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Abstract: We co-cultured Caco-2 and HT29-MTX to ensure a tunable intestinal model and study the
transport of two classes of nanoparticles. We exposed Caco-2/HT29-MTX of different seeding ratios,
cultured on Transwell® systems, to non-cytotoxic concentration levels (20 ug/mL) of Si/SiO2
quantum dots and iron oxide (a-Fe203) nanoparticles. Transepithelial electric resistance was
measured before and after exposure, and permeability was assessed via the paracellular marker
Lucifer Yellow. At regular intervals during the 3-hour transport study, samples were collected from
the basolateral compartments for detection and quantitative testing. Cell morphology
characterization was done by phalloidin-FITC/DAPI labelling, and Alcian Blue/eosin staining was
performed on insert cross-sections in order to compare the intestinal models and evaluate the
production of mucins. Morphological alterations of the Caco-2/HT29-MTX (7:3 ratio) co-cultures
were observed at the end of the transport study compared to the controls. The nanoparticle
suspensions tested did not diffuse across the intestinal model and were not detected in the receiving
compartments, due to their tendency to precipitate at the monolayer surface level and form visible
aggregates. These preliminary results indicate the need for further nanoparticle functionalization in
order to appropriately assess intestinal absorption in vitro.

Keywords: intestinal mucosa; co-culture intestinal model; Caco-2; HT29-MTX; nanoparticle
transport; quantum dots; iron oxide nanoparticles.

1. Introduction

Oral drug administration is the preferred route when it comes to delivering most active
compounds, due to many considerations, including patient comfort, reducing chances of infection
and it being the least invasive route when compared to alternative delivery systems. The assimilation
process via the gastrointestinal (GI) tract is a paramount condition for the delivery of any xenobiotic
active compound to target tissues. In order to reach the system circulation, orally administered drugs
usually have to pass through the small intestinal barrier. However, some active compounds are
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especially vulnerable to the harsh GI environment and, therefore, require protection during transit in
order to prevent degradation [1]. In this context, nanoparticles constitute novel candidates as future
carrier-type agents [2]. Furthermore, human exposure to food products containing nanoparticulate
materials is projected to increase in the near future, which calls for the development of a reliable
screening solution [3].

The intestinal mucosa constitutes the major absorption site in vivo, with nutrient and xenobiotics
having to penetrate two types of barriers — an acellular, mucus layer, respectively the intestinal
epithelium. There is currently a wide array of in vitro intestinal models being used in studies that
aim to estimate/predict drug absorption in vivo. Even though there has been a surge in the
development of organotypic (3D) models [4-6] and organs-on-chip (body-on-a-chip) systems [7,8],
the majority of transport studies rely on simpler, in vitro co-culture models using conventional cell
lines. There are many advantages in terms of cost, good reproducibility and fidelity, yet the use of
tumoral cell lines (which is common practice in most 2D in vitro intestinal models) raises several
concerns regarding the ability of the models to reflect in vivo intestinal absorption in a pertinent
manner. More often than not, tumoral cells are found to overexpress key proteins [9,10], and they
generally exhibit an altered transcriptional regulation phenotype that may impact tissue
permeability. For example, the Caco-2 adenocarcinoma cell line has been used extensively for the
past couple of decades in nutrient and drug transport studies as an adequate in vitro model of the
intestinal mucosa [11,12]. However, due to the over-expression of tight junction protein complexes
[13-17], simple Caco-2 monolayers fail to provide a reliable estimation in terms of in vivo paracellular
permeability of small hydrophilic compounds. To address this issue, Caco-2 cells are routinely co-
cultured alongside HT29-MTX (goblet-like) cells [15] on Transwell® inserts.

This co-culture model allows for intercellular junction geometry modulation thereby fine-tuning
the effective permeability (Per) of the monolayer by simply adjusting the initial cell seeding ratio [14].
The human adenocarcinoma line HT-29 preconditioned in methotrexate (MTX) has the added benefit
of expressing mucins in culture [18] — the subsequently mucus layer produced constitutes an
additional physical barrier [19], potentially impeding xenobiotic transport across the epithelium as
would be the case in vivo conditions. Intestinal permeability correlates with the rate of compound
transport across the mucosa which is calculated according to the following equation:

Qv

Pesy = qrac, Lem/sl, (1)

where dQ/dt represents the apparent flow rate in time across the monolayer (mM/mL-s), V is

the volume (mL) within the receiving compartment (BL), Co is the initial concentration of compound
(mM) in the donor compartment (AP), and A is the exposed tissue surface area (cm?).

F=f.(1-Eq)-(1-En), @)

where fa is the absorbed fraction of the dose administrated (mass/dose), while considering first-
pass metabolism of the compound in the gut wall (Ec) and liver (Eu). These are variables which
current in vitro co-culture models can not account for.

Although Caco-2/HT29-MTX co-cultures are routinely used in transport studies, the model is
yet to be fully characterized, especially when compared to the well-established Caco-2 monoculture
model. The present study aims to add to the already established body of work in this direction [13,21],
while assessing the potential of two types of nanoparticles for oral drug delivery or screening
perspectives. We established several Caco-2/HT29-MTX cultures by altering the initial seeding ratios
(10:0, 7:3, 5:5, 0:10). The cells were cultured using Transwell® systems and were allowed to develop
into stable monolayers for 21 days before exposing them to non-cytotoxic concentration levels (20
pg/mL) of Si/SiO2 quantum dots and iron oxide (a-Fe20O3) nanoparticles. Transepithelial electric
resistance (TEER) was measured before and after exposure, and monolayer permeability (Peff) was
assessed via the paracellular marker Lucifer Yellow. At regular intervals during the 3-hour transport
study, samples were collected from the basolateral compartments for detection and quantitative
testing. Cell morphology characterization was done by phalloidin-FITC/DAPI labelling, and Alcian
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Blue/eosin staining was performed on insert cross-sections in order to compare the intestinal models
and evaluate the production of mucins.

2. Results

The intestinal models tested in the present study recorded similar TEER values to those reported
in the literature. After 14 days in culture, the Caco-2 cell line alone produced a very compact
monolayer (TEERu = 369 Q) cm?); measurements taken a week after revealed a steep drop to 228 Q
cm?, and a similar phenomenon was observed in the case of the 7:3 (seeded ratio) Caco-2/HT29-MTX
co-cultures. This would indicate a tissular integrity alteration of around 38%, as seen in Figure 1. Co-
cultures initially seeded at equal ratios and goblet cell-like monocultures evolved in a predictable
scenario of steadily increasing TEER in time. Nonetheless, after 21 days the TEER values overall still
maintained a similar differential rate of increase across models, corresponding to the increasing ratio
of Caco-2 initially seeded.

However, TEER measurements one week apart showed that the co-cultures with the higher ratio
of Caco-2 (7:3), as well as the Caco-2 monolayers alone, were lower than expected. One possible
explanation of this is the fact that, unlike HT29-MTX, the Caco-2 cell line has higher requirements in
terms of cell culture media and cellular expansion is more likely inhibited in a post-confluent setting.
Other studies also indicate the degradation of TEER after a certain time in culture has passed, thereby
resulting in more permeable monolayers for compounds that employ the paracellular route.

HT29-MTX m m 21 Day Culture

14 Day Culture
Caco-2/HT29-MTX (5:5) m
Caco-2/HT29-MTX (7:3) m
0 50 100 150 200 250 300 350 400 Q cm?

Figure 1. TEER evolution before initiating the transport study.

Regardless of whether the models were exposed to nanoparticle suspension or not, at the end of
the experiment all groups displayed significantly lower TEER values (see Figure 2), which suggests
that other variables at play affect monolayer integrity. Interestingly, when compared to the
monocultures, the co-culture models recorded the highest alteration levels, but only if they were
exposed to either type of nanoparticle suspension during this time.
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Figure 3. Insert cross-sections of the Caco-2/HT29-MTX intestinal model after the three-hour
transport study. The cells were stained with 1% Alcian blue/0,1% eosin in order to detect mucin
production. Monolayer disruptions of the experimental groups are also visible.

Control Lucifer Yellow Quantum Dots Iron Oxide

Figure 4. Fluorescence staining of the actin cytoskeleton of Caco-2/HT29-MTX monolayer after the
three-hour transport study. F-actin is marked with fluorescein (FITC)-phalloidin (green). Nuclear
counterstain with DAPI (blue).

During the 3-hour transport study, neither Si-quantum dots, nor iron oxide nanoparticles
permeate across the monolayer insert and reach the receiving compartment (data not shown). The
paracellular marker Lucifer Yellow passively diffused and reached the basolateral compartment
where it was detected (Figure 5). Lucifer Yellow transport rate correlates with TEER measurements
— the progressive integrity loss of the monolayers and, implicitly, the loosening of tight junction
complexes established by Caco-2 cells would result in the increase of effective permeability even
without considering their initial seeding ratio.
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Figure 5. Effective permeability increases across all intestinal in vitro variants (top panel). Lucifer

Yellow transport in time (bottom panel) shows the relative amount (in percentages) of paracellular
marker which was detected at five measurement points during the experiment.
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3. Discussion

Drug permeability coefficients have been historically assessed using simple Caco-2 cultures.
This classical intestinal model does present itself with many limitations, one of which is an
abnormally high transepithelial electrical resistance (TEER). TEER measurements ensure a consistent
monitoring of tissular integrity due to it being a highly sensitive, non-invasive technique. TEER
values also inversely correlate with paracellular permeability, making it the method of choice for
intestinal transport studies [22]. In vivo studies reveal different TEER values between different regions
of the human gut; post confluent Caco-2 monocultures are known to generate signals that vary
between 150 and 500 {2 cm? whereas in vivo TEER recordings place the intestinal epithelium in a
realistic range of 12-69 Q) cm?[14,22]. This significant difference can be explained by the fact that
Caco-2 cells in culture form many more tight junctions.

After 14 days in culture, the Caco-2 cell line alone produced a very compact monolayer (TEER,
=369 () cm?); measurements taken a week after revealed a steep drop to 228 () cm? and a similar
phenomenon was observed in the case of the 7:3 (seeding ratio) Caco-2/HT29-MTX co-cultures. This
would indicate a tissular integrity alteration of around 38%. Co-cultures initially seeded at equal
ratios and goblet cell-like monocultures evolved in a predictable scenario of steadily increasing TEER
in time. Nonetheless, after 21 days the TEER values overall still maintained a similar differential rate
of increase across models, corresponding to the increasing ratio of Caco-2 initially seeded.

However, TEER measurements taken one week later showed that the co-cultures with the higher
ratio of Caco-2 (7:3), as well as the Caco-2 monolayers alone, were lower than expected. One possible
explanation of this is the fact that, unlike HT29-MTX, the Caco-2 cell line has higher requirements in
terms of cell culture media and cellular expansion is more likely inhibited in a post-confluent setting.
Other studies also indicate the degradation of TEER after a certain time in culture has passed, thereby
resulting in more permeable monolayers for compounds that employ the paracellular route. This
hypothesis does not account for the higher alteration levels recorded by the co-culture models that
were part of the experimental groups. This preliminary result suggests that even though the
nanoparticle suspensions were designed to not reach cytotoxic levels for either cell line, the co-culture
model somehow makes them more vulnerable and more responsive to them.

One possible explanation is given by other authors [23] who attribute the cytotoxic effects of
some nanoparticulate materials to their inherent tendency to precipitate on top of the cells and form
visible aggregates. We noticed a similar phenomenon occurring, prompting further work in order to
properly functionalize them and increase their solubility in buffer solutions. Iron oxide nanoparticles
are often challenging to work with in this regard — for example, cellular intake of superparamagnetic
iron oxide nanoparticle variants (UPSIO NPs) required further functionalization with an oleic acid
coating [24].

In conclusion, the current study partly achieved its goals concerning the characterization of in
vitro intestinal model Caco-2/HT29-MTX in a transport study setting. Further quantitative testing for
the purpose of evaluating nanoparticle toxicity is required, as well as preventing aggregation.

4. Materials and Methods

4.1. Nanoparticles

Si-Quantum dots (5i/5i02 QDs) and iron oxide(a-Fe20s) used in this study were produced at the
Laser Department from the National Institute of Lasers, Plasma and Radiation Physics, Bucharest-
Magurele. The production process and characterization of the nanomaterials are detailed in previous
work [25,26]

4.2. Cell Culture conditions
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In a preliminary phase, Caco-2 (CRL-2102) and HT-29 (HTB-38) cell lines were grown separately
in complete medium consisting of Dulbecco’s Modified Eagle Medium (DMEM) supplemented with
10% heat inactivated fetal bovine serum (FBS) and 1% PSA. The cultures were maintained in humid
atmosphere at 37°C, 5% CO:2 and were routinely subcultured once a week with trypsin-EDTA (0.25%,
0.53 mM). For several months HT-29 cells had to undergo treatment with methotrexate (MTX)
according to the original protocol developed by Lesuffleur et al. [27].

Subsequently to the stabilization of HT29-MTX (mucus-secreting) clones, co-cultures were
initiated. The cells were seeded on 12-well plates with Transwell® inserts (with polycarbonate
membranes, 3 um pore size) at a final density of 100,000 cells per well, regardless of the final seeding
ratio (Caco2:HT29-MTX): 10:0, 7:3, 5:5, 0:10.

4.3. Transport Study

We exposed Caco-2, HT29-MTX and co-cultures to non-cytotoxic concentration levels (20
pg/mL) of Si/SiO2 quantum dots and iron oxide (a-Fe203) nanoparticles, and to Lucifer Yellow (50
ug/mL). HBSS was chosen as transport buffer. Particle quantification was done by measuring
absorbance/fluorescence levels for each (Iron oxide NPs: Abs. 325/500; Si-QDs: Ex/Em 325/644; LY:
Ex/Em 405/535) using the Flex Station 3 Multireader. TEER monitoring was performed using a
Millipore® Millicell Electrical Resistance (ERS) system. Measurements were performed in three
different points of each well, and final TEER was calculated after this formula:

TEERinat = (TEERmean [€QQ] — TEERb1ank [QQ]) X Awen (1.12cm?2) [QQ cm?]

At the end of the experiment, a select part of Transwell inserts were removed and fixed in 4%
PFA (paraformaldehyde) for 24 hours before being paraffinized, sectioned (5 um thick cross-sections)
and stained with 1% Alcian Blue-8GX and 0.1% eosin. The procedure was done according to the
manufacturer kit (Bio-Optica) instructions. Images were captured using Olympus BX43 (XC30
software).

Other cells cultured on inserts were fixed with 4% paraformaldehyde for 20 minutes and
permeabilized with 0.1% Triton X-100 — 2% bovine serum albumin for 40 minutes. The F-actin was
stained for 30 minutes with 10 pg/ml phalloidin-FITC (fluorescein isothiocyanate) and the nuclei
were counterstained with 2 ug/ml DAPI (4,6-diamino-2-phenylindole). The fibroblasts were
examined with an inverted fluorescence microscope Olympus IX71 (Olympus, Tokyo, Japan).

The cells cultured on inserts were fixed with 4% paraformaldehyde for 20 minutes and
permeabilized with 0.1% Triton X-100 — 2% bovine serum albumin for 40 minutes. The F-actin was
stained for 30 minutes with 10 pg/ml phalloidin-FITC (fluorescein isothiocyanate) and the nuclei
were counterstained with 2 ug/ml DAPI (4,6-diamino-2-phenylindole). The fibroblasts were
examined with an inverted fluorescence microscope Olympus IX71 (Olympus, Tokyo, Japan).
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