
plasmatic 

membrane, not 
inside cells
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Figure 76: TEM images and EDX analysis of basolateral cell culture media of Caco-2 cells 
exposed to NM-212 at 100µg/ml for 24h. 

 
 

In addition, LEITAT evaluated the crossing of NM-212 (10, 25 and 100 µg/ml) by ICP-MS analysis of 
apical and basolateral media from cell inserts and cell-free inserts after 24h of incubation (Table 1). 
The percentage of Ce++ in each compartment (apical and basolateral) and the percentage of Ce++ 
remaining in the system (i.e. inside cells, insert membrane, insert wall and the basolateral wall) was 
calculated for each concentrations (Table 20). 
 

 

Ce++ (µg/ml) 

NM-212  
concentration 

[µg/ml] 

Cell free insert  Cell insert 

Apical  Basolateral Apical  Basolateral 

0 <0.01   0.04 ± 0.03 0.02 ± 0.01 <LOQ 

10 1.44 ± 0.8  0.11 ± 0.05 1.60 ± 0.7 0.03 ± 0.01 

25 3.44 ± 0.68 0.46 ± 0.03 6.21 ± 0.6 0.03 ± 0.02 

100 14.17 ± 3.78 1.51 ± 0.38 24.12 ± 1.8 0.01 ± 0.01 

 
Table 20: Ce concentration measured by ICP-MS in the apical and the basolateral medium of inserts exposed 
to NM-212 at 10, 25 and 100 µg/ml. Mean ± s.d. (three independent assays). Limit of quantification (LOQ) = 
0.01 µg/ml. 

 
 
 

 

 % Ce++ 

NM-212  
[µg/ml] 

Cell free insert  remaining 
in the 

system 

Cell insert remaining 
in the 

system Apical  Basolateral Apical  Basolateral 

10 
34,12 ± 
18,96 

11,17 ± 
5,08 

54,71 
37,91 ± 
16,59 

3,05 ± 1,02 59,04 

25 
29,48  ± 

5,83 
16,89 ± 

0,77 
53,63 

53,21 ± 
5,14 

1,10 ± 0,51 45,68 

100 
27,30 ± 

7,28 
12,47 ± 

2,20 
60,24 

46,47 ± 
3,47 

0,08 ± 0,06 53,45 

 
Table 21: Percentage of Ce in apical and basolateral media and remaining in the system of inserts exposed to 

NM-212 at 10, 25 and 100 µg/ml. Mean ± s.d. (three independent assays). 
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The ICP-MS metal content analysis showed very low nanoparticles translocation (levels sporadically 
above quantification limits -LOQ-) in cell inserts exposed to CeO2 NM-212 (Tables 20 and 21). The 
percentage of Ce measured in the basolateral side of the cell free inserts indicated that a limited 
amount of CeO2 NM-212 (around 13% of the total quantity) independently of the initial concentration 
was able to cross insert membrane (Table 22). On the contrary, a huge amount of NMs was retained 
in the system. 
Altogether, these data suggest a limited crossing of CeO2 NM-212 through intestinal epithelium. No 
intracellular localization of CeO2 NMs could be evidenced after 24h of incubation with 100 µg/ml of 
NMs. In parallel, large agglomerate structures were observed by TEM in basolateral medium of 
CeO2 NM-212 treated cells without confirmation of Ce presence inside them by EDX analysis. 
Finally, quantitative data obtained by ICP-MS suggested that the passage of NMs through insert 
membrane is limited even in absence of Caco-2 cells. In presence of the Caco-2 cell barrier, the 
quantified levels are hardly above the limit of quantification, suggesting a very low level of 
translocation. 
 

2.4.1.4.8 MWCNT NMs (UAB) 

 
Potential cellular uptake and crossing of MWCNT through intestinal epithelium was assayed. NM-
401 was chosen for this evaluation. Its characterization by TEM showed the typical morphology of 
CNT, as visualized in Figure 77. Average length was determined from 100 TEM figures and the 
obtained value was a mean length of 6012.093 nm ± 4091.45 (Figure 78). It must be pointed out that 
this NM was only selected/evaluated by UAB. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 77: TEM micrograph showing the morphology of NM-401 in water – 0.05% BSA stock solution. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 78: Histograms corresponding to size distribution of NM-401. 
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2.4.1.4.8.1 Barrier integrity 

 
Barrier integrity was evaluated for multi-walled carbon nanotubes (MWCNT) (NM-401) by measuring 
the intestinal permeability to the paracellular marker LY. MWCNT exposure did not produced 
alteration of the integrity of the Caco-2 monolayer in any of the concentrations tested (10, 25 and 
100 µg/ml). LY passage was also analyzed in cell-free inserts and no interference of NM-401 with 
crossing of LY was observed (Figure 79). 
 
 
 
 
 
 
 
 
 
 
A)                                                                         B) 

 
Figure 79: Evaluation of the paracellular permeability of intestinal epithelium after exposure to NM-401. After 
24 h of incubation with increasing concentrations of NM-401, integrity of Caco-2 monolayer was evaluated 
measuring the percentage (%) of LY present in the basolateral side of intestinal epithelia (A) and cell-free 
inserts (B). Crossing of LY through cell free inserts incubated for 24 h with same concentrations of NM-401 
was investigated to determine the potential interference of NMs with this assay. Results are expressed as 
means ± s.d. obtained by three independent runs and presented as percentage of total LY added in apical 
side.  

 
 

2.4.1.4.8.2 MWCNT internalization/crossing evaluation 

 
Crossing of MWCNT was evaluated by TEM-EDX of basolateral media of differentiated Caco-2 cells 
exposed to NM-401 at 100 µg/ml after 24 h (after treatment with proteinase K and evaporation). 
Elemental composition analysis was carried out using TEM JEOL 2011 coupled to an EDX Oxford 
Instruments detector (0.18 nm resolution, 200 kV).  
An important amount of salts and organic compounds were found in basolateral medium of intestinal 
epithelia doing detection of NM-401 too difficult. Large amount of crystalline structures were found 
but no MWCNT were present. The analysis of elemental composition by EDX only detected normal 
medium compounds (Figure 80), so we could conclude that NM-401 is not able to cross our 
intestinal barrier.  
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Figure 80: TEM-EDX analyses of basolateral media of intestinal epithelia incubated with 100 µg/ml NM-401 for 
24 h. Upper figures show the observed crystalline structures. 

 
 

2.4.2 Alveolar in vitro model (TCD) 
 

2.4.2.1 Description of the model 
 
The human A549 alveolar epithelial cell line is widely used in drug screening, nanosafety and 
nanomedicine studies. These cells have the advantage of forming distinct monolayers characterized 
by high confluence as well as mucin gene expression. However, it is important to highlight that A549 
cells are characterized by high permeability (i.e. low TEER values), as compared to native alveolar 
lungs (Elbert et al., 1999) and to 3D reconstructive in vitro models derived from airway tissue. This is 
due to the fact that A549 cells do not express functional tight junctions (TJs) (Lehmann et al., 2011; 
Winton et al., 1998). Indeed, even if A549 cells expressed some TJs constitutional components 
(such as for example occluding, claudin, ZO-1, ZO-3, etc…) (Grumbach et al., 2009), these TJs 
have been shown to be not functional. Nevertheless, cell lines expressing non-functional TJs such 
as A549 cells, can be used for screening purposes using standard toxicity assays (Forber et al., 
2005) 
In addition, exposure of A549 cells at the air–liquid interface (ALI) represents a more realistic 
exposure scenario compared to submerged exposure. (Panas et al., 2014). 
Formation of cellular barrier was monitored by continuous measurement of TEER values. Within the 
course of the project, formation of cellular barrier was monitored by continuous measurement of 
TEER values. These measurements confirmed that A549 grown as ALI did not form a tight cellular 
barrier (as compared to 3D airway epithelial models). Indeed, they provide TEER readings similar to 
those found for submerged monolayer A549 cultures (Blank et al, 2006). Since no translocation of 
NMs was observed, further studies are required to evaluate if this ALI model could be used to 
simulate NMs crossing across the alveoli. 
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In the framework of this task, ALI cultures were exposed to 3 sub-cytotoxic doses of nanomaterials 
(determined using MTS viability assay and generally corresponding to 1, 50 and 100 µg/ml) by 
adding 30 µl of NMs dispersion to the apical side of the culture with a pipette. After 24h of treatment, 
monolayer integrity was evaluated by Lucifer Yellow assay (LY). Internalization of NMs was 
assessed by confocal microscopy for fluorescent SiO2 (+ SiO2 and - SiO2) NMs and TEM for NM-
100, NM-101, NM-200, NM-203, NM-300K and NM-302 (samples used for LY permeability assay). 
Media in the basolateral chamber was then collected and analysed for NMs presence by flow 
cytometry. The flow cytometer can analyze platelets, microbes, and many other types of particles 
smaller than 3.0 μm, therefore is suitable to quantify the amount of NMs in the basolateral media.  
When analysing dispersions of small particles, defined as particles smaller than 3.0 µm, on a flow 
cytometer, some parameters must be considered to ensure proper data acquisition. Among them, 
the selected threshold is the most important. 
Thresholds are used in flow cytometry to exclude unwanted signals such as those from cellular 
debris. When choosing the appropriate threshold value, undesired events should be eliminated 
without inadvertently eliminating relevant events to the analysis. The ideal placement of the 
threshold is somewhere between the particles of interest and the noise floor. Noise is composed of 
low-level signals that occur within the electronics and of stray light collected by the optics. This noise 
appears as events that are collected even when there are no, or very few, “true” events in the 
sample. 
Since the range of samples that can be analyzed on a flow cytometer varies greatly, it is difficult to 
indicate a threshold value that would be appropriate for all samples. Therefore, trial and error are 
necessary to identify the proper threshold value for any given experiment. An example of a trial 
experiment is illustrated in Figure 81 with Spherotech 8-Peak Validation beads (nominal size 
indicated by supplier: 3.0-3.4 µm) and 1 µm polystyrene (PS) beads (mixed together in unfiltered 
water). As a general guide, if there is a large difference between the particles of interest and the 
noise floor, the threshold must be set no more than 1 log decade lower than the particles of interest. 
However, if this is not possible, minor overlaps of the noise floor will not impact results as long as 
the number of “true” events outweighs the number of noise events. 

 
Figure 81: The appearance of nanoparticulate contained in unfiltered waters as the FSC threshold is lowered 
from: (A) 80,000; (B) to 10,000; (C) to 1,000. Region R1 and region R3 indicate where the Spherotech 8-Peak 
Validation Beads and a 1-μm PS-bead can be detected, respectively. The population in the black region is 
associated with the nanoparticulate contained in the unfiltered water. 

 
 
 
Crossing by flow cytometry was assessed as followed: 
1. Setting of the appropriate threshold value (see below) while recording all the particles of 

interest. 
2. Analysis of a sample of water to identify the noise floor. 
3. Analysis of NMs stock solution (2.56 mg/ml) to identify where are located the particles in the 

plot. 
4. Analysis of the basolateral medium of non-treated ALI culture to exclude cellular debris passed 

through the filter 
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5. Creating a gate to a plot (specific area within the plot that is used to designate a set of events of 
analysis) based on the analysis of the points 2-3 and 4 to select where basically are the 
particles that are named events. 

6. Analysis of all the samples with the gate set in point 5. The analysis tells you how many events 
(in this case, particles) are in the gate set. 

 
 

Using the default threshold of 50,000, the BD Accuri C6 flow cytometer used at TCD was able to 
detect agglomerates and individual NMs tested in T5.3 using a FSC-H vs SSC-H plot (see Figure 82 
for a representative example of the results obtained). NMs were clearly detectable in stock solutions 
prepared in BSA-water (Figures 82B and 82G), while no NMs could be detected in media harvested 
from the basolateral compartment of cultures (Figure 82E and 82I). NMs were clearly distinguishable 
from noise floor (compare Figures 82B and 82G with Figures 82A and 82F) and from the debris 
found in the media harvested from untreated control cultures (compare Figures 82B and 82G with 
Figures 82C and 82H). However, since the bead falls very close to the threshold value, a threshold 
of 50,000 might not be appropriate for smaller NMs. To minimize the effects of the noise floor, a 
threshold somewhere between 10,000 and 80,000 should be chosen when detecting particles at the 
nanometer scale. 
 

 
Figure 82: FSC-H vs SSC-H plot of (A, F) DI water, (B) NM-200 dispersed in BSA-water, (C, H) media 
harvested from untreated cultures, (E) medium harvested from cultures exposed to NM-200 at 100 µg/ml, (G) 
NM-100 dispersed in BSA-water, and (I) medium harvested from cultures exposed to NM-100 at 100 µg/ml. 
Plots were obtained by flow cytometry as the FSC threshold is set at 50,000. Gate P2 indicates where the 
NMs signal falls.  

 
 
 

2.4.2.2 NMs morphology and size distribution 
 

DLS measurement and TEM analysis were carried out on the water – 0.05% BSA stock solutions 
and on NMs dispersions in cell culture medium tested in ALI cultures (at the concentration of 100 
µg/ml) before and after the incubation at 37 °C. Here we reported only the TEM images of the batch 
dispersion of NMs (Figure 83) because the images taken in the culture medium were inconsistent 
due to the presence of FBS. Figure 83 showed big aggregates for all NMs tested, except for Silver 
NMs (NM-300K and NM-302), that seem to be well dispersed. Moreover, the results obtained with 
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F G H I

Noise floor Debris

Noise floor Debris
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DLS (Z-average and PdI -Table 22-) confirm the presence of aggregates showed with TEM images, 
except for the well dispersed silver NM-300K. It is important to clarify that DLS is suitable only for 
the measurement of spherical particles; therefore, the data reported for NM-302 should be not taken 
in account.  
 

 
 

Figure 83: TEM images of NMs. The nanomaterials were dispersed in water - 0.05% BSA at the concentration 
of 2.56 mg/ml.  
 
 
 

 
Table 22. DLS measurements. Ten consecutive measurements were collected without pause for each sample. 
Data are mean of 3 independents experiments ± SD. 
 
 

2.4.2.3 Evaluation of NMs toxicity 
 

In order to determine the sub-cytotoxic doses of NMs that will be used to study of the effects of NMs 
on the proposed alveolar model (ALI cultures of A549 cells), a preliminary experiment to assess the 
viability of the cells after incubation with NMs was performed. The toxicity of A549 cells treated with 
NMs for 24h, was assessed in submerged cells with MTS assay. MTS assay was not performed in 
ALI due to physical limitations (not feasible to measure MTS substrate coloration in inserts) with 
absorbance plate readers. Figure 84 shows that only NM-101 produced a decrease of cell viability at 
the high concentrations used (decrease of 30% at 100μg/ml). 

0 h 0 h 24 h

NM-200 188.4  ± 18.31 0.676  ± 0.125 0.475  ± 17.79

NM-203 1414.8 ± 310.57 0.741 ± 0.06 0.97 ±0.05

SiO2 (+) 39.99  ± 0.41 0.683  ± 0.02 0.307  ± 0.06

SiO2 (-) 1201  ±28.56 0.872  ± 0.15 0.674  ± 0.08

NM-100 418.2 ± 21.06 0.266 ± 0.03 0.324 ±0.03

NM-101 1663.2 ± 79.39 0.623 ± 0.08 0.424 ± 0.1

NM-300K 77.32 ± 4.28 0.474 ± 0.078 0.572 ± 0.089

NM-302 1750  ± 763.89 0.925  ± 0.28 0.986  ± 0.08

1252  ± 62.19

842.6 ± 28.71 0.265 ± 0.05

Dispersing media Dispersing media

0.05% BSA-dH2O (2.56mg/ml) Culture medium (100 µg/ml)

SAMPLES 0 h 0 h

Z-average ± standard deviation (d.nm) PdI  ± standard deviation

1997 ± 230.8 0.335 ± 0.168

0.05% BSA-dH2O (2.56mg/ml) Culture medium (100 µg/ml)

229.2  ± 6.43 0.364  ± 0.016

66.97 ± 0.87 0.285 ± 0.008

1666  ± 90.63 0.645  ± 0.07

833.5 ± 585.8 0.935  ± 0.19

0.522 ± 0.06146.9 ± 5.13

0.307  ± 0.041
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Figure 84: MTS cell viability assay. Submerged A549 cultures were exposed to SiO2, TiO2 and Silver NMs at 
various concentrations for 24 h. Untreated (0 µg/ml) and positive controls were included in each experiment. 
Results are expressed as cell viability percentage (%), Data are means of 3 independent determinations ± SD. 
**p<0.01 and ***p<0.001 vs untreated cells (one way anova with Bonferroni test). 

 
 
 
 
 
 
 

2.4.2.4 Crossing/uptake evaluation 
 

2.4.2.4.1 Barrier integrity 

 
NM-101, NM-300K, NM-302K impaired the proposed A549 ALI model at high concentrations used (≥ 
25 µg/ml). On the contrary, NM-100 NMs and all the silica NMs tested (NM-200, NM-203, - SiO2 and 
+ SiO2) did not impair the A549 barrier (Figure 85).  
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Figure 85: Lucifer yellow assay. Data are means of 3 independent determinations  s.d. **p<0.01 and 
***p<0.001 vs. untreated control cells (ctrl arbitrary normalized to 1). Data analyzed by one way anova with 
Bonferroni test). 

 
 

2.4.2.4.2 NMs internalization/crossing evaluation 

 

2.4.2.4.2.1 + SiO2 and – SiO2 NMs internalization evaluation 

 
 
ALI cultures of A549 cells were treated with 100 µg/ml of red fluorescent silica NMs for 24h. As 
showed in Figures 87 and 88 both silica NMs were internalized by the cells, and were located in the 
cytoplasm (see the arrows in the orthogonal projections). 
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Figure 86: Representative confocal micrographs of control ALI A549 cells. Cells were stained with Hoechst 
33342 (nuclei, in blue) and Alexa Fluo 488 phalloidin (F-actin, in green). Scale bars: 20 μm (63 × objective 
lens). A single horizontal confocal section is shown along with two orthogonal projections (bar: 5 μm) 

 

 
Figure 87: Representative confocal micrographs of ALI A549 cells treated with + SiO2 NMs. Cells were treated 
with 100 µg/ml of silica NMs for 24h. Cells were then stained with Hoechst 33342 (nuclei, in blue) and Alexa 
Fluor 488 phalloidin (F-actin, in green). Fluorescent silica NMs were showed in red. Scale bars: 20 μm 
(63 × objective lens). A single horizontal confocal section is shown along with two orthogonal projections (bar: 
5 μm) to reported the internalization of the NMs. The localization of NMs in the cytoplasm is highlighted by 
arrows. 
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Figure 88: Representative confocal micrographs of ALI A549 cells treated with - SiO2 NMs. Cells were treated 
with 100 µg/ml of silica NMs for 24h. Cells were then stained with Hoechst 33342 (nuclei, in blue) and Alexa 
Fluor 488 phalloidin (F-actin, in green). Fluorescents silica NMs were showed in red. Scale bars: 20 μm 
(63 × objective lens). A single horizontal confocal section is shown along with two orthogonal projections (bar: 
5 μm) to reported the internalization of the NMs. The localization of NMs in the cytoplasm is highlighted by 
arrows. 

 
 

2.4.2.4.2.2 Evaluation of NMs crossing by flow cytometry 

 
 
The crossing experiments assessed with flow cytometry reported that all the NMs tested were not 
able to cross the A549 cell barrier (Figure 89). However, we cannot exclude that NMs remain stuck 
in the filters we were using for the experiments. In addition, it may be highlighted that the low TEER 
readings recorded within this model (as compared to 3D models) may indicate that alternative, more 
complex 3D in vitro models may need to be incorporated into the battery of in vitro systems to 
assess for NMs penetration across the inhalation port of entry. 
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Figure 89: Flow cytometry results. Crossing determination of NMs in basolateral media of ALI culture after 24 
h of treatments. Data are the means of 3 independent experiments. Untreated cultures were used as negative 
controls (CTRL). Water was used to discard the noise floor from final readings.   
 

 

2.4.3 Blood Brain Barrier 
 

2.4.3.1 Description of the model 
 
 
BBB model was obtained by co-culturing endothelial bEnd.3 cell line with primary rat astrocytes. A 
parallel model was obtained by replacing bEnd.3 cells by Caco-2 cells co-cultured with primary 
astrocytes. This model was used as a control model since Caco-2 cells are widely recognized to 
form a proper cellular barrier to allow for barrier crossing experiments.  
bEnd.3 cell line (derived from immortalized mouse brain endothelial cells) and Caco-2 cell lines were 
obtained from the American Type Cell Culture collection (ATCC). Likewise, primary cultured 
astrocytes were obtained from the University of the Basque Country (Bizkaia, Spain). 
For co-cultures experiments, endothelial or intestinal cells were seeded on the top of 24 well semi-
permeable transwell inserts (bEnd.3: 6x104 cells/cm2 and Caco-2: 4x105 cells/cm2) pre-coated with 
rat tail collagen. Culture medium for primary astrocytes was added to the basolateral side of the 
insert (1x105 cells/ml). (Figure 90). To obtain correctly differentiated models, Bend.3 cell line was 
maintained in co-culture for 5 days and Caco-2 cell line for 7 days in presence of astrocytes. Both 
Caco2 and bEnd.3 cell lines are grown under the same experimental conditions. 
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Figure 90: Schematic representation of the BBB in vitro model. 
 

To assess the integrity of the monolayers, TEER measurements were taken manually every 
following day of seeding until a steady state was reached using an EVOM2 epithelial voltohmmeter 
connected to a pair of chopstick electrodes STX2. TEER values were considered acceptable if they 
falled into the historical values collected by Gaiker´s Quality Assurance Unit. To calculate the TEER 
of each insert, the average resistance values of three cell free coated inserts was subtracted from 
the resistance values obtained in the presence of the endothelial cells and then, to transform data 
into a unit resistance area, multiplied by the effective surface area of the filter (0.33 cm2). The values 
were expressed in Ω*cm2. 
 
 

2.4.3.2 NMs size distribution 
 
Phys-chem characterization was performed by DLS and TEM analysis both as water – 0.05% BSA 
stock solution and in cell culture media prior and after experimentation. The equipment used to 
measure particle size distribution and mean size was a 90PLUS ZETAPALS (Brookhaven 
instrument). Results regarding DLS experimentation are summarized in Table 23: 
 

Partner 
NM 

Eff. Diam 
(nm) STD PDI STD n 

GAIKER NM-100  30.6 0.520 0.258 0.029 1x10 

NM-101 11.11 0.155 0.216 0.011 2x10 

NM-220 144.33 5.040 0.238 0.019 2x10 

NM-212 15.73 0.220 0.253 0.007 1x10 
Table 23: DLS values of size distribution and mean size of NMs. 

 
 

2.4.3.3 Evaluation of NMs toxicity 
 
Prior to carrying out the experiments, a viability screening study was performed following the MTS 
protocol (According to NanoValid MTS protocol) to identify potential toxicity ranges. 
To study the cytotoxicity of NM-220, NM-212, NM-100 and NM-101, MTS assay was performed 
using CdSO4 as positive control (0 – 150 µg/ml). The MTS assay results are shown in Tables 25 and 
27. From the results obtained, the percentage of cell viability for each concentration was calculated 
and plotted vs. the logarithm of the test item concentration (in µg/ml). Linear regression analysis was 
used to describe the relationship between the percentage of cell viability and the logarithm of the 
test item concentration. This analysis was performed in the linear part of the curve. The 
concentration of the product that produces a reduction in viability or growth of 20%, 50% and 80% 
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were calculated from the equation of the linear regression. These values were defined as IC20, IC50 
and IC80, expressed in µg/ml (Tables 24-28). 
 
 

Caco-2 cell line 
 

 
Table 24: Values of reduction in viability of 20% (IC20), 50% (IC50) and 80% (IC80) in Caco-2 cell line for 
CdSO4. 

 

 
Table 25: Values of reduction in viability of 20% (IC20), 50% (IC50) and 80% (IC80) in Caco-2 cell line for 
CeO2 (NM-212),TiO2 (NM-100 and NM-101) and BaSO4 (NM-220). 

 
Bend.3 cell line 

 
Table 26: Values of reduction in viability of 20% (IC20), 50% (IC50) and 80% (IC80) in Bend.3 cell line for 
CdSO4. 

 
 

 
Table 27: Values of reduction in viability of 20% (IC20), 50% (IC50) and 80% (IC80) in Bend.3 cell line for 
CeO2 (NM-212),TiO2 (NM-100 and NM-101) and BaSO4 (NM-220). 

 
After 24h incubation, a low decrease in cell viability was observed at the highest concentration 
studied (100 µg/ml) for all nanomaterials and cell lines. Taking into account that the BBB 
permeability experiment duration was one hour, it was considered the concentration of 100 µg/ml 
appropriated to BBB crossing evaluation. 
 
 
 
 
 
 
 

2.4.3.4 Crossing/uptake evaluation 
 

2.4.3.4.1 Barrier integrity 

 

CdSO4 (ug/ml) IC20  IC50 IC80

Caco-2 cell line 6,87 15,28 29,08

 IC20  IC50  IC80

CeO2 (NM212) >100

TiO2 (NM100) 78,68

TiO2 (NM101) >100

BaSO4 (NM220) 67,39

----->100

NM (ug/ml)
Caco-2 cell line

CdSO4 (ug/ml) IC20  IC50 IC80

Bend.3 cell line 5,10 8,07 12,82

 IC20  IC50  IC80

CeO2 (NM212) 82,51

TiO2 (NM100) 80,94

TiO2 (NM101) 93,56

BaSO4 (NM220) >100

>100 -----

Bend.3 cell line
NM (ug/ml)
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To assess permeability across the cell monolayers, the passage of Lucifer Yellow (used as tracer) 
was tested. This molecule is generally used as a control for barrier integrity, since it diffuses through 
membranes exclusively via the paracellular route. These control studies were carried out at 20 µM 
concentrations. Confluent coated cell culture inserts containing bEnd.3 and Caco2 were washed 
with pre-warmed Ringer-HEPES buffer (RHB) at 37°C and transferred into new 24 well plates 
containing 0.8 ml pre-warmed RHB buffer. At the start of the experiment, LY plus NMs at 100 µg/ml 
in RHB were applied in the apical/upper compartment. The permeability of the test compounds was 
measured in the apical-to-basolateral direction in an orbital shaker at 37 ºC. The inserts were 
transferred at 30 min intervals for one hour to new wells containing RHB. Times of 30 min and 1 
hour were chosen as appropriate based on the assumption that blood supply to the brain is about 
150 ml/min. Permeability of LY and NMs was also measured on cell-free coated inserts as control of 
LY permeation (Tables, 28, 30, 32,34). Fluorescence intensity of LY in basolateral medium was 
quantified with a fluorescence multi-well plate reader with excitation and emission wavelengths at 
485 nm and 535 nm.  
As far as the transport study is concerned, endothelial permeability coefficients are determined as 
for the toxicity test (LY analysis for BBB integrity determination).  
No statistically significant effect of tested NMs on the BBB permeability to LY was observed (Figures 
91 and 92) suggesting no impairment of the integrity of BBB model (either with Bend.3 or Caco-2). 
 

 
Figure 91: Values of LY Permeability coefficient for Bend.3 BBB in vitro model.  

 
 

 
 
Figure 92: Values of LY Permeability coefficient for Caco2 BBB in vitro model.  

 

0,2

0,4

0,6

0,8

1

1,2

Ø NM NM100 NM101 NM220 NM212P
e

rm
e

ab
ili

ty
 C

o
e

fi
ci

e
n

t 
(x

1
0

-3
 c

m
/m

in
)

Lucifer Yellow Bend3

0,2

0,4

0,6

0,8

1

1,2

Ø NM NM100 NM101 NM220 NM212P
e

rm
e

ab
ili

ty
 C

o
e

fi
ci

e
n

t 
(x

1
0

-3
 c

m
/m

in
)

Lucifer Yellow Caco2



NANoREG Deliverable 5.03 
Page 93 of 137 

2.4.3.4.2 NMs internalization/crossing evaluation 

 
 

1) ICP-OES analysis  
 
Elemental abundances or isotopic ratios are determined by the mass spectrometry of ions 
generated in ICP. Using a stream of Ar carrier gas, sample is introduced into an inductively coupled 
Ar plasma which serves as an efficient source of positively charged analyte ions. Ions are extracted 
from the environment of the plasma into a high vacuum enclosure via an interface region containing 
two sequential, millimetre-sized apertures. Focused by an ion lens system, analyte isotopes are 
separated according to their mass/charge ratio by a quadrupole mass spectrometer, and finally 
detected and measured by an electron multiplier. 
In this particular case, the elements of interest (Ce, Ti and Ba) were quantified by interpolation of a 
standard curve obtained from commercial standards of the elements under study. NMs crossing 
estimations were carried out for both apical and basolateral sides (see calculations below). Dilutions 
were made in ultrapure H2O. 
 

2) Permeability calculations  
 
Permeability calculations (Pe) were performed following the clearance principle taking into account 
the following equation to obtain a concentration-independent permeability value:  
 

1/PS = 1/PSt – 1/PSf 
Pe = PS/s 

 
Where “PSt” and “PSf” are the slopes of the curves corresponding to endothelial cells on filters and 
to filters only, respectively. LY and NMs clearance through coated empty filters (with no cells 
attached) serves to determine the real permeability through the cell monolayer. “PS” (clearance) is 
the permeability surface area product and “S” is the surface area of the filter. The volume cleared 
was plotted against time, and the slopes of the curves were used to calculate the permeability 
coefficients (Pe) of the endothelial monolayer, as described. Each condition was tested in triplicate 
in each experiment. 
ICP-OES was selected as a potential technology to quantify core NANoREG materials due to its 
capacity to detect metals.  
Prior to the study we established the detection limit of each of the materials for IPC-OES technique 
by producing standard curves covering 6 different concentrations of materials. Detection limits 
identified were as follows; Barium: 0,012 mg/l, Cerium: 0.030 mg/l and Titanium: 0.018 mg/l.  
 
 

3) NMs permeability (BBB) 
 
The apical and the basolateral media from cell inserts and cell free inserts exposed to NM-212, NM-
220, NM-100 and NM-101 (100 µg/ml) for 1 h were collected and analysed by ICP-OES. 
The endothelial permeability coefficient values for Lucifer Yellow and tested NMs were determined. 
To obtain a concentration-independent transport parameter, the clearance principle was used. At 
each experimental time, the increment in cleared volume between successive sampling events was 
calculated by dividing the amount of transported compound by the donor chamber concentration. 
During the 60-min experiment, the clearance volume increased linearly with time. The average 
cleared volumes were plotted versus time, and the slope estimated by linear regression analysis to 
produce the mean and the Standard Error for the estimate.  
The slope of the clearance curves for the co-culture is named “PSt” (tables below), where “PS” is 
the permeability x surface area product (in microliters per minute). The slope of the clearance curve 
for the “filter only” sample covered with collagen is named “PSf”. The “PS” is the value for the 
endothelial monolayer (PSe) which was subsequently calculated. The “PSe” values were divided by 
the surface area of the filter (1.1 cm2) to generate the endothelial permeability coefficient (Pe, in 
x10-3 centimetres per minute).  
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To check for possible adsorption or accumulation phenomena, the mass balance value, giving the 
percentage of compound recovered at the end of the experiment, was also calculated. Results are 
presented in Tables 29-35. 
 
 
 

 
Table 28: Mass balance (% NMs retention in cell inserts and in cell free inserts), PSf and PSt values for NM-
100 NMs.  

 
 
 
 
 
 
 
 
 

Bend.3 Caco2 

PSt 0,160 PSt 0,111 

PSf 0,488 PSf 0,488 

1/PSf 2,048 1/PSf 2,048 

PSe 0,239 PSe 0,143 

Pe 0,217 Pe 0,130 
Table 29: NM-100 NMs endothelial permeability coefficient (Pe) values for Bend.3 and Caco-2 BBB in vitro 
models. 

 

 
Table 30: Mass balance (% NM retention in cell inserts and in cell free inserts), PSf and PSt values for NM-
101.  

 
 

 
 

 
Table 31: NM-101 endothelial permeability coefficient (Pe) values for Bend.3 and Caco-2 BBB in vitro models. 

 

Mass balance (%) 89,19

PSf = 0,49  µL/min  +/- 0,1575

Mass balance (%) 57,84

PSt = 0,16  µL/min  +/- 0,0230

Mass balance (%) 64,44

PSt = 0,11  µL/min  +/- 0,0007

in the filter + cells :

in the filter :

in the filter + cells :

Cell free 

inserts

Bend.3 cell 

inserts

Caco2 cell 

inserts

Mass balance (%) 90,67

PSf = 0,90  µL/min  +/- 0,2114

Mass balance (%) 53,87

PSf = 0,21  µL/min  +/- 0,0011

Mass balance (%) 68,25

PSf = 0,21  µL/min  +/- 0,0007

in the filter :

in the filter + cells :

in the filter + cells :

Cell free 

inserts

Bend.3 cell 

inserts

Caco2 cell 

inserts

PSt 0,208 PSt 0,210

PSf 0,900 PSf 0,900

1/PSf 1,112 1/PSf 1,112

PSe 0,270 PSe 0,274

Pe 0,245 Pe 0,249

Caco2Bend.3
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Table 32: Mass balance (% NM retention in cell inserts and in cell free inserts), PSf and PSt values for NM-
220.  

 
 

 
 

Table 33: NM-220 endothelial permeability coefficient (Pe) values for Bend.3 and Caco-2 BBB in vitro models. 

 
 

 
Table 34: Mass balance (% NM retention in cell inserts and in cell free inserts), PSf and PSt values for NM-
212.  

 
 

 
Table 35: NM-212 endothelial permeability coefficient (Pe) values for Bend.3 and Caco-2 BBB in vitro models. 

 
So far no nanomaterial crossing has been observed in the course of the project (Tables 28 to 35). 
 
 
Conclusion: 
 
Within task 5.3.4 a permeability study was performed to identify the potential of 4 NANoREG NMs to 
cross in vitro BBB barrier models. Two main challenges were encountered while performing the 
studies; 1) Capacity of metal-based nanomaterials to disrupt the barrier models and 2) detection of 
the nanomaterials by a quantitative/semi-quantitative methodology. While performing the 
experiments, Lucifer Yellow was used as a control for barrier integrity both in the presence and 
absence of nanomaterials. “Filter only” samples were also included in the experiments to assess for 

Mass balance (%) 91,54

PSf = 0,58  µL/min  +/- 0,0660

Mass balance (%) 87,28

PSf = 0,07  µL/min  +/- 0,0015

Mass balance (%) 93,34

PSf = 0,07  µL/min  +/- 0,0002

Cell free 

inserts

in the filter :

Bend.3 cell 

inserts

in the filter + cells :

Caco2 cell 

inserts

in the filter + cells :

PSt 0,071 PSt 0,073

PSf 0,579 PSf 0,579

1/PSf 1,727 1/PSf 1,727

PSe 0,081 PSe 0,084

Pe 0,073 Pe 0,076

Bend.3 Caco2

Mass balance (%) 100,39

PSf = 0,60  µL/min  +/- 0,0716

Mass balance (%) 85,11

PSf = 0,01  µL/min  +/- 0,0007

Mass balance (%) 68,50

PSf = 0,01  µL/min  +/- 0,0016

Cell free 

inserts

in the filter :

Bend.3 cell 

inserts

in the filter + cells :

Caco2 cell 

inserts

in the filter + cells :

PSt 0,014 PSt 0,014

PSf 0,599 PSf 0,599

1/PSf 1,670 1/PSf 1,670

PSe 0,014 PSe 0,014

Pe 0,013 Pe 0,013

Bend.3 Caco2
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the retention capacity of the materials within the filters. Two in vitro cellular models were used based 
on endothelial (Bend.3) and intestinal (Caco-2) cells co-cultured with rat astrocytes. Our 
experiments indicate that, under the conditions of the study, there were no detection of the NMs in 
basolateral medium of both barrier models after NMs exposure since values in all cases were well 
below 1. In the conditions of the study, 1 is set as a threshold for barrier crossing. Moreover, all four 
nanomaterials produced values below the standard negative control. We did not detect any barrier 
disruption upon nanomaterial incubation with cells. An estimated filter retention value of 10% of the 
total NMs was calculated while performing the experiments.  
Further fine-tuning of the ICP-OES is required if this technology is to be used for NMs quantification, 
though our results indicate that it may be suitable to detect Ti, Ba and Ce at relevant concentration 
(detection limits: Barium: 12 ng/ml, Cerium: 30 ng/ml and Titanium: 18 ng/ml) used routinely in cell 
culture experiments. 
 
 

2.4.4 Oral mucosa model 
 

2.4.4.1 Description oft he model 
 
In vitro 3D oral mucosa models were constructed using oral keratinocytes and fibroblasts isolated 

from normal oral tissue samples taken from healthy human volunteers undergoing extraction of the 

wisdom tooth. The model was originally established at UiB and characterized in terms of expression 

of several proteins (Costea et. al. 2002). The epithelial architecture and expression of several 

molecular markers resembles closely those of the tissues of origin (Costea et al, 2003). The 3D oral 

mucosa models are made by constructing in a first step an artificial connective tissue 

equivalent/biomatrix by embedding primary normal fibroblasts in type I collagen on ice. After 

gellification and equillibration (to maintain a neutral pH) with routine fibroblast medium for 24h, a 

layer of primary normal human keratinocytes was seeded on top and let to grow for another 24h. 

The tissues are then left at the air-liquid interface and let for 8 more days to grow and stratify. When 

a fully mature/differentiated epithelium was formed the models were exposed to NMs. In total, 

material from 12 patients have been used to create 3D models that were exposed to NMs. However, 

3D models from 5 patients had to be excluded due to poor quality (discontinuous epithelium, 

epithelium with a thickness less than 20 µm or epithelium with a basaloid appearance throughout the 

whole thickness and without superficial differentiation).  

 

Activity Days 

Isolation and propagation 70 

Creation of 3D models 85 

Exposure and histological postprocessing 26 

Imaging 45 

Image analysis 16 

Total 242 
Table 36: Time used for performing the crossing assays on oral mucosa barrier 3D models. 

 

 

Almost a year was used on establishing and optimising the oral mucosa barrier 3D models for NM 

exposure, prior to receiving the NMs from the NANoREG project. Altogether, the time used 

exceeded what was initially planned (Table 36). This was mainly due to challenges posed by 

exposure of the 3D models to NMs and to additional characterization required. 
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2.4.4.2 NMs size distribution 
 

The size distribution of - SiO2, + SiO2, NM-101, NM-300K, and NM-302 NMs have all been 

determined in water-0.05% BSA stock dispersion after sonication and before every crossing assay. 

The size distribution has also been determined for all NMs in FAD-OT cell culture medium at time 

point 0 and 24 hours of the crossing assay. 

Table 37: Size distribution data for - SiO2, + SiO2, NM-300K, NM-302, and NM-101 NMs obtained by DLS. 

 

2.4.4.3 Evaluation of NMs toxicity 
 
Testing for sub-toxic concentrations prior to the crossing assays has proved to be difficult and 

impractical for the 3D oral mucosa models. Preliminary crossing assays were done to determine 

concentrations that were optimal with regard to NMs’ visualization within the models (with URI and 

fluorescence microscopy) and to minimize the risk of NM contamination of controls during post-

processing of the 3D models involved in the crossing assays. At the selected concentrations (5, 20, 
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and 200 µg/ml) no adverse effects were observed (qualitatively) in the tissue morphology after 

inspecting models exposed to - SiO2, + SiO2, NM-300K, NM-302, and NM-101. Immunohistological 

staining for apoptotic markers (i.e. caspase 3) has been planned in the future to assess the toxicity 

of the NMs concentrations during the crossing assays. 

  
 

2.4.4.4 Crossing/uptake evaluation 
 

2.4.4.4.1 Barrier integrity 

 
The proposed Lucifer Yellow assay was not suitable for the 3D oral mucosa models. Another 

protocol using multiple stain solution (Cat# 08824, Polysciences Inc.) has been tested as previously 

described in the literature (Thode et al., 2015) for a similar 3D model, but could not be used for 

quantification.  

 

2.4.4.4.2 NMs internalization/crossing evaluation 

 
 
To expose the 3D oral mucosa model, a small droplet (10 – 20 µl, according to the model surface 

area) of NMs suspension (5, 20, and 200 µg/ml) was applied onto the surface of the model (approx. 

0,2 cm2) with a pipette (Figure 93). The models where the droplet poured off the surface were 

excluded from the results. The exposed models were incubated for 24h, then washed in PBS and 

fixed overnight in 4% buffered formaldehyde, followed by dehydration, paraffin embedding and 

sectioning for imaging. 
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Figure 93: Exposing 3D oral mucosa models to NMs dispersion. A): Illustration of exposure. B): Image of a 

model being exposed. C): A histological cross-section (HE stained) of a 3D oral mucosa model with an 

illustration of exposure.  

 

The depth of NM crossing into the oral mucosa epithelium was quantified by fluorescence 

microscopy for the fluorescent SiO2 NMs and by URI for NM-101, NM-300K, and NM-302. For the 

crossing assay, the NMs were considered to successfully cross the oral mucosa barrier if they 

penetrated through the epithelium. Images were captured at 40x magnification using a Nikon Eclipse 

80i Advanced Research Microscope (Nikon Instruments, Tokyo, Japan) with a Nikon digital sight 

DS-U2 camera (Nikon Instruments) for fluorescent microscopy, and with Olympus BX41 microscope 

(Olympus America, Center valley, USA) with a Dage-MTI XLM camera (Dage_MTI, Michigan City, 

USA) for URI microscopy (CytoViva, Auburn, USA). All images were analyzed with NIS-Elements 

Basic Research software (version 4.20) (Nikon Instruments). Two separate tissue sections of every 

3D oral mucosa model were imaged. Three images were taken of each tissue section. One image 

was captured in the middle of the tissue section, one image 250 µm on the left and one on the right 

of the middle (Figure 94). The middle was roughly estimated based on the length of the tissue 

section. 
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Each individual image was divided into 6 columns 50 µm in width. Only 3 of the columns in every 
image were analyzed (Figure 94). For analysis of exposed 3D models, the maximum penetration 
depth observed, i.e., the deepest depth location of the NMs in the epithelium, was measured. In 
addition, the epithelium height was measured in the same area that particle depth was measured. If 
the column did not contain any NMs, the epithelium height was measured closest to the edge of the 
column border. The epithelial surface was defined as the outermost superficial layer that had not 
desquamated totally or partially. The interface between the epithelium and connective tissue was 
used as the border for measuring the epithelium height.  
Both - SiO2 and + SiO2 were localized at the surface or inside the upper surface layer of the models 

after a 24h exposure time. Both - SiO2 and + SiO2 NMs were also observed to be removed from the 

surface by the process of desquamation. - SiO2 NMs were found to penetrate the deepest with an 

average deepest relative penetration depth of approximately 15.13% of the epithelium height at 200 

µg/ml. This was found to be statistically significantly deeper when compared to the + SiO2 NMs 

which had a deepest relative penetration depth of 6.13% at 200 µg/ml (Figures 95 and 97). NM-101, 

NM-300K, and NM-302 were observed attached to the surface or inside the uppermost layer of the 

remaining epithelium. More NMs were observed inside the epithelium for NM-101 than for NM-300K 

and NM-302 NMs. The deepest relative penetration depth for NM-101 was at 6.61% at 20 µg/ml. 

The deepest relative penetration depth of NM-300K was 4.06% at 200 µg/ml. The deepest relative 

penetration depth of NM-302 was 9.37% at 5 µg/ml (Figures 98 and 100). The sectioning and 

imaging work for NM-101 5 µg/ml, NM-300K 5 and 20 µg/ml, and NM-302 5 µg/ml is ongoing. 

 

 

 
 
 
 

 
Figure 94: Representation of the areas of the tissue section that were imaged. A total of three images were 

captured of each tissue section. One image in the middle of the section, one image 250 µm away on the left 

and one on the right of the middle. 
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Figure 95: Representative images of 3D oral mucosa models exposed to - SiO2 and + SiO2 NMs at 200 µg/ml for 24h. Images 
show epithelium in lighter green, connective tissue in darker green, and NMs in red. Bright green/yellow spots inside the 
epithelium are most likely autofluorescent keratin. Both - SiO2 and + SiO2 NMs can be seen located at the surface or being 
removed by desquamation from the epithelium. All images captured with a fluorescent microscope at 40x magnification. 
Scale bar = 50 µm. 
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Figure 96: Representative images of 3D oral mucosa models exposed to NM-302, NM-300K and NM-101 at 200 µg/ml for 
24h. Images show epithelium in darker purple/green, connective tissue pink/green, and the NMs as bright white spots. In 
some images, the epithelium can be seen separated from the connective tissue. This has likely occurred during post-
processing of the 3D models. NM-302, NM-300K, and NM-101 can all be seen located at the surface or being removed by 
desquamation from the epithelium. All images were captured with URI system (CytoViva) at 40x magnification. Scale bar = 50 
µm. 
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Figure 99: The deepest penetration depth measured in the 3D oral mucosa models. A): The mean absolute 
deepest penetration depth. B): The mean deepest relative penetration depth of the NMs into the oral mucosa 
epithelium. 
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Figure 100: The deepest penetration depth measured in the 3D oral mucosa models. A): The mean 

absolute deepest penetration depth. B): The mean deepest relative penetration depth of the NMs 

into the oral mucosa epithelium. 

 
 

2.5 Evaluation and conclusions 
To understand and predict effects of NMs in organisms, it is essential to determine how these NMs 

will distribute in an organism. The crossing of biological barriers is a crucial aspect in that context. In 

task 5.3, the potential internalization and crossing of several NANoREG NMs through different in 

vitro barrier models and their impact on tissue integrity was evaluated. Following NMs were 

considered: TiO2 NM-100, NM-101, NM-103 and NM-104; ZnO NM-110; SiO2 NM-200 and NM-203; 

CeO2 NM-212; BaSO4 NM-220; Ag NM-300K and NM-302, multi-walled carbon nanotubes NM-401 

and red fluorescent negatively or positively charged 50 nm SiO2 (provided by IIT) NMs. 

 
Crossing of these NMs were evaluated through several biological barrier models. 
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Intestinal epithelium 
 
Before starting crossing experiments with in vitro intestinal epithelium model, potential toxicity of 
NMs was evaluated on non-differentiated Caco-2 cells with the MTS cell viability assay using a SOP 
developed in European NanoValid project (available at http://www.nanovalid.eu). Only Ag NM-300K 
(IC50 13.75 µg/ml; CV of 16 % CV) and ZnO NM-110 (IC50 45 µg/ml; CV of 49.2 %) showed a high 
toxic effect. Other NMs only displayed limited (10% of cell death for TiO2 NM-104, 16% fluorescent 
green positively charged SiO2, 18% of cell death for CNT NM-401 and 27% of cell death for Ag NM-
302) or no toxicity. Toxicity potency decreased in the following order: Ag NM-300K>ZnO NM-
110>Ag NM-302>CNT NM-401> green fluorescent positively charged SiO2>TiO2 NM-104>red 
fluorescent negatively charged 50 nm SiO2 (- SiO2)>TiO2 NM-103>red fluorescent positively (+ SiO2) 
charged 50 nm SiO2=SiO2 (NM-200, NM-203)=CeO2 NM-212=TiO2 (NM-100, NM-101). 
In parallel, toxic effect of ZnO NM-110, SiO2 NM-200, TiO2 (NM-103 and NM-104) and green or red 
fluorescent SiO2 NMs was investigated on differentiated Caco-2 cells. As observed on non-
differentiated Caco-2 cells, no toxic effect was observed for SiO2 NM-200, TiO2 NM-103 and 
fluorescent red - SiO2 and + SiO2 on differentiated Caco-2 cells. Interestingly, the significant toxicity 
of ZnO NM-110 or limited toxic effect of green + SiO2 and NM-104 NMs, were no more observed on 
differentiated cells suggesting that differentiation state can modulate the sensitivity of Caco-2 cells to 
toxic agents.  
Following differentiation, Caco-2 cells acquire several features such as cell polarity, microvilli 
formation, tight junctions, expression of brush-border membrane digestive enzymes, secretion and 
assembly of an extracellular matrix that might be in part responsible for protecting them from the 
cytotoxic effect of NMs observed in the undifferentiated cells. In addition, cell density and confluency 
can influence the sensitivity of cells to NMs toxicity; more confluent cells being more resistant to 
NMs effects (Heng et al., 2011). Altogether, these data underlined the importance of differentiation 
state to evaluate the toxic effect of NMs. Using non-differentiated cells could lead to overestimation 
of NMs toxicity.  
 
One important point when evaluating the in vitro biological effects of NMs, is the harmonization of 
dosimetry aspects independently of the assay system (i.e. well plate format) used for the 
experiments (see Table 3 in section 2.3.2.1). In order to maintain the same dose units (µg of 
NMs/cm²) between crossing experiments (using inserts) and cytotoxicity experiments (using 96 well 
plates), assay volumes were adapted.  
 
The LY assay was selected to evaluate the effect of several NMs on the integrity of the in vitro 
intestinal epithelium model. None of tested NMs were shown to alter the intestinal epithelium 
integrity after 24h of incubation. No interference of selected NMs with LY crossing was observed in 
cell free inserts confirming the suitability of this assay to evaluate the impact of NMs on the intestinal 
epithelium integrity.  
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Table 38 summarizes results about internalization and crossing of selected NMs through intestinal 
epithelium.  
 
 

NM ID 
code 

NM 
chemistry 

(core) 

Intracellular 
localization 

(TEM – 
confocal 

microscopy) 

Crossing (analysis of basolateral medium) 

 Cell free inserts Caco-2 cells inserts Conclusion 
Qualitative 

analysis 
(TEM/SEM – 

confocal 
microscopy) 

Quantitative 
analysis (ICP-MS) 

Qualitative 
analysis 

(TEM/SEM – 
confocal 

microscopy) 

Quantitative 
analysis 
(ICP-MS/ 

fluorescence 
levels) 

Crossing 

NM-100 TiO2 N.D. (CM) Yes by SEM (EDX 
confirmation) 

Not performed Yes by TEM by one 
partner/2 (EDX 
confirmation)  

 
Yes by CM 

Not performed Low crossing 

NM-101 TiO2 Not performed Yes by SEM (EDX 
confirmation) 

Yes Yes SEM/TEM by 
one partner/2 (EDX 

confirmation) 
 

Yes by CM 

N.D. <LOQ Low crossing 

NM-110 ZnO Not clear (TEM) 
N.D. (CM) 

N.D. Not performed Yes by CM 
 

Yes TEM (EDX 
confirmation for 

only one sample/3) 

Not performed Low crossing 

NM-200 SiO2 
 

Yes (TEM) Yes by SEM (EDX 
confirmation) but 

limited 

Limited sensitivity 
(high Si 

background levels 
in culture medium) 

Yes by TEM/SEM 
(EDX confirmation) 

but limited 

Limited 
sensitivity 
(high Si 

background 
levels in 
culture 

medium) 

Low crossing 

NM-203 SiO2 
 

Not performed Yes by SEM (EDX 
confirmation) but 

limited 

Not performed Yes by TEM for 
one partner/2 (EDX 

confirmation) 

Not performed Low crossing 

NM-212 CeO2 N.D. (CM) Not performed Yes Yes by CM 
 

Yes by TEM (no 
EDX confirmation) 

Yes Yes 

Fluorescent 
- SiO2 (IIT) 

SiO2 
 

Yes (CM) Not performed Not performed Yes by TEM (EDX 
confirmation) 

Not performed Yes 

Fluorescent 
+ SiO2 (IIT) 

SiO2 
 

Yes (CM) Not performed Not performed Yes by TEM (EDX 
confirmation) 

Not performed Yes 

NM-300K Ag Yes (CM) 
Yes (TEM) 

Yes by TEM Not performed Yes by CM 
 

Yes by TEM (no 
EDX confirmation) 

Not performed Yes 

NM-302 Ag Not clear (TEM) Yes by TEM Not performed N.D. by TEM Not performed No 

Table 38: Summary of internalization and crossing data obtained with indicated NMs through intestinal 
epithelium model. “Yes” indicates detection of NMs inside cells or in basolateral medium; N.D. = not detected. 
“Limited” in columns “qualitative and quantitative analysis” indicated that detection was not made in all 
analyzed samples. CM = confocal microscopy. LOQ = Limit of quantification. For conclusion, “yes” indicates 
detection of NMs in basolateral medium by different partners and techniques. “Low crossing” means that 
detection of NMs in basolateral medium of intestinal barrier model was not observed by all partners and not 
confirmed by different techniques. 

 
 
 
For evaluation of NMs internalization, two technics were used: TEM and confocal microscopy. 
Confocal microscopy allows detection of some metallic NMs (e.g. Silver, Cerium, Titanium and Zinc) 
due to their capability to reflect polarized light but does not distinguish between aggregates and 
individual NMs. Using labelling of specific cellular components (e.g. nuclei and membrane), this 
technic allowed to investigate whether NMs were localized at surface of epithelia or were 
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internalized. Intracellular localization of Ag NM-300K NMs was observed by confocal microscopy 
whereas CeO2 NM-212 and TiO2 NM-100 NMs appeared attached to the plasmatic cell membrane 
outside cells. No NMs were observed on intestinal epithelium after incubation with ZnO NM-110 
NMs. This technique was also suitable to investigate the potential internalization of fluorescent NMs 
such as positively and negatively charged SiO2 NMs. Both - SiO2 and + SiO2 NMs were observed at 
the surface of intestinal epithelium and inside Caco-2 cells without clear difference between the two 
NMs due to the charge.  
In conclusion, confocal microscopy appears to be suitable to evaluate internalization of metallic and 
fluorescent NMs. However, no information about NMs morphology and chemical composition is 
given by confocal microscopy. So, we would recommend to use additional techniques such as TEM 
or Raman which will allow identifying NMs-like structures with morphology and size similar to that of 
raw NMs. If available, EDX analysis of internalized NMs-like structures should be conducted to 
formally confirm the presence of intracellular NMs.  
TEM analysis was used to detect potential intracellular penetration of Ag NM-300K and NM-302, 
SiO2 NM-200 and ZnO NM-110 NMs. Intracellular localization of Ag NM-300K and SiO2 NM-200 
NMs was visualized by TEM suggesting that these NMs could be internalized by intestinal 
enterocytes. Interestingly, internalization data for NM-200 NMs are in accordance with those 
described in Nanogenotox WP5 deliverable (“In vitro testing strategy for nanomaterials including 
database”) where NM-200 NMs were shown to be uptaken by non-differentiated Caco-2 cells. For 
Ag NM-302 and ZnO NM-110 NMs, presence of these NMs inside Caco-2 cells was controversial. 
Both NM-302 and NM-110 like-structures were observed in the cytoplasm of enterocytes but these 
structures were in fact not included in the cellular “background” but rather appeared overlaid on the 
cells. They could be driven during the cutting of tissue slides. Based on these results, TEM 
appeared to be one of the technics currently suitable to study cellular uptake into cells but has 
shown limitations. Indeed, this technique is costly and time-consuming. In addition, caution must be 
taken before drawing final conclusions about the internalization of NMs if no NMs is observed in 
cells. The absence of NMs inside cells in the selected areas might simply result from a very low 
frequency of NMs and therefore a low probability of observation. This conclusion is also valid for 
confocal microscopy. On another hand, observations made with NM-110 and NM-302 NMs indicate 
that particular attention must be worn during TEM analyses to determine whether NMs have actually 
penetrated into cells. 
 
Crossing of NMs was in general evaluated at high concentrations (100 µg/ml) after 24h of 
incubation. Both qualitative (TEM/SEM coupled or not to EDX detector) and quantitative methods 
(PIXE and ICP-MS) were used. Considering qualitative data, it might be concluded that the majority 
of evaluated NMs were able to cross intestinal epithelium. However, these data have to be 
considered with caution. 
In case of intestinal epithelium crossing, the challenge consisted in the detection of small amount of 
NMs into a large volume of basolateral medium (1.5 ml). In addition, observation of NMs after 
incubation in cell culture medium by TEM/SEM is not easy due to the presence of high amount of 
organic components. Therefore, we evaluated whether evaporation of medium and treatment of cell 
culture medium with proteinase K could improve the observation of NMs. Even if treatment with 
proteinase K was shown to slightly reduce the halo formed by organic components surrounding 
NMs, it was still difficult to distinguish NMs from structures not related to NMs due to medium drying 
(i.e. salts, proteins). This consideration could explain inter-laboratory variability in data for some 
NMs such as silica NM-200 and NM-203 NMs and titania NM-100 and NM-101 NMs; some partners 
detecting presence of basolateral NMs whereas other did not. In that context, we consider that 
elemental composition analysis with EDX technique is required in order to confirm the presence (or 
not) of NMs in basolateral cell culture media. EDX analysis should be systematically conducted to 
exclude potential false positive results and avoid false negative results. Importantly, EDX analysis 
should be conducted at high magnification allowing focused analysis of individualized NMs. Indeed, 
UNamur tried to confirm presence of 15 nm Ag NM-300K NMs in basolateral medium of Caco-2 
cells insert by EDX but faced to a limitation of magnification (not higher than 15000-20000x) 
reducing the possibilities to detect individualized Ag NMs and requiring areas with high amount of 
NMs.  
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Additionally, quantitative methods such as ICP-MS and PIXE were used to evaluate the crossing of 
some NMs.  
PIXE method was shown to be not sensitive enough to detect low concentrations (lower than 1 
µg/ml) of SiO2 NM-200, ZnO NM-110, Ag NM-300K and NM-302 suggesting that PIXE is not suitable 
to quantify low NMs concentrations in case of biological barrier crossing. 
ICP-MS analyses showed some Ce2+ values above the limit of quantification (0.01 µg/ml) in 
basolateral medium of intestinal epithelium exposed to CeO2 NM-212 confirming qualitative data 
obtained with confocal microscopy and TEM. All together, these data suggest that CeO2 NM-212 are 
able to cross intestinal barrier. The ICP-MS metal content analysis showed no quantifiable TiO2 NM-
101 translocation (levels below the quantification limits) in basolateral medium of cells inserts 
exposed to TiO2 NM-101 (up to 100 µg/ml). All together with qualitative data, these results suggest a 
limited crossing of TiO2 NM-101.  
TEM and EDX data suggesting crossing of SiO2 NM-200 NMs could not be confirmed by ICP-MS. 
Indeed, a limited sensitivity of ICP-MS for quantification of SiO2 NM-200 NMs (not lower than 100 
µg/ml), due to high Si background in cell culture medium, was observed indicating that this technic is 
not suitable to quantify low concentrations of SiO2 NMs in case of epithelium crossing. Suitability of 
NMs quantification by ICP-MS is therefore dependent on the analytical sensitivity of the method and 
could be limited by the background levels of elements of the same chemical composition present in 
the biological media analyzed. 
 

In vitro and in vivo data comparison for NM-203 
 

In vivo study 
In NANoREG task 4.5.5, a repeated-dose 90-day rat oral toxicity study with NM-203 was performed, 
based on OECD guideline 408. The study aimed to identify and characterize hazard of this NMs, 
particularly relevant for food safety (food additive E551). Administration of NM-203 in rats via oral 
gavage (2, 5 10, 20 and 50 mg/kg bw per day) caused no signs of overt toxicity in both sexes, at any 
dose levels during the whole treatment period. For all endpoints evaluated (histopathological 
analysis, serum biomarkers, genotoxicity, reproductive toxicity, and immunotoxicity) it was 
impossible to define a clear dose-response relationship. Interestingly, male rats showed a wider 
spectrum of toxic effects in comparison to female rats. Biodistribution and deposition in target 
tissues at day 90 were also determined by ICP-MS after tissue dissolution (low LoDs methodology 
developed in Nanogenotox project). Bulk material (silicic acid) at 50 mg/kg bw a day was used for 
the comparative evaluation of tissue biodistribution. No significant biodistribution in target tissues 
investigated (liver, brain, and small intestine) has been reported for male and female rats. Only for 
spleen, at the highest concentration tested (50 mg/kg bw), a slight significant increase of NM-203 
was reported in both sexes suggesting a limited oral absorption and accumulation of NM-203 in the 
studied organs.  
A global evaluation of the in vivo immunotoxicity pointed to enhanced inflammatory response by 
peritoneal macrophages, associated with reduced numbers of circulating white blood cells, and 
increased levels of total IgG antibodies, thus supporting the capacity of orally administered NM-203 
to modulate immune and inflammatory response.  
 
 

In vitro study 
A low translocation (sporadically detected) has been reported in Caco-2 cell barrier model only at 
the highest concentration tested (100 µg/mL). Moreover, no impair of Caco-2 barrier integrity, 
measured by LY assay, was observed after 24 h of treatment with NM-203 at all the concentrations 
tested (10, 25 and 100 µg/mL) even if internalization of NM-203 in Caco-2 cells was described in 
Nanogenotox deliverable WP5 (“In vitro testing strategy for nanomaterials including database”).  
NM203 was tested also on ALI A549 barrier model. In this case, neither impairment nor crossing of 
this NM were detected. 
 

In vitro-in vivo correlation 
A qualitative correlation should be hypothesized between the sporadic translocation detected in 
intestinal epithelial barrier in vitro model and the results obtained in the repeated-dose 90-day rat 
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oral toxicity study in which a limited oral absorption and accumulation of NM-203 in liver, brain, and 
small intestine was reported. 
 
 
In this task, we used a monoculture model formed by differentiated Caco-2 cells. Caco-2 cells are 
able to differentiate during in vitro culture into enterocytes that constitute the major cell type present 
in the intestinal epithelium (up to 85% of the cells forming the intestinal epithelium). The barrier 
model formed by these cells exhibits properties associated with the physical and metabolic barrier of 
the intestinal epithelium. 
The Caco-2 cell monolayer is a widely used in vitro model to predict oral absorption of organic 
compounds, particularly by the pharmaceutical industry (Artursson et al., 2001). In addition, this 
model has also been used to evaluate the intestinal uptake of nanomaterials (Lin et al., 2011, He et 
al., 2013, Bannunah et al., 2014, Gitrowski et al., 2014).  
Using common SOPs and sharing same Caco-2 clone and same FBS batch, a tight intestinal 
epithelium was obtained after 21 days of differentiation using semi-permeable inserts by all partners. 
Integrity of intestinal epithelia was checked during the whole differentiation and before each crossing 
experiment by measuring TEER confirming the complete differentiation of Caco-2 cells.  
Two SOPs derived from ECVAM protocol DB_ALM SOP n. 142 were set up within this task 
(annexes 2 and 3). One describes the procedure to maintain in culture and differentiate Caco-2 
cells. The second displays the procedure to follow 1) to measure TEER; 2) incubation with NMs and 
3) evaluation of NMs impact on the integrity of epithelia using the paracellular marker LY. Cell free 
inserts were included in order to evaluate the potential interference of NMs with LY crossing. Indeed, 
it is essential to ensure that NMs will not interfere with in vitro assay that could lead to false negative 
or false positive results (Worlke-knirch et al., 2008; Monteiro-Riviere et al., 2009; Kroll et al., 2012). 
These cell free inserts were also used to investigate the impact of insert membrane in the crossing 
of NMs (see below). These two SOPs have been uploaded on CIRCABC 
(https://circabc.europa.eu/w/browse/fe1ea854-be73-4f58-a2ba-4bc2ce42ee62; 
https://circabc.europa.eu/w/browse/d530d78d-19c7-4d15-bf6c-35e079f9577b) and can be 
considered for NANoREG tollbox as starting protocols to obtain a reproducible in vitro thigh 
intestinal epithelium model and to evaluate the impact of NMs on the its integrity (LY assay). An 
excel file (LY permeability V2) to report data about Lucifer yellow permeability is also available on 
CIRCABC (https://circabc.europa.eu/w/browse/461731ee-767b-4732-9a19-b2b810a2590c)  
In parallel of the study of NMs impact on intestinal barrier integrity, we showed that Caco-2 cells 
were able to internalize some of tested NMs. Limited crossing of several NMs through this model 
was also observed. 
However, as described above, evaluation of NMs crossing through intestinal barrier model was not 
easy due to several technical limitations such as difficulties to observe NMs in culture medium due 
to organic components and interference of the membrane (see below) that could lead to 
underestimation of NMs crossing. For instance, presence of high amount of organic components in 
cell culture medium interferes with the observation of NMs by TEM/SEM and could lead to either 
false positive results (see NM-200 results, chapter 2.4.1.4.1.2.1 where NM-200 could be confounded 
with organic structures) or false negative results. 
Consequently, these technical problems limited reliable evaluation of NMs crossing using this in vitro 
barrier model. 
 
Moreover, the Caco-2 model, represents a simplification compared to the complexity of in vivo 
intestinal barrier. Indeed, even if intestinal epithelium is mainly constituted of enterocytes, other 
specialized cell types are also present as globlet cells secreting mucus (composed of heavily 
glycosylated proteins -mucins-) in the intestinal lumen. Goblet cells can be mimicked in vitro using 
mucus secreting cell lines such as HT29-MTX. A model of co-culture of Caco-2 and goblet-like 
HT29-MTX cells (Mahler et al., 2009) could be considered in order to take into account impact of 
mucus on the crossing of NMs. In addition, M cells are a specialized cell type found in epithelium 
that covers mucosa-associated lymphoid tissue (named follicle associated epithelium –FAE-) in the 
digestive tract; they play a central role in the initiation of mucosal immune responses by transporting 
antigens, macromolecules and microorganisms to deliver them to the underlying lymphoid tissue. M 
cells, unlike absorptive enterocytes, lack a highly organized apical brush border and glycocalyx, and 

https://circabc.europa.eu/w/browse/fe1ea854-be73-4f58-a2ba-4bc2ce42ee62
https://circabc.europa.eu/w/browse/d530d78d-19c7-4d15-bf6c-35e079f9577b
https://circabc.europa.eu/w/browse/461731ee-767b-4732-9a19-b2b810a2590c
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are poorly equipped with digestive enzymes. In addition, their basolateral surface is deeply 
invaginated to form intra-epithelial pockets that are in intimate contact with lymphocytes that migrate 
to this peculiar compartment from lymphoid tissue. An in vitro FAE model can be obtained by co-
culturing Caco-2 cells with human human Burkitt’s lymphoma Raji B cells (des Rieux et al., 2007).  
It should be interesting to compare crossing “behaviour” of NMs through “classical” Caco-2 model 
with these more complex models in order to avoid potential under- or overestimation of NMs 
crossing. Obviously, technical limitations identified with Caco-2 model will also be encountered and 
should firstly be counteracted to have a more reliable overview of the potential crossing of NMs 
through intestinal models. 
 
 
Oral mucosa 
 
The in vitro reconstructed 3D oral mucosa models was obtained by using oral keratinocytes and 
fibroblasts isolated from normal oral tissue samples taken from healthy human volunteers 
undergoing extraction of the wisdom tooth. This model represents more closely the in vivo situation 
(Costea et. al. 2002; 2003), however it has some limitations, such as lack of vascularization, 
immune cells, a covering mucous layer as well as saliva as dispersion medium. Indeed, for both 
native and reconstructed 3D oral mucosa, the epithelium is composed of multiple layers of 
hierarchically organized keratinocytes. Various mechanisms and structures participate to ensure the 
barrier function of the oral epithelium such as extracellular lipid granules, tight junctions, 
desquamation of the superficial keratinocyte layer, and basement membrane (Costea et al, 2003). 
The oral mucosa model SOP (annex 1; available on CIRCABC; 
https://circabc.europa.eu/w/browse/90defedb-9160-4260-9eec-2c2783f111bb) established at UiB 
was adapted for NMs crossing evaluation. The adaptation consisted mainly in doing many of the 
procedures manually in order to avoid particle contamination and thus false positives.  
The impact of NMs on the barrier integrity could not be determined (LY assay and multiple dye 
assay were found not suitable for the 3D oral mucosa model). NM crossing was assessed by 
evaluating the presence of NM in the tissue by fluorescent microscopy for fluorescent NMs and by 
ultra-high resolution darkfield microscopy (CytoViva) for non-fluorescent NMs. For this evaluation, 
NMs were considered to successfully penetrate the oral mucosa barrier if they were found present 
throughout the entire thickness of epithelium and into the underlying connective tissue. For all NMs 
tested (NM-101, NM-300K, NM-302, - SiO2, and + SiO2), particles could be detected at various 
levels within the epithelium, mainly superficially, but no complete penetration of the epithelium was 
observed after a 24 h exposure period. The exposed models displayed desquamation of cells 
carrying NMs, indicating that the NMs tested were removed in a good part from the tissue by the 
process of desquamation. Only sporadically NMs were observed attached to the remaining surface 
and penetrating into the upper layers of the epithelium. The deepest relative penetration depth 
measured for NMs was of 15.3% of all epithelial thickness for – SiO2 at at 200 µg/ml. 
At all selected concentrations (5, 20, and 200 μg/ml), light microscopy qualitative evaluation did not 
reveal modifications in the tissue morphology of models exposed to - SiO2, + SiO2, NM-300K, NM-
302, and NM-101. . 
In conclusion, the oral mucosa model can be used to assess NM penetration but is a time- and 
resource- (money and manpower) consuming model and thus little suited for quantitative screening 
of NM penetration. 
 
 
A549 ALI model  
ALI cultures are obtained by growing A549 cells on filters followed by removal of cell media from the 
apical side (top side), in this way, cell models simulate better the real in vivo situation.  
No toxic effect was observed for SiO2 NMs (NM-200, NM-203, - SiO2 and + SiO2); TiO2 NM-100 and 
Ag NMs (NM-300K and NM-302) on immerged A549 cells up to 100 µg/ml. Only NM-101 produced a 
decrease of cell viability at the high concentrations used (decrease of 30% of viability at 100 μg/ml). 
NM-101, NM-300K, NM-302K impaired the integrity of alveolar epithelium model (ALI model) at high 
concentrations used (≥ 25 µg/ml). On the contrary, NM-100 NMs and all the silica NMs tested (NM-
200, NM-203, - SiO2 and + SiO2) did not impair the A549 barrier. Red fluorescent silica NMs were 

https://circabc.europa.eu/w/browse/90defedb-9160-4260-9eec-2c2783f111bb
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internalized by the cells, and were located in the cytoplasm (confocal microscopy observations). 
Flow cytometry analysis showed no crossing for all the NMs tested. However, one cannot exclude 
that this observation could be related to an interference of insert membrane NMs being retained by, 
into the membrane (see below). 
In addition, it may be highlighted that the presence of non-functional tight junctions within this model 
may indicate that alternative, more complex 3D in vitro models may need to be incorporated into the 
battery of in vitro systems to assess for NMs penetration across the inhalation route as the 
reconstituted 3D Airway epithelia model using human primary cells used in task 5.4. 
 
 
 
Blood-brain barrier 
 
A co-culture of bEnd.3 cells and primary rat astrocytes was used to set up an in vitro BBB model. 
The bEnd.3 cell line derived from immortalized mouse brain endothelial cells is of interest because 
of its advantages over primary cell culture, including the ability to maintain BBB characteristics over 
many passages and its low cost. Previous RT-PCR analysis showed that bEnd.3 cells express the 
tight junction proteins ZO-1, ZO-2, occludin and claudin-5, and junction adhesion molecules (Song 
et al., 2003; Watanabe et al., 2013). They also maintained functionality of the sodium- and insulin- 
dependent stereospecific facilitative transporter GLUT-1 and the P-glycoprotein efflux mechanism, 
formed fairly tight barriers to radiolabeled sucrose, and responded like primary cultures to disrupting 
stimuli. This cell line was grown as monolayers and supported by primary rat astrocytes to form co-
cultures.  
No cytotoxicity was observed at tested NMs concentrations NM-100, NM-101, NM-212, NM-220 
(100 µg/ml) for each of the cell models under study (Caco-2 and Bend.3 co-cultured with rat 
astrocytes). 
ICP-OES analysis (carried out after 30 min and 1 hour) of basolateral medium showed no crossing 
of NM-212, NM-220, NM-110 and NM-101 at a maximum concentration of 0.1 mg/ml through BBB 
model. BBB crossing times were selected based on the assumption of continuous blood supply into 
the brain. Under these conditions we have observed crossing of actives carried by polymeric 
particles but, as a conclusion, it may be required to adjust crossing times to the particulars of 
NANoREG materials. Even if ICP-OES stood as a potential technology to quantify core NANoREG 
materials due to its capacity to detect metals at low concentrations (detection limits identified: 
Barium: 12 ng/ml, Cerium: 30 ng/ml and Titanium: 18 ng/ml) the use of this methodology should be 
further refined for NMs detection under NANoREG working concentrations. 
 
 
Interference of insert membrane in the translocation of NMs 
An important point to consider in the evaluation of NMs crossing through biological barrier models is 
the potential interference of insert membrane. Indeed, in all barrier models used in task 5.3, 
excepted oral mucosa model (where NMs were considered to successfully cross the oral mucosa 
barrier if they penetrated through the epithelium) crossing of NMs was evaluated by analyzing 
basolateral medium. In that context, transwells with 0.4 µm pore size originally recommended by 
ECVAM in DB_ALM protocol n°142 were replaced by inserts with 1 µm pore size in order to reduce 
the interference of membrane in crossing of NMs due to the small pore dimension. These inserts 
were used with intestinal and alveolar epithelium models (12 well plate) and BBB model (24 well 
plate). 
 
Basolateral media of cell free inserts were analyzed by TEM/SEM coupled or not to EDX detector 
and by quantitative ICP-MS and ICP-OES methods. TEM/SEM analysis revealed presence of Ag 
NM-300K- and NM-302-like structures with a similar size to that of NMs in water – 0.05% BSA stock 
solution in basolateral media of cell free inserts, suggesting that NMs were able, at least partially, to 
cross insert membrane. Crossing of silica NMs (fluorescent + SiO2 and - SiO2 and SiO2 NM-200 and 
NM-203 NMs) and titania NMs (NM-100, NM-101 NMs) through cell free inserts was also observed 
by TEM/SEM and confirmed by EDX analysis. Crossing of CeO2 NM-212 and TiO2 NM-101 NMs 
through cell free insert membrane was confirmed by ICP-MS analysis. However, this translocation 
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appeared to be limited: between 6 and 22% for TiO2 NM-101 NMs and 11 – 17% for CeO2 NM-212 
depending on NMs concentration. Importantly, a huge amount of these NMs (around 46% for NM-
101 and 56% for NM-212 of total amount of NMs) was detected in the insert (including insert 
membrane, insert wall and basolateral wall) confirming that almost half of the initial NMs quantity did 
not cross insert membrane. In parallel, an estimated filter retention value of 10% of the total NMs 
quantity was calculated following ICP-OES measurement for NM-100, NM-101, NM-212 and NM-
220 NMs after 60 min exposure of BBB model to NMs.  
All together, these data indicate that insert membrane interferes with the NMs passage even in 
absence of cells impairing their translocation and suggesting that NMs passage through in vitro 
barrier models could be underestimated. To minimize membrane interference into NMs 
translocation, commercially available transwells with membrane with higher pore size (e.g. 3 µm) 
could be used with the risk of cells crossing and “colonization” of basolateral side of membrane 
during the differentiation process. 
Alternatively, ultrathin silicon nitride membrane with reproducible, ordered pores and tunable pore 
size/density could be used for the evaluation of NMs crossing. CSEM (Centre Suisse d’Electronique 
et de Microtechnique) in Switzerland has developed porous supports characterized by ultrathin 
membrane (500 nm) 20 times thinner than commercial transwell membranes (10 µm). This 
membrane thickness reduction is important in the framework of evaluation of NMs crossing as a 
reduced thickness directly influences the diffusion time through the membrane. In addition, these 
silicon nitride membranes display ordered, reproducible pores distribution with no pore merging and 
can be obtained with pore density finely tunable whereas the commercially available inserts display 
a random distribution of the pores that could interfere with NMs crossing. 

Finally, platinum electrodes can also be integrated on these porous supports allowing more easily 
and reproducibly TEER measurements than classical chop-stick electrodes (Angeloni Suter et al., 
2011; Patent US20130022500 - Clamping insert for cell culture). 
Considering all these information, these ultrathin silicon nitride membrane supports should be 
considered as an alternative to reduce membrane interference in the evaluation of NMs crossing but 
their ability to interact with NMs should be checked. 
 
Final conclusion 
Use of in vitro barrier models are currently subject to too much limitations and interference to be 
recommended as such for a reliable evaluation of the potential crossing of NMs through biological 
barriers. Even if development of reproducible and well differentiated biological barrier models 
representative of in vivo situations (except alveolar epithelium model due to absence of functional 
tight junctions) was achieved, important technical limitations were identified. These include 
interference of insert membrane, limited sensibility of some quantitative methods (e.g. PIXE), 
important volume of basolateral medium and presence of organic matter in culture media rendering 
difficult the reliable evaluation of NMs crossing. 
Given the relevance that absorption data through epithelial barriers have in risk assessment of NMs, 
particularly for which concern systemic effects evaluation, a further improving step in the set-up of in 
vitro barrier models is necessary. In particular, a combination of complementary analytical 
techniques (both qualitative and quantitative) is required to avoid underestimation of crossing 
events. 
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Answers to regulatory questions: 
 

 
 
 
 
 
 
 
 
 
 
 

 
Question 2: Measurement and characterization 
 
All partners followed the same dispersion protocol (Nanogenotox protocol). 
Size distribution of NMs was analyzed in water – 0.05% BSA and in cell culture media used with the 
different in vitro models mainly by DLS but also with centrifugal liquid sedimentation (CLS). These 
data are useful to determine the “behavior” of NMs once dispersed in cell culture media and to 
determine whether cells were exposed to agglomerates and/or individual NMs (primary particles). 
DLS displays NMs size distribution giving a Z-Average (mean particle size). CLS analyses NMs size 
distribution by resolving hydrodynamic diameter peaks allowing identification of NMs agglomerates 
and primary particles. 
These two technics appear complementary to determine the “behavior” of NMs once diluted in cell 
culture media and to determine whether cells were exposed to agglomerates and/or individual NMs. 
Four different TiO2 NMs were evaluated by DLS: NM-100, NM-101, NM-103 and NM-104. Mean size 
of NM-100 (around 250 nm) appeared to be quite similar in water – 0.05% BSA stock solution and 
intestinal culture medium independently of incubation time. However, higher z-average value was 
measured after dilution in A549 cell culture medium suggesting that composition of culture medium 
could modulate aggregation state of NM-100 NMs. Mean size of NM-103 in stock solution was 
similar to that of NM-100. However, mean size of these NMs was reduced after dilution into 
intestinal cell culture medium (150-190 nm) suggesting a dispersant effect of cell culture medium. A 
similar size was also observed for both NM-101 and NM-104 in water – 0.05% BSA (around 450 
nm). After dilution in intestinal cell culture medium (time 0) mean size of NM-101 was similar (401 ± 
124 nm) but was reduced after 24h of incubation suggesting that cell culture medium could allow 
dispersion of these NMs with time. Same observation was made in oral mucosa culture medium. For 
NM-104, mean size was reduced directly after dilution in intestinal cell culture medium (time 0) and 
similar after 24h of incubation. These data suggested that the different TiO2 NMs showed different 
agglomeration state upon dilution in cell culture medium.  
For SiO2 NM-200 and NM 203 NMs, a smaller mean size was observed for NM-203 NMs in stock 
solution in comparison with NM-200. This size was similar at time 0 in intestinal cell culture medium 
but increased after 24h of incubation for NM-203. For NM-200, mean size slightly decrease with time 
in intestinal cell culture medium. Interestingly, a good inter-laboratory reproducibility was observed in 
the DLS measurement. 
CLS analysed showed that NM-200 mainly formed agglomerates in water – 0.05% BSA with a mean 
peak of 1139 nm. A second peak at 142 nm was also measured. These two peaks were also 
observed after dilution in Caco-2 cell culture medium independently of incubation time. A slight 
reduction of the main peak size was also noticed, suggesting a slight dispersant effect of culture 
medium.  
Size of primary particles (size distribution in number) appeared to be relatively similar (around 31.9 
nm) independently of the solution (water – 0.05% BSA stock or cell culture medium) and incubation 
time. 
Size distribution analysis of fluorescent 50 nm + SiO2 and – SiO2 NMs in intestinal cell culture 
medium was more complicated; an important variability was observed with both by DLS and CLS 

 Questions related to Task 5.3 

2 Measurement and characterization 

6 Fate, persistence and long-term effects 

7 Kinetics and fate, determination 

9 Mode of action: 

10 Hazard 
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rendering difficult the identification of a clear size distribution profile. In oral mucosa medium, a 
similar mean size was measured for both NMs without limited effect of culture medium and 
incubation time. 
For ZnO NM-110, mean size measured in stock solution (243 nm) largely increased in intestinal cell 
culture medium with no significant impact of incubation time. Size distribution analysis of ZnO NM-
110 NMs by CLS revealed that these NMs mainly formed agglomerates with a mean peak 
(corresponding to maximum weight measured) around 226 nm in both water – 0.05% BSA stock 
solution and in intestinal cell culture medium independently of incubation time. Presence of 
individualized NM-110 NMs was likely limited as no clear peak was detected in cell culture medium 
by measuring size distribution in relative particle number. 
For both CeO2 NM-212 and Ag NM-300K NMs, mean size measured by DLS was similar 
independently of medium and incubation time except for NM-300K in oral mucosa medium where a 
reduction by half of the mean size was noticed in comparison with stock solution. 
CLS analysis of Ag NM-300K NMs size distribution revealed presence of a mean peak around 10 
nm corresponding to primary NMs in both water – 0.05% BSA stock solution and in intestinal cell 
culture medium regardless of incubation time. A smaller peak was also detected around 179 nm in 
all solutions suggesting formation of some small agglomerates of NM-300K NMs. Interestingly, the 
size of primary NMs corresponds to the size reported by NM-300K datasheet (15 nm). Altogether 
these data indicated that NM-300K NMs are mainly dispersed as primary particles in both water – 
0.05% BSA stock solution and in cell culture medium. 
Size distribution analysis by CLS of NM-302 NMs revealed presence of a mean peak around 433 
nm in both water – 0.05% BSA stock solution and in intestinal cell culture medium independently of 
incubation time. The size of this peak was quite similar to that of the peak measured in number 
indicating that NM-302 NMs are mainly monodispersed. 
 
Questions 6 and 7: Fate, persistence and long-term effects; Kinetics and fate, determination 
 
To understand and predict effects of NMs in organisms, it is essential to determine how these NMs 
will distribute in an organism. The crossing of biological barriers is a crucial aspect in that context. 
For evaluation of NMs internalization, two technics were used: TEM and confocal microscopy. 
Confocal microscopy appears to be suitable to evaluate internalization of metallic (based on their 
capability to reflect polarized light) and fluorescent NMs. However, no information about NMs 
morphology and chemical composition is given by confocal microscopy. So, we would recommend 
to use additional techniques such as TEM or Raman, which will allow identifying NMs-like structures 
with similar morphology and size to that of raw NMs. If available, EDX analysis of internalized NMs-
like structures should be conducted to formally confirm the presence of intracellular NMs. 
TEM analysis appeared to be useful to detect intracellular localization of Ag NM-300K and SiO2 NM-
200. However, for Ag NM-302 and ZnO NM-110, presence of these NMs inside Caco-2 cells was 
controversial. Both NM-302 and NM-110 like-structures were observed in the cytoplasm of 
enterocytes, but these structures were in fact not included in the cellular “background” but rather 
appeared overlaid on the cells. They could be driven during the cutting of tissue slides. Based on 
these results, we can conclude that TEM appeared to be one of the technics currently suitable to 
study cellular uptake into cells but has shown limitations. Indeed, this technic is costly and time-
consuming. In addition, caution must be taken before drawing final conclusions about the 
internalization of NMs if no NMs is observed in cells. This absence of NMs inside cells might simply 
result from a very low frequency of NMs and therefore a low probability of observation. On another 
hand, observations made with NM-110 and NM-302 indicate that particular attention must be paid 
during TEM analyses to determine whether NMs have actually penetrated into cells.  
 
Regarding long term effects, most of the particles remained within the upper third of the epithelial 
tissue in the 3D oral mucosa models. Although within physiological limits after single 24h exposures, 
the increased epithelial desquamation at higher NM concentrations may trigger changes with 
adverse consequences in the long term. 
 
Crossing of NMs was evaluated with both qualitative (TEM/SEM coupled or not to EDX detector, 
flow cytometry) and quantitative methods (PIXE, ICP-OES and ICP-MS): 
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Qualitative methods 
In case of intestinal epithelium crossing, the challenge consisted in the detection of small amount of 
NMs into a large volume of basolateral medium (1.5 ml). In addition, observation of NMs after 
incubation in cell culture medium by TEM/SEM is not easy due to the presence of high amount of 
organic components. NMs-like structures can be confounded with structures not linked to NMs but 
resulting from medium drying. In addition, the large volume of basolateral medium (1.5 ml) reduces 
the chance to detect presence of small amount of NMs in case of crossing. Some partners have 
reported that treatment of basolateral culture media with proteinase K following by evaporation 
slightly improves the observation of NMs by TEM/SEM. However, in order to confirm presence (or 
not) of NMs in basolateral cell culture media and exclude potential false positive results, we consider 
that elemental composition analysis, with the EDX technique, is required.  
Flow cytometry was used to evaluate the potential crossing of several NMs through the alveolar 
model. This technique was shown to be able to detect NMs in water stock solution by defining an 
appropriate threshold value. No NMs were detected in basolateral medium of alveolar model treated 
with NMs suggesting no crossing of these NMs. However, we cannot exclude an interference of 
insert membrane, as discussed below, that could lead to an underestimation of crossed NMs.  
 
Quantitative methods 
In order to quantify amount of NMs that could cross intestinal epithelium, ICP-MS, ICP-OES and 
PIXE analysis were used. PIXE method was shown to be not sensitive enough to detect low 
concentrations (lower than 1 µg/ml) of SiO2 NM-200, ZnO NM-110, Ag NM-300K and NM-302 NMs 
suggesting that PIXE is not suitable to quantify low NMs concentrations in case of biological barrier 
crossing. 
ICP-MS was shown to be able to analyze crossing of CeO2 NM-212 NMs and TiO2 NM-101 NMs. 
However, this technique showed limitation for silica NMs. Indeed, a limited sensitivity of ICP-MS for 
quantification of SiO2 NM-200 NMs (not lower than 100 µg/ml), due to high Si background in cell 
culture medium, was observed indicating that this technique is not suitable to quantify SiO2 NMs in 
case of low epithelium crossing. Suitability of NMs quantification by ICP-MS is therefore dependent 
on the analytical sensitivity of the method and could be limited by the background levels of elements 
of the same chemical composition present in the biological media analyzed. 
ICP-OES was used in task 5.3 to evaluate potential crossing of four NMs i.e. NM-100, NM-101, NM-
212 and NM-220. This technique allowed quantification of the elements of interest (Ce, Ti and Ba) 
by interpolation of a standard curve obtained from commercial standards of the elements under 
study. Values obtained after ICP-OES analysis for all tested NMs were below the standard negative 
control suggesting no crossing of these NMs through BBB model. Further fine-tuning of the ICP-
OES is required if this technology is to be used for NMs quantification, though our results indicate 
that it may be suitable to detect Ti, Ba and Ce at relevant concentration used routinely in cell culture 
experiments. 
 
Another important point to consider in the evaluation of NMs crossing through barrier model is the 
potential interference of insert membrane in the translocation of NMs into basolateral medium. Even 
if transwells with 1 µm pores were selected to reduce as much as possible interference of 
membrane in the crossing of NMs, our data indicated that insert membrane strongly reduced their 
translocation suggesting that crossing of NMs through barrier models could be underestimated. 
Indeed, ICP-MS analysis revealed a limited translocation for TiO2 NM-101 NMs (between 6 and 
22%) and CeO2 NM-212 NMs (11 – 17%). Importantly, a huge amount of these NMs (around 46% 
for NM-101 and 56% for NM-212 of total amount of NMs) was calculated to be retained by the 
system confirming that almost half of the initial NMs quantity did not cross insert membrane.  
Based on experience accumulated in task 5.3, no “gold” technique can be put forward to formally 
conclude to a crossing of a specific NMs. Each tested techniques has shown its own limitation(s). A 
combination of complementary techniques (qualitative and quantitative) is therefore required to 
conclude about crossing of NMs. We identified several critical points in the evaluation of NMs 
crossing through biological barrier models including interference of insert membrane, important 
volume of basolateral medium and presence of organic matter in culture media rendering difficult the 
observation of NMs by TEM/SEM. 
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Question 9: Mode of action 
 
Impact of charge on the crossing of SiO2 NMs through different barrier models was considered in 
task 5.3. Based on qualitative analyses, both - SiO2 and + SiO2 NMs were shown to be internalized 
and to cross intestinal epithelium model without clear difference due to the charge. These 
preliminary results need to be confirmed by quantitative data. Similar observations were made in 
A549 ALI model where both NMs were localized inside cytoplasm. In oral mucosa model, - SiO2 
NMs were found to penetrate the deepest inside the upper surface layer of the model after 24h of 
incubation with an average deepest relative penetration depth of approximately 15.13% of the 
epithelium height at 200 µg/ml. This was found to be statistically significantly deeper when 
compared to the + SiO2 NMs which had a deepest relative penetration depth of 6.13% at 200 µg/ml. 
In this model, NMs charge could play a role in the penetration of SiO2 NMs. NM-101, NM-300K, and 
NM-302 penetrated into the upper layer of the epithelium. 
Ag NM-300K and NM-302 NMs are characterized by different physico-chemical parameters. NM-
300K NMs are spherical 15 nm NMs whereas NM-302 NMs have a rod-shaped with a mean 
thickness of 282.6 ± 134.1 nm and a mean length of 3123.3 ± 1493.1 nm. Spherical NM-300K NMs 
were shown to be internalized and cross intestinal epithelium by TEM and confocal microscopy (no 
confirmation by EDX analysis). No internalization and no crossing for rod-shaped NM-302 NMs. No 
crossing was also reported for MWCNT NM-401 suggesting that high aspect ratio NMs are not able 
to cross intestinal epithelium.  
These data suggest that shape could modulate interaction of NMs with their cellular environment 
and modify their cellular internalization, blood flow and drug delivery (Geng et al., 2007). Frustrated 
phagocytosis by alveolar macrophages was also reported by Poland et al. in presence of long 
MWCNT (Poland et al. 2008). 
 
Question 10: Hazard 
 
Before starting evaluation of NMs crossing through different biological barrier models, potential NMs 
toxicity was evaluated using MTS viability assay (excepted one partner using cell counter method) 
and following common MTS protocol set up in European NanoValid project. Benzalkonium chloride 
(BC) was used as positive control for Caco-2 cells. Data obtained with BC showed a good inter-
laboratory reproducibility with a mean IC50 of 4.65 ± 0.9 µg/ml indicating that BC constitutes a good 
positive control for Caco-2 cells. A good inter-laboratory reproducibility was also obtained for several 
NMs suggesting that MTS viability assay is suitable to evaluate toxic effect of NMs as recommended 
in other European projects (NanoValid, QualityNano). Interestingly, different NMs toxic effect were 
observed between non-differentiated and differentiated Caco-2 cells suggesting that differentiation 
state can modulate the sensitivity of Caco-2 cells to toxic agents underlining the importance of 
differentiation state to evaluate the toxic effect of NMs. Using non-differentiated cells could lead to 
overestimation of NMs toxicity.  
 
 
Points to consider for the NANoREG framework  
 
1) Cell differentiation state: Toxic effects of NMs could be modulated depending on the 
differentiation status of cells used for in vitro studies. In task 5.3, a higher toxic effect was noticed for 
some NMs on non-differentiated intestinal Caco-2 cells than on differentiated Caco-2 cells. In 
addition, cell density and confluency can influence the sensitivity of cells to NMs toxicity; more 
confluent cells being more resistant to NMs effects (Heng et al., 2011). Altogether, these data 
underlined the importance of differentiation state to evaluate the toxic effect of NMs. Using non-
differentiated cells could lead to overestimation of NMs toxicity. From this point of view, it is 
extremely important for data comparison to standardize and to monitor the differentiation process. 
The SOP developed within this task to maintain in culture and differentiate Caco-2 cells is 
particularly suitable for this purpose. 
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2) LY assay was shown to be suitable to evaluate the effect of NMs on intestinal epithelium and BBB 
model integrity. No interference of NMs with this assay was observed. However, LY assay and 
multiple dye assay were found not suitable for the 3D oral mucosa model and thus the impact of 
NMs on the barrier integrity of this model could not be determined. 
 
3) Suitability of in vitro barrier models to evaluate the NMs crossing through biological barriers 
Evaluation of NMs crossing through in vitro barrier models: 
 
In vitro barrier models developed in task 5.3 such as intestinal epithelium model have proven to be 
quite reproducible in NMs crossing/internalization evaluation. For instance, a limited oral absorption 
SiO2 NM-203 was observed both in vitro using Caco-2 model and in vivo following an oral repeated-
dose 90-day rat oral toxicity study.  
However, due to several technical limitations and interferences, these in vitro models have currently 
a limited suitability to a reliable evaluation of NMs crossing. The main limitation of these models is 
the interference of the transwell membrane playing a physical barrier role in the NMs crossing.  
In case of oral mucosa model, interference of membrane does not arise as the NMs were 
considered to successfully cross the oral mucosa barrier if they penetrated through the epithelium. 
So, oral mucosa model appears to be suitable for evaluation of NMs crossing but not for screening 
(medium or high throughput) as it constitutes a time- and resource (money and manpower) 
consuming model. 
 

Recommendation:  

As an alternative to commercially available transwells characterized by a 10 µm membrane 
thickness and a random distribution of the pores, use of ultrathin membrane with reproducible, 
ordered pores and tunable pore size/density developed by CSEM (Angeloni Suter et al., 2011; 
Patent US20130022500 - Clamping insert for cell culture) should be considered through 
evaluation of their ability to interfere with NMs crossing. 

 
The Caco-2 model, despite widely accepted as a suitable in vitro model of the absorptive intestinal 
epithelium for drug transport and metabolism studies, represents a simplification compared to the 
complexity of in vivo intestinal barrier. Indeed, even if intestinal epithelium is mainly constituted of 
enterocytes, other specialized cell types are also present as globlet cells secreting mucus and 
specialized antigen presenting M cells. 
 

Recommendation:  
It should be interesting to compare crossing “behaviour” of NMs through “classical” Caco-2 
model with more complex models (e.g. co-culture FAE model) in order to avoid potential under- 
or overestimation of NMs crossing. Obviously, technical limitations identified with Caco-2 model 
will also be encountered and should firstly be counteracted to have a more reliable overview of 
the potential crossing of NMs through intestinal models. 

 
4) The different techniques used to evaluate the potential internalization and crossing of NMs trough 
in vitro barrier models have shown limitations.  
For instance, confocal microscopy appears to be suitable to evaluate internalization of metallic and 
fluorescent NMs. Using labelling of specific cellular components (e.g. nuclei and membrane), this 
technic allowed to investigate whether NMs were localized at surface of epithelia or were 
internalized. However, no information about NMs morphology and chemical composition is given by 
this technique render difficult the firmly identification of NMs. 
 

Recommendation:  
We would recommend to use additional techniques such as TEM which will allow identifying 
NMs-like structures with morphology and size similar to that of raw NMs. If available, EDX 
analysis of internalized NMs-like structures should be conducted to formally confirm the 
presence of intracellular NMs. 
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TEM is also useful to study NMs cellular uptake but has shown limitations. Indeed, this technique is 
costly and time-consuming. In addition, caution must be taken before drawing final conclusions 
about the internalization of NMs if no NMs is observed in cells. The absence of NMs inside cells in 
the selected areas might simply result from a very low frequency of NMs and therefore a low 
probability of observation. This conclusion is also valid for confocal microscopy. On another hand, a 
careful attention must be worn during TEM analyses to determine whether NMs have actually 
penetrated into cells. Data obtained in task 5.3 indicated that NM-like structures were in fact not 
included in the cellular “background” but rather overlaid on the cells. They could be driven during the 
cutting of tissue slides. 
 
TEM/SEM was also used to evaluate the crossing of NMs through biological barriers. 
A first limitation was linked to a “dilution” problem as the presence of NMs had to be analyzed into a 
large volume of basolateral medium (1.5 ml).  
 

Recommendation:  
Evaporation of culture medium to concentrate NMs into a small volume. 
 

Secondly, observation of NMs after incubation in cell culture medium by TEM/SEM was not easy 
due to the presence of high amount of organic components generating an opaque background. 
 

Recommendation:  
Basolateral medium was treated with proteinase K known to cleave high molecular weight 
proteins. A limited reduction of the halo formed by organic components surrounding NMs was 
obtained not greatly improving the observation of NMs in cell culture medium. 
To avoid false negative and/or false positive results, we consider that elemental composition 
analysis with EDX technique should be systematically conducted in order to confirm the 
presence (or not) of NMs in basolateral cell culture media. 

 
 
5) Quantitative techniques used to evaluate the potential crossing of NMs trough in vitro barrier 
models have shown limitations.  
 
PIXE method was shown to be not sensitive enough to detect low concentrations (lower than 1 
µg/ml) of SiO2 NM-200, ZnO NM-110, Ag NM-300K and NM-302 suggesting that PIXE is not suitable 
to quantify low NMs concentrations in case of biological barrier crossing. 
Suitability of NMs quantification by ICP-MS is dependent on the analytical sensitivity of the method 
and could be limited by the background levels of elements of the same chemical composition 
present in the biological media analyzed (e.g. NM-200). 
ICP-OES was used in task 5.3 to evaluate potential crossing of four NMs i.e. NM-100, NM-101, NM-
212 and NM-220. This technique allowed quantification of the elements of interest (Ce, Ti and Ba) 
by interpolation of a standard curve obtained from commercial standards of the elements under 
study. Values obtained after ICP-OES analysis for all tested NMs were below the standard negative 
control suggesting no crossing of these NMs through BBB model. Further fine-tuning of the ICP-
OES is required if this technology is to be used for NMs quantification, though our results indicate 
that it may be suitable to detect Ti, Ba and Ce at relevant concentration used routinely in cell culture 
experiments. 
 

Recommendation:  
Based on experience accumulated in task 5.3, no “gold” analytical technique can be put forward 
to formally conclude to a crossing of a specific NMs. Each tested techniques has shown its own 
limitation(s). A combination of complementary analytical techniques (qualitative and quantitative) 
is therefore required to conclude about crossing of NMs. 
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General conclusion: 
Currently, few scientific knowledge on NMs biokinetics are available and the set-up of nanospecific 
PBPK (physiologically based pharmacokinetic) models is still long way off. In any case, for PBPK 
models epithelial barrier absorption data provide essential information to estimate internal dose 
and/or systemic effects.  
Results obtained in the present task with four different in vitro models of epithelial barrier indicate 
that many technical aspects have yet to be resolved before they can fully be used in NMs risk 
analysis.  
Currently, analytical technique limitations do not allow a reliable prediction nor a reliable 
comparison/ranking between NMs in terms of potential crossing/absorption using in vitro absorption 
assays. Practically, to the current knowledge, only qualitative indication about crossing of specific 
NMs may be given. Negative results should be considered with care, because it is often difficult to 
distinguish between complete absence and little transport using in vitro barrier models (due to 
organic background and interference of insert membrane for example). 
 
 
 
 
 
 
 
 

2.6 Data management 
 
UNamur participated to the writing of ISA-TAB templates for viability MTS assay and for in vitro 
barrier crossing/internalization (barrier integrity –LY-, evaluation of cell internalization using confocal 
microscopy, using TEM/SEM; evaluation of NMs crossing using TEM/SEM). 
LEITAT participated to the writing of ISA-TAB templates for evaluation of NMs crossing using ICP-
MS. 
Gaiker participated to the writing of ISA-TAB templates for evaluation of NMs crossing using ICP-
OES. 
TCD participated to the writing of ISA-TAB templates for evaluation of NMs crossing using flow 
cytometry.  
UiB participated to the writing of ISA-TAB templates for evaluation of NMs crossing through oral 
mucosa using ultrahigh resolution microscopy techniques. 
Data presented in this deliverable are currently uploaded on the NANoREG database by 
participating partners via the Data Entry Tool/CIRCABC. 
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3 Deviations from the work plan 
 
Late dispatching of the NANoREG NMs (and fluorescent NMs provided by IIT) and delay in the 
validation of the probe sonicator has delayed the start of crossing experiments within this task. 
Considering these points it was decided in agreement with WP5 leaders and steering committee to 
not evaluate percutaneous absorption through skin. Additional requirements for DLS and TEM 
measurements have also contributed to delays in accomplishing the work.  
Fluorescent positively and negatively charged 50 nm SiO2 NMs (provided by IIT) were chosen to 
take advantage of their fluorescent properties for an easier detection of these NMs in tissues and in 
basolateral side. The fluorescence detection limit of these NMs is 10 µg/ml rendering difficult their 
quantification based on their fluorescent properties in basolateral medium in case of biological 
barrier crossing. Presence of + SiO2 and - SiO2 NMs inside biological barriers was then investigated 
by confocal microscopy and their potential crossing by TEM. 
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Annexes 
 
 

Annexe 1: PROTOCOL FOR ORGANOTYPIC CELL CULTURE 
MODIFIED FOR EXPOSURE TO NANOMATERIALS (UiB, partner 39) 

(with primary keratinocytes and primary fibroblasts from normal human oral mucosa tissue) 
 

Preparations: 
- FAD medium  
- PBS 
- culture medium for isolating fibroblasts: DMEM medium (Sigma) + 10% FBS (InVitrogen) + 
1% AB/AM InVitrogen),  
- culture medium for keratinocytes: KSFM medium (InVitrogen) +1 ng/ml EGF human 

recombinant (InVitrogen) + 25 g/ml bovine pituitary extract (InVitrogen) + 1% AB/AM 
(InVitrogen) 
- Trypsin 1x (Sigma cat. no. T 4049) or TrypLE™ Express Stable Trypsin Replacement 
Enzyme (from InVitrogen cat. no. 12604-013) 
- DMEM 10x (Sigma Cat. No. D 2554) – now they do not prepare it anymore, so I use our 
routine DMEM with high glucose  
- FBS (InVitrogen) 
- Collagen type I (from BD Biosciences cat. no. 35 4236) 
- sterile RB (reconstitution buffer): 2.2.g NaHCo3 + 0.6g NaOH + 4.766 HEPES in 100 ml 
dH2O. Filter after preparation.  
- 24 wells plates 
- 6 well plates 
-     For best normal 3D I use Culture dishes: centre-well organotypic culture dish (Falcon, 
Becton       Dickinson, cat. No.  35 3037) 
- Lens paper (Special lens-cleaning tissue - Leica) 
- Sterile Metal bent spatula for lifting the tissues 
- Sterile metal grids 
- Sterile tissue forceps (delicate). 
- 10 ml plastic pipettes. 
- 15 ml centrifuge tubes (Nunc) 
- 50 ml centrifuge tubes (Nunc) 
-     ice 
 
1st  day   
day 0 of co-culture 
Preparation of biomatrix  on ice  
- collagen:DMEM :RB(reconstitution buffer):FBS(+Fibroblasts) =7vol:1vol:1vol:1vol 
For 2 ml collagen matrix in a 50 ml centrifuge tube:  
- 1.4 ml collagen type I 
- 0.2 ml DMEM  
- 0.2 ml reconstitution buffer 
- 0.2 ml FCS with fibroblasts (with 0.25 mil Fibs/ml matrix) 
  
- trypsinisation of fibroblasts, counted and resuspended in FBS at a conc. of approx. 10 

mil cells/ml 
- ice the collagen, RB and DMEM  
- mixing in a 50ml centrifuge tube the collagen, with DMEM and RB.  
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- pH of the matrix should be around 7.2-7.4  
- FBS + fibroblasts added to the matrix, no. of fibroblasts will be 0.25-0.5 mil/ml biomatrix  
- 700 μl of the matrix prepared in each well (center well of Falcon organoypic culture dish 

or 24 well dish) by reverse pipetting in order not to get air bubbles. 
- left 20 min/1h to gellify in the incubator. 
- 1ml DMEM medium with 10% FCS ( routine media for fibroblasts) placed on the top. 
 
2nd day  
day 1 of co-culture 
Seeding of keratinocytes 
- trypsinisation of primary normal keratinocytes, resuspension in KSFM at a conc. of 0.25-
0.5 mil cells/ml KSFM (cell lines may be resuspended in their routine growth medium and at 
lower concentration) 
- DMEM sucked off from top of the gels from the day before. 
- 0.5 mil keratinocytes placed in 1 ml KSFM  medium on the top of  each collagen matrix. 
- incubation overnight for plating. 
 
3rd day 
day 2 of co-culture 
Release the matrix: matrix released from the walls with a help of a bent spatula 
 
Matrix transferred on the metal grid and lifting of the tissue (this can be done also at 
day 4-5): 
-grid placed in OT medium in a  6 cm diameter cell culture dish; 
-a square (1-1.5 cm2) of lens paper in imbibed in OT medium and placed on the grid and 
then the metal greed is placed in a well of a 6 well plate. 
- OT culture is laid on the top of the lens paper with a help of bent spatula and tweezers; 
- medium is drained out from the top of the culture  
- ~700 μl of the conditioned media is removed from the centre well dish  
- addition of ~3 ml of fresh OT medium; 
- the metal grid with the OT culture in top is placed in OT medium. 
 
5th day 
day 4 of co-culture 
- the metal grid is removed and medium is changed by tilting the 6 well plate 
- 2-2.5 ml of conditioned medium are changed change with new OT medium. 
- the greed is placed back in the position; 
 
7th day 
day 6 of co-culture 
- the procedure of day 4 of co-culture (5th day) is repeated 
 
9th day 
day 7 of co-culture 
- the procedure of day 6 of co-culture (7th day) is repeated 
 
11th day 
day 10 of co-culture 
Exposure to NMs 
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- Appropriate dilution series of the NM stock dispersion are created. Working dispersion is 
rotated for at least 2 min before using it. Keep all working dispersions on rotation when not 
in use to prevent agglomeration. 
- 10 – 20 µl working dispersion (working dispersion without NM as control) (depending on 
surface area) is applied onto the surface of the OT culture. OT cultures placed back into 
incubator for 24 hours. 
 
12th day 
day 11 of co-culture 
Harvest the tissue: 
- the OT culture is removed with a forceps together with the lens paper from the grid; 
- the OT cultures are washed by briefly dipping them in 3 baths of PBS. Start with control to 
prevent NM contamination. 
- OT cultures placed in 4% buffered formaldehyde overnight. Controls are kept in a separate 
container with formaldehyde. 
 
12th day 
Process the half fixed in formalin: 
- 10min wash in PBS after formalin 

- 1h in alcohol 70, -1h in alcohol 96, -1h in alcohol 100 
-1h in xylen 

-3h in parafin in the oven at 65 C 
-embeding in paraffin block 
 
KSFM (KERATINOCYTE SERUM FREE MEDIUM) WITH LOW CA KIT 
FOR GROWTH OF NORMAL ORAL KERATINOCYTES  
 
InVitrogen – cat. no 17005-075 
Medium stays IN DARK at +4°C 
The additives stay at -20°C 
 
Preparation of the medium such that the final concentrations of the additives in the medium 
will be : 
- 1 ng/ml human recombinant EGF (from the kit that comes with the medium from 
InVitrogen) 

- 25 g/ml bovine pituitary extract (BPE - from the kit that comes with the medium from 
InVitrogen)  
 
Optional: 

- 1% AB/AM (200 U/ml penicillin, 200 g/ml Streptomycin, 0.5 g/ml amphotericin B from 
InVitrogen – cat. no 15240-062).  

- 2% L-glutamine (20 g/ml from InVitrogen – cat. No 25030-024).  
 
For 1 bottle (500ml medium): 

- 200 l of EGF from the stock obtained by diluting in 1ml KSFM medium or in 1 ml of 1% 

BSA in PBS the aliquot of 2.5g EGF that comes with the KSFM kit from InVitrogen (kept at 
-20)  
- 1.15 ml of BPE from the stock that comes with the KFSM kit  from InVitrogen (kept at -20). 
The protein concentration varies from batch to batch, so for each new batch it should be 
calculated how much of the stock contains 12.5mg BPE, which are needed to make a bottle 

of 500mlKSFM with 25 g/ml BPE. 
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DMEM MEDIUM FOR THE GROWTH OF FIBROBLASTS 
Sigma – cat. no D6429-24X500M (Dulbecco’s Modified Eagle’s Medium - high glucose)  
Medium stays IN DARK at +4°C 
The additives stay at -20°C 
- 10% FBS (from InVitrogen – cat. No 10270-106)  
Optional: 

- 1% AB/AM (200 U/ml penicillin, 200 g/ml Streptomycin, 0.5 g/ml amphotericin B from 
InVitrogen – cat. no 15240-062).  

- 2% L-glutamine (20 g/ml from InVitrogen – cat. No 25030-024).  
 
To prepare 1 bottle (500ml medium): 
- 50ml FBS (kept at -20°C)  
Optional: 
-  5 ml AB/AM kept at -20.  
- 10 ml L-glutamine kept at -20.  
 
 
FAD MEDIUM FOR THE GROWTH OF NORMAL PRIMARY CELL CULTURES WHEN IN 
EXPLANT 
 
Sigma – cat. no D8437-24X500ML (Dulbecco’s Modified Eagle’s Medium/ Nutrient Mixture 
F-12 Ham)  
Medium stays IN DARK at +4°C 
The additives stay at -20°C 
Medium with final concentrations of the additives: 

- 1mg/ml or 0.1% Albumine (from Sigma - cat. no. A8412-100ml) 
- 10ng/ml EGF (from Sigma cat. no. E4269-1mg or from the KSFM kit).  
- 0.4 μg/ml hydrocortison (from Sigma – cat.no. H0888) 
- 5 μg/ml insuline (from InVitrogen – cat.no  51300-044) 
- 20 μg/ml transferrine (from InVitrogen – cat.no  51300-044) 
- 50 μg/ml L ascorbic acid (from Sigma – cat. no. A7631 ) 

Optional: 

-  1% AB/AM (200 U/ml penicillin, 200 g/ml Streptomycin, 0.5 g/ml amphotericin B 
from InVitrogen – cat. no 15240-062).  

-     2% L-glutamine (20 g/ml from InVitrogen – cat. No 25030-024).  
To prepare 1 bottle (500ml medium): 

- 6.66ml of the 7.5% Albumin solution from bovine serum from Sigma A8412. 
- 5 μl EGF from the stock of 1 μg/μl made by diluting the vial from Sigma cat. no. 

E4269-1mg in 1ml of 10mM HCl or add 2 vials of EGF from the kit of KSFM diluted in 
1 ml medium.  

- 400 μl hydrocortison from the stock of 500g/ml obtained by dissolving 10mg of the 
powder from Sigma in 1ml pure ethanol + 19ml of medium, then filtered. 

- 250 μl from the Insuline-transferrine-SeleniumA supplement from InVitrogen) 
- 500 μl of ascorbic acid stock made by dissolving 500mg of powder from Sigma into 

10 ml medium or just add 25 mg of sterile powder in the medium. 
Optional: 
-  5 ml AB/AM kept at -20.  
- 10 ml L-glutamine kept at -20.  
>>  
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Annexe 2: NANoREG SOP fo Caco-2 cell culture and 
differentiation 

 

 
 
 
 
 



NANoREG Deliverable 5.03 
Page 129 of 137 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



NANoREG Deliverable 5.03 
Page 130 of 137 

 
 
 
 
 
 
 
 
 



NANoREG Deliverable 5.03 
Page 131 of 137 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



NANoREG Deliverable 5.03 
Page 132 of 137 

 
 
  



NANoREG Deliverable 5.03 
Page 133 of 137 

Annexe 3: NANoREG SOP for evaluation of NMs impact on 
Caco-2 cell barrier model 
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Annexe 4: Excell LY permeability template 

 

 
 
 
 
 
 


