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ARTICLE INFO ABSTRACT

In vitro models of the intestinal barrier are being increasingly used to evaluate nanoparticles (NPs) exposure risk.
Nevertheless, most of these studies have focused on short-term exposures lasting no more than 24 h of duration,
which could underestimate the toxic effects of a given compound under a more realistic setting. Since the
assessment of longer exposure time-points is crucial to evaluate the risk of cumulative exposure to NPs, we have
analyzed the effects of AgNPs at different exposure time-points between 6 h and 4 days on the barrier model
system constituted by Caco-2/HT29 cells.

Our results indicate that i) the system is stable during this time frame; ii) AgNPs affect the barrier's integrity
only at the highest concentration tested (100 pg/mL), and only after 96 h of exposure; iii) cellular uptake of
AgNPs showed a time-dependent and concentration-dependent increase; iv) translocation through the barrier
was only observed at the highest concentration and only after 96 h of exposure; v) the expression of genes
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involved in the barrier's structure differs depending on the exposure time analyzed.
All these results reinforce our proposal of expanding exposure times beyond 24 h when performing assays for
hazard assessment of NPs using in vitro models of the intestinal barrier.

1. Introduction

Ingestion is one of the main routes by which nanoparticles (NPs) can
enter the body (Sahu, 2016). Given the importance of the gastro-
intestinal barrier (GIB) as an interface between living organisms and the
external environment, several models are being used to study the pu-
tative detrimental effects of ingested agents over the barrier's function
and permeability. Currently, risk assessment mostly relies on in vivo
animal models, mainly due to the advantage of providing toxicokinetic
information. Nonetheless, the reduction of animal studies is strongly
promoted by the scientific community for numerous reasons, such as
ethical concerns, or the lack of correspondence with human physiology
and metabolism (Scholz et al., 2013). Consequently, the development of
reliable human in vitro models of the GIB has been prompted in order to
better understand the cellular and molecular aspects of hazardous in-
gested substances, which at the same time provide a faster and more

economical alternative to animal models.

One of the most commonly used in vitro systems for toxicological
studies is the Caco-2 monolayer barrier (Lefebvre et al., 2015). This cell
line, derived from a human colon adenocarcinoma, is highly popular
due to its capability to undergo cellular differentiation. When cultured
under specific conditions, Caco-2cells form a polarized monolayer,
which mimics the morphological, functional and biochemical char-
acteristics of enterocytes (Halleux and Schneider, 1991; Levy et al.,
1995; Vila et al., 2018). When this monolayer is grown on a porous
membrane, two cellular compartments are formed, the apical com-
partment that simulates the intestinal lumen and the basal compart-
ment simulating the lamina propia. The resulting cell monolayer pre-
sents high stability and integrity, forming a barrier that provides
selective permeability from the apical to the basolateral compartment,
especially due to the expression of junctional complex proteins. Several
studies have demonstrated the usefulness of the Caco-2 barrier model in
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predicting the effects of different xenobiotics, such as drugs or NPs,
over the human GIB, as the barrier presents a different response to
cytotoxicity when compared to single cell cultures (Sun et al., 2008;
Vila et al., 2018; Sohal et al., 2018). However, the intestinal epithelium
is a complex environment comprising multiple cell types, making the
monolayer of Caco-2 cells not accurate enough for hazard assessment of
potentially toxic substances (Hidalgo, 1996). As a more complete al-
ternative, mucin-secreting cells, such as the human colon adenocarci-
noma-derived HT29 or HT29/MTX cell lines, have been cocultured with
Caco-2 cells. It is widely accepted that the mucus layer secreted by
goblet cells in the gastrointestinal tract serves as an additional physical
defence against potentially damaging agents such as chemicals, mi-
crobiota, and host-secreted products such as bile and digestive enzymes
(Pontier et al., 2001; Johansson et al., 2008). Furthermore, HT29 cells
do not form tight junctions. Thus, the combined presence of enterocyte-
like and mucus-secreting cell types better simulates the GIB by adding
an extra protection layer while increasing its permeability (Garcia-
Rodriguez et al., 2018).

Of all the known ingested nanomaterials, silver nanoparticles
(AgNPs) have gained particular attention due to their extended use in
the food industry, and their confirmed migration from packaging to
food (Echegoyen and Nerin, 2013; McShan et al., 2014). The ingestion
throughout the day of AgNP-containing edible goods implies a con-
tinuous exposure to these NPs, but their long-term effects over the
human GIB has not been elucidated yet. Animal models have led to
contrasting results, probably due to differences in the experimental
design and the physiology of the animals used (Fontdevila et al., 2008;
Shahare and Yashpal, 2013). When it comes to the human-derived
Caco-2 and Caco-2/HT29 monolayer models, previous studies demon-
strate that AgNPs do not destabilize the barrier, although effects such as
NPs intake, activation of the inflammatory response, oxidative damage
and genetic and protein destabilization have been observed
(Georgantzopoulou et al., 2016; Martirosyan et al., 2016; Vila et al.,
2018). Most of these studies have focused in short-term toxicological
analyses usually lasting for less than 24 h that, albeit informative, could
be underestimating the toxic effects of longer and constant accumula-
tive exposures. It has been previously shown that the mucus layer traps
metallic NPs, favouring their accumulation in the underlying cell bar-
rier (Brun et al., 2014). As mucus turnover in the intestine can range
between 3 and 12h (Schneider et al., 2018), the ingestion throughout
the day of AgNPs could extend the NPs' retention time in certain regions
of the intestine long enough to present cumulative effects. Longer-term
analyses would, therefore, correspond to a more realistic scenario,
better emulating the sustained stress suffered by the GIB in response to
regular exposure. In fact, several studies using different models have
demonstrated the utility of prolonging exposure times, as continuous
contact with NPs can induce cumulative effects such as ROS formation
or cell transformation markers (Annangi et al., 2015). On the contrary,
an initial damage response could be mitigated over time, as cells acti-
vate damage-response mechanisms and develop resistance to nanoma-
terials (Iavicoli et al., 2018). Therefore, the development of models that
faithfully simulate the GIB environment, while faithfully assessing the
effect of NPs’ interaction over longer periods of time is crucial for un-
ravelling the real effects of continuous exposure to these xenobiotic
compounds.

In this context, the objective of our work was to validate the Caco-2/
HT29 coculture barrier as a suitable model for exposure studies longer
than 24 h. We further tested the system to see whether the exposure to
AgNPs shows variations over a 96 h exposure. To this aim, we analyzed
the stability, permeability and molecular marker expression of the
barrier over time, as well as the translocation and localization of the
AgNPs throughout the exposure time.
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2. Materials and methods
2.1. AgNPs dispersion and characterization

Uncoated AgNPs were obtained from Nanocomposix (Prague, Czech
Republic). To disperse them, we followed the protocol agreed in the
frame of the EU project Nanogenotox (2011). Briefly, AgNPs were
suspended in 0.05% bovine serum albumin (BSA) in MilliQ water and
sonicated for 16 min to obtain a dispersed stock of 2.56 mg/mL. AgNPs
were further characterized by using transmission electron microscopy
(TEM) to determine the nanoparticle's dried size and morphology, on a
JEOL JEM-1400 instrument (Jeol LTD, Tokyo, Japan). About 100 TEM
images from random fields of view were processed with Image J soft-
ware to calculate their average diameter. Additionally, hydrodynamic
size and Z-potential parameters were evaluated using dynamic light
scattering (DLS) and laser Doppler velocimetry (LDV) methodologies, in
a Malvern ZetasizerNano-ZS zen3600 device (Malvern, UK).

2.2. Cell culture and reagents

Two different cell lines derived from human colorectal adeno-
carcinoma were used: the Caco-2 cell line was kindly provided by Dr
Isabella Angelis (Istituto Superiore di Sanita, Italy); HT29 cells were
acquired from the American Type Culture Collection (ATCC, Manassas
VA 20108, USA). Both cell lines were maintained in Dulbecco's mod-
ified Eagle's High Glucose medium (DMEM) without pyruvate (Biowest,
France) supplemented with 10% fetal bovine serum (FBS), 1% non-es-
sential amino acids (NEAA) (Biowest, France) and 2.5mg/mL plas-
mocin (Invivo Gen, San Diego, CA). Cells were grown in a humidified
atmosphere of 5% CO, and 95% air, at 37 °C. For cell culture main-
tenance, cells were routinely subcultured thrice a week at 80% con-
fluence by treatment with 1% trypsin-EDTA (Biowest, France).

2.3. Differentiation of the in vitro coculture barrier model

Caco-2 and HT29 cells were seeded at a ratio of 90:10, respectively,
on 1.12 cm? Polyethylene Terephthalate (PET) Transwell” membranes
with 1pm pores (Merck KGaA, Darmstadt, Germany) inside 12-well
plates (Garcia-Rodriguez et al., 2018). A total of 1.7 X 10° cells were
seeded per Transwell’ and grown for 21 days to obtain the well-dif-
ferentiated coculture barrier. The integrity of the coculture monolayer
was controlled weekly by measuring the transepithelial electrical re-
sistance (TEER) every week, during the differentiation period.

2.4. TEER measurements

The barrier model's formation and integrity were evaluated by
measuring its transepithelial electrical resistance (TEER).
Measurements were performed on cell cocultures using an epithelial
voltmeter (Millicell-ERS volt/ohm meter) (Millipore) (Merck KGaA,
Darmstadt, Germany). To monitor the barrier's formation, TEER was
measured weekly from day 7 to day 21 post-seeding to assess differ-
entiation. TEER values higher than 300 Q/cm? were considered in-
dicative of a well-formed barrier, according to the acceptance criteria
reported on ECVAM DB-ALM Protocol n.142 (Le Ferrec et al., 2001).

To assess the effects of AgNPs on the barrier's integrity, the apical
and basolateral chambers were washed thrice with phosphate buffer
saline (PBS) after 6, 24, 48 or 96 h of exposure. Fresh DMEM cell cul-
ture medium was subsequently added to both chambers, and each
sample was measured two times in different parts of the insert before
and after AgNPs exposure. TEER values for each concentration were
calculated by averaging three independent experiments. TEER values
were calculated according to the formula TEER = [Q (cell inserts) — Q2
(cell-free inserts)] x 1.12 cm?.
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Fig. 1. Characterization of AgNPs. (A) Typical TEM image, and size distribution histogram using such images. (B) Different parameters on AgNPs dispersed in the

suspension medium.

2.5. AgNPs treatments

AgNPs were prepared as previously described (Vila et al., 2018).
After the cells’ differentiation, the apical medium of the cocultures was
removed and replaced by 0.5 mL of the selected AgNPs dispersion di-
luted in DMEM culture medium. The basolateral chamber was replaced
with fresh DMEM and the plates were incubated at 37 °C for the desired
exposure time.

2.6. Cell viability assay

Cell viability was determined by the Beckman counter method with
a ZTM Series coulter-counter (Beckman Coulter Inc., USA). This study
was carried out to select the doses to be used in the experiments.
Briefly, the differentiated Caco-2 and HT29 cells were exposed to
AgNPs for 24 h at the following concentrations: 0, 10, 25, 75, 100, and
150 pg/mL. After the exposure time, the monolayers were washed twice
with PBS for 5min and detached with trypsin-EDTA 1% by incubating
the cells at 37 °C for 5min. The detached cells were diluted 1/100 in
ISOTON and counted with a Beckman Cell Counter. The obtained per-
centage values constitute an average of the number of cells of each
treatment compared to the untreated control cultures.

2.7. Paracellular permeability assessment

The barrier's permeability was analyzed by measuring the para-
cellular transport of Lucifer yellow (LY) (ThermoFisher Scientific, USA).
After the given exposure time/concentration, the Transwells’ were
washed three times with transport buffer (Hank's balanced salt solution,
HBSS), Ca®*, Mg®*, 10mM HEPES [4-(2-hydroxyethyl)-1-piper-
azineethanesulfonic acid, pH 7.4], and transferred to a new 12-well
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plate containing 1.5mL of HBSS in the basolateral compartment.
0.5 mL of a Lucifer yellow solution at 0.4 mg/mL diluted in HBSS was
added to the apical compartment. Cells were then incubated for 2h at
37 °C and, subsequently, 100 uL duplicates of each basolateral chamber
were added to a black 96-well plate. Fluorescence was measured at
405-535 nm as excitation-emission spectrum with a fluorimeter (Victor
I1I, Perkin Elmer, USA). As a positive control, cells were treated with
20 mg/mL of benzalkonium chloride for 40 min.

2.8. Assessment of the translocation through the monolayer by ICP-MS

To ascertain the translocation of AgNPs through the in vitro barrier
model over time, the apical, barrier and basolateral compartments were
analyzed separately by Inductively Coupled Plasma-Mass Spectrometry
(ICP-MS). After AgNPs exposure, the medium of the apical compart-
ments was collected and transferred to a glass tube. The total medium
of the basolateral compartments was resuspended and collected in a
separate tube. To collect the membrane compartment, the cells were
washed twice with PBS and incubated with 200 pL of trypsin 1% for
5minat 37 °C. After the incubation time, trypsin was inactivated with
400 uL of trypsin inactivator (FBS 2%). The total volume of cell sus-
pension was collected in a glass tube. All samples were then digested in
HNOj at 150 °C for 30 min. The amount of AgNPs present in each of the
different tubes was determined using an Inductively Coupled Plasma-
Mass Spectrometry 7500ce device (Agilent Technologies).

2.9. Cellular localization of AgNPs using confocal microscopy

To assess the localization throughout time of AgNPs in our in vitro
barrier model, laser confocal microscopy was used. After the barrier's
differentiation and AgNPs exposure, the barriers were stained for
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15 min at room temperature. The nucleus was stained with Hoechst
33342 diluted 1:500 (ThermoFisher Scientific, USA), and the mucus
was dyed with Wheat Germ Agglutinin, Alexa FluorTM 633 Conjugate

(WGA) (ThermoFisher Scientific, USA) diluted 1:100. Both fluorophores
were diluted in DMEM cell culture medium. AgNPs were visualized
thanks to their capacity to reflect light. AgNPs were manually masked
in green, the nuclei in blue and the mucus layer in red. After staining,
the monolayers were washed twice with DMEM, the membrane was cut
using a scalpel and placed in Glass Bottom Microwell Dishes (MatTek,
USA) with 25 pL of mounting medium to maintain the cell's integrity
and homeostasis. Sample images were acquired using a Leica TCS SP5
confocal microscope, processed with Huygens essential 4.40p6
(Scientific Volume Imaging, Netherland) and, finally, modified with the
Imaris 8.2.1 software (Bitplane, AG).

2.10. Gene expression studies by real-time RT-PCR

Total RNA was extracted using TRIzol’ Reagent (Sigma-Aldrich,
Germany) following the manufacturer's instructions. To discard re-
sidual DNA contamination, the samples were treated with RNase-free
DNase I (Turbo DNA-free kit; Invitrogen, USA). 100 ng/uL of total RNA
were then used to obtain the cDNA by retrotranscription with the High
Capacity RNA-to-cDNA kit (Applied Biosystems, USA). The resulting
cDNA was analyzed by real-time PCR on a LightCycler-480 to evaluate
the relative expression of the different genes. The Occludin (OCLN),
Claudin (CLDN2), and Zona occludens (ZO-1) genes, which code for
tight-junction components, were analyzed together with MUC1, which
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Fig. 4. AgNPs' effects on the barrier's stability. (A) TEER values after the ex-
posure to AgNPs at different time points and concentrations, or BZK 20 mg/mL
(C*) as the positive control. (B) Percentage of Lucifer yellow in the basolateral
chamber after AgNPs exposure, or BZK 20 mg/mL (C™). All data are re-
presented as mean = SEM and analyzed by one-way ANOVA and Dunnett's
multiple comparisons test (*P < 0.001). Statistical analysis compared each
treatment to its time-matched untreated control.

was also selected as a mucin-coding gene. The housekeeping control
used was the f3-Actin gene.

A total volume of 10 pL per RT-PCR reaction was analyzed, con-
taining 30 ng of cDNA, 5L of Light Cycler 480 SYBR Green I Mater
(Roche, Germany), 1 pL of H,O and 1 pL of each primer at 10 uM. The
cycling parameters were the following: an initial step of 95 °C for 5 min,
then 45 cycles of 95 °C for 10s, 62 °C or 65 °C for 15s, and 72 °C for
25s. Cycle time (Ct) values were obtained with the Light Cycler 480
software package and then normalized with 3-Actin Ct values.

2.11. Statistical analysis

All samples and their corresponding measurements were performed
in duplicates in three independent experiments. The results are ex-
pressed as mean *+ SEM. One-way ANOVA with Tukey's post hoc test,
unpaired Student's t-test, or two-way ANOVA were used as convenient
using GraphPad Prism version 7.00 for Mac (GraphPad Software, San
Diego California USA, www.graphpad.com). In all cases, differences
were considered significant at p-value of P < 0.05.
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3. Results
3.1. AgNPs characterization

TEM was used to characterize both the morphology and agglom-
eration status of the AgNPs used. As indicated in Fig. 1A, the obtained
images show that AgNPs had a spherical morphology with an average
diameter of 4.84 *+ 2.1 nm, as assessed by measuring over 200 parti-
cles in random fields of view. Fig. 1B shows the average hydrodynamic
radius and zeta potential of a 50 ug/mL AgNPs dispersion in water,
which were 9.720 * 1.571nm and —-20.14 * 0.611mV, respec-
tively.

3.2. Integrity of the co-culture barrier

Initially, we assessed the correct formation of the GIB model by
measuring TEER values at days 7, 14 and 21 after seeding. As shown in
Fig. 2A, there was a progressive increase of TEER values: the highest
value was measured at day 21, reaching a mean value of
330.5 + 16.26 Q/cm”.

As our aim was to verify if the Caco-2/HT29 coculture was able to
maintain its appropriate barrier function for at least 96 h after the
barrier formation, TEER values were monitored 6, 24, 48 and 96 h after
the 21st day. Fig. 2B shows a slight increase over time of the obtained
TEER values, suggesting a continued cell growth that did not alter the
barrier function.

To confirm the results obtained with TEER measurements, the
barrier's permeability was also evaluated 6, 24, 48 and 96 h after the
21st day by using the Lucifer yellow assay. As observed in Fig. 2C the
fluorophore was unable to cross the barrier, suggesting that the in-
tegrity of tight junctions between cells is maintained throughout time.

3.3. Cytotoxicity assessment of AgNPs over time

To evaluate the cytotoxic effects of AgNPs, a viability assay was
carried out using exposure doses that ranged from 1 to 150 pg/mL. As
shown in Fig. 3, the Caco-2/HT-29 barrier presented a high cytotoxicity
resistance to AgNPs exposure. Doses up to 25 ug/mL were unable to
induce detectable toxicity. However, concentrations ranging from 25 to
150 ug/mL showed a dose-dependent decrease in the number of
counted cells. In the case of 150 ug/mL, the highest concentration
tested, the relative survival was around 65%. Considering these results,
we selected two concentrations for further experiments: a low con-
centration of 2.58 ug/mL, which represents the in vitro extrapolation of
the daily intake of silver nanoparticles estimated by the World Health
Organization, and a high dose of 100 pg/mL, which resulted slightly
cytotoxic.

3.4. Integrity of the barrier model in response to AgNPs exposure over time

To assess the effects of AgNPs on the barrier's integrity over time,
TEER values were monitored throughout the overall length of the ex-
periment. The TEER results for differentiated Caco-2/HT29 exposed to
AgNPs over time are shown in Fig. 4A. As observed, TEER values did
not change significantly, with the exception of the highest concentra-
tion at the longest exposure time, suggesting that the integrity of the
barrier was not strongly affected after AgNPs exposure, even after 96 h.
Conversely, the exposure to 20 mg/mL of benzalkonium chloride, a
well-known barrier disruptor, severely decreased the TEER values of
the positive control, implying that the system was able to detect
changes in transepithelial electrical resistance.

To confirm these results, the barrier's permeability was evaluated by
using the Lucifer yellow assay. As shown in Fig. 4B, the amount of
Lucifer yellow that was able to cross the barrier does not change sig-
nificantly at any dose or exposure time when compared to the untreated
control, as opposed to the positive control. Taken together, these results
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indicate that AgNPs exposure does not destabilize our barrier model
under the analyzed conditions.

3.5. Localization of AgNPs in the different compartments

To assess whether AgNPs were able to cross the GIB model after
96 h, we analyzed the amounts of Ag in the apical, cells monolayer, and
basolateral compartments after different time points by using ICP-MS.
The obtained results for each one of the compartments are indicated in
Fig. 5.

As shown in Fig. 5A, there was a tendency to decrease the amount of
Ag in the apical medium over time. This could be due to the fact that
AgNPs deposit on the cell membrane, are uptake by the cells, or crossed
through the barrier. In Fig. 5B, we could observe that the lowest con-
centration showed a tendency to increase the amount of Ag associated
with the cells monolayer over time. However, this was not the case for
the highest concentration, which seemed to arrive at its saturation point
already at 6 h. Finally, the basolateral medium (Fig. 5C) showed that no
significant translocation of silver occurs at the lowest concentration,
independently of the exposure time. On the contrary, the transwells
exposed to the highest concentration exhibited significant increases of
Ag in the basolateral compartment at exposures lasting 48 and 96 h. In
this case, most of the values were higher than 0.01pug, which
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SEM and were analyzed with Two-way ANOVA and a Tukey's post-test. Bars with different letters show statistically

corresponds to the detection limit of the method. These results point out
that AgNPs are able to translocate through our barrier model.

3.6. AgNP uptake and internalization detected by confocal microscopy

As we were able to observe a time-dependent tendency to increase
the amount of Ag in the barrier compartment for at least one of the
concentrations tested, confocal microscopy was used to get information
regarding the behaviour and localization of AgNPs inside the barrier
structure. Representative images of our findings can be seen in
Figs. 6-8. As observed, we were able to detect changes regarding the
nanoparticles localization depending on the exposure time and con-
centration used. After 24 h of exposure, most of the AgNPs were em-
bedded into the apical mucus layer (Fig. 6B and C). At 48 h (Fig. 7B and
C), AgNPs were already uptake by the cells and localized inside/close to
the nuclei or between cells, independently of the concentration used.
Finally, in Fig. 8, which corresponds to the 96 h exposure, a higher
amount of AgNPs was able to cross the mucus barrier and enter the
cells. These results suggest that there is a time-dependent increase in
cellular uptake and internalization after AgNPs exposure.
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10 um

Fig. 6. Three-dimensional images acquired with confocal microscopy of the
Caco-2/HT29 coculture barrier model after 24h of exposure to AgNPs. The
nuclei (blue) were stained with Hoechst and the mucus shed (red) was stained
with WGA. AgNPs are visualized in green. (A) Untreated control, (B) 2.58 ug/
mL, and (C) 100 ug/mL. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)

3.7. Changes in the expression of molecular markers after AgNPs exposure

As observed in Fig. 9, our results using real-time RT-PCR show a
wide variability in the response to AgNPs exposure depending on the
gene, the time of exposure and the selected concentration used. A de-
crease in mRNA expression can be seen for OCLN, ZO-1 and MUC1 after
24 h of exposure, especially at the highest concentration (Fig. 9 A, C and
D). A similar effect can be observed for CLDN2 at 48h (Fig. 9B).
However, if we take into consideration the final time-point, the genes
involved in the formation of tight junctions and mucus production do
not seem to change in a significant manner after the AgNPs’ exposure,
suggesting that AgNPs induce an initial gene expression deregulation
that is brought back to normal levels after 96 h.
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Fig. 7. Three-dimensional images acquired with confocal microscopy of the
Caco-2/HT29 coculture barrier model after 48 h of exposure to AgNPs. The
nuclei (blue) were stained with Hoechst and the mucus shed (red) was stained
with WGA. AgNPs are visualized in green. (A) Untreated control, (B) 2.58 ug/
mL, and (C) 100 ug/mL. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)

4. Discussion

The barrier model of Caco-2/HT29 cells coculture has been pro-
posed as a useful in vitro model because it better mimics the intestinal
epithelium characteristics when compared to the Caco-2 monolayer
(Sahu, 2016; Lozoya-Agullo et al., 2017). However, most of the in vitro
studies that evaluate the effects of ingested nanomaterials use short
exposure times (Martirosyan et al., 2014; Akbari et al., 2017; Ude et al.,
2017), underestimating the potential time-dependent cumulative ef-
fects of NPs exposure. Thus, we decided to analyze the usefulness of the
complex Caco-2/HT29 barrier model up to 96 h, in order to carry out
longer exposure studies. AgNPs were selected due to their extensive use
in consumer products (McShan et al., 2014). Furthermore, two different
AgNPs concentrations were analyzed: one that resulted slightly
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Fig. 8. Three-dimensional images acquired with confocal microscopy of the
Caco-2/HT29 coculture barrier model after 96h of exposure to AgNPs. The
nuclei (blue) were stained with Hoechst and the mucus shed (red) was stained
with WGA. AgNPs are visualized in green. (A) Untreated control, (B) 2.58 ug/
mL, and (C) 100 ug/mL. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)

cytotoxic (100 ug/mL), and one that represented the in vitro extra-
polation of the daily intake of AgNPs estimated by the World Health
Organization (2.58 pug/mL). For this estimation, only the first section of
the intestine was considered, as this is where most part of the absorp-
tion of ingested material occurs. This section has an absorbing area
around 900 cm? (Garcia-Rodriguez et al., 2018). Knowing that the daily
amount of AgNPs intake is 20-80 ug/day, the small intestine's epithe-
lium is exposed to approximately 88.8 g/cm? (Frohlich and Fréhlich,
2016). As the transwells' surface area is 1.12 cm?, assuming an en-
largement factor of 13 times due to microvilli surface, and knowing that
the volume of cell culture medium in the apical compartment is 0.5 mL,
we determined that the final concentration should be around 2.58 ug/
L.
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Our results show for the first time that the integrity of the barrier
remains intact even after exceeding the 21 days required for the bar-
rier's proper formation, as corroborated by TEER values and the sus-
tained block of LY paracellular translocation. These results suggest that
this model is solid enough to be used for nanoparticles hazard assess-
ment using exposures as long as 96 h. When analyzing the potential
effects of AgNPs over the barrier's integrity, we were only able to ob-
serve a significant variation in TEER values after exposures to 100 pg/
mL lasting for 96 h, suggesting that longer exposure times could indeed
have a long-term destabilizing effect that is not visible after shorter
times of exposure. Conversely, the LY assay showed no changes in the
translocation of the fluorophore at any concentration or time of ex-
posure, suggesting that the tight junctions remained intact.

Using ICP-MS to quantify Ag in the different compartments over
time, we observed a significant time-dependent decrease of Ag in the
apical compartment for both of the concentrations used, which was
reflected in an increase in the basolateral compartment, although the
amount of Ag translocating through the barrier was only observed after
48h, and most of the Ag accumulates in the cell membrane.
Nonetheless, this technique does not distinguish between ions and NPs,
so it is impossible to know how much of the quantified Ag corresponds
to AgNPs (Williams et al., 2016). Confocal microscopy was used to
overcome this problem, as it allows the visualization of metallic na-
noparticles thanks to their intrinsic refraction, albeit not discriminating
individual and aggregated nanoparticles (Vila et al., 2017; Garcia-
Rodriguez et al., 2018). The images obtained with this technique
showed a time-dependent cellular uptake of the AgNPs. Similar uptake
results have been obtained with undifferentiated Caco-2 cells
(Georgantzopoulou et al., 2016; Vila et al., 2017), however, our model
allows the exact localization of the uptake AgNPs in the different
membrane compartments. Although the number of nanoparticles ob-
served inside the cytoplasm and nucleus increased with time, most of
the particles were retained in the mucus shed, confirming that this
protective barrier impedes the cellular internalization of AgNPs. These
results, together with the low paracellular transport of LY in the
membrane permeability assay, lead us to hypothesize that the main
translocation route of AgNPs is transcytosis, and that its detection is
possible only after long-time exposures, reaffirming the idea that longer
exposure times allow us to understand better the kinetics of nanoma-
terials-barrier interactions, as other authors have previously suggested
(Gehrke et al., 2011; Joshi et al., 2014; Imai et al., 2017).

By analyzing the transcriptional response to AgNPs over time, we
could detect a large variability in mRNA expression levels. More im-
portantly, the analysis of the 24h time point shows a significantly
different scenario when compared to the 96 h treatment. In the first
time point, OCLN, CLDN2, ZO-1 and MUCI present gene expression
deregulation at one or both doses, suggesting a stronger response to
AgNPs. However, as it occurred with the rest of the end-points analyzed
in this study, results point out that this deregulation normalizes after
96 h. One explanation could be the barrier's composition, as Caco-
2 cells could respond to AgNPs-induced stress in a different manner
than HT29 cells. Also, the heterogeneity in differentiation stages of both
cell types' cellular subpopulations could also determine the observed
transcriptional variability. In spite of this, the overall gene expression
changes observed indicate that AgNPs affect the cells at the molecular
level, although further research, such as the transcriptional analysis of
each cell type separately, is needed to elucidate the mechanisms un-
derlying these variations.

As a concluding remark, it should be emphasized that the effects
caused by AgNPs were observed only due to the increase in the ex-
posure time to 96 h. This reinforces our proposal of expanding exposure
times beyond 24 h when performing assays for hazard assessment of
NPs, as extending the observation window allows the visualization of
hidden effects when analyzing shorter exposures. As the use of nano-
particles is expected to increase in the near future, as well as their
constant, long-term contact with the population, the development of in
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Fig. 9. Relative mRNA expression analysis using real-time RT-PCR of OCLN (A), CLDN2 (B), ZO-1 (C) and MUC1 (D) genes of the Caco-2/HT29 coculture barrier

model treated with 2.58 pg/mL or 100 pg/mL of AgNPs for 6, 24, 48 and 96 h. Data represented as mean

+

SEM and analyzed by the Two-way ANOVA with a

Tukey's post-test. Bars with different letters at the same time point show statistically significant differences compared to their time-matched untreated control

(*P < 0.05).

vitro models for long-term studies is crucial. The results of the present
study support that the Caco-2/HT29 coculture is a good candidate
model to carry out the aforementioned studies, although determining
the barrier's maximum time of endurance after the standard growing
period of 21 days could further improve the model's usefulness.
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