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0.1

Summary

The food industry has identified the benefits of nanotechnology and exploited the unique
properties of engineered nanomaterials (ENM) over the last decade. The number of products
available containing ENM or nanostructured materials worldwide is expected to increase
even further. Due to this presumed increase in number of available products and manufacturing quantities, authorities as well as consumers are concerned about potential adverse effects of nano-sized materials in food on public health. Materials directly added to food but
also those leaking from the packaging into food might be ingested. Also nanostructured food
processing agents, which are added to prevent caking, to improve flowing or to clarify and
absorb, might be ingested. Considering the high oral exposure to all these food additives, a
better understanding of the uptake, the accumulation and the biological effects of food relevant nano-sized materials at the intestinal epithelium is needed.
Ten differently produced synthetic amorphous silica (SAS) materials with different specific
surface areas, different primary structure sizes and different surface charges have been
characterised. Their biological impact has been screened in a cell line (Caco-2) representative for the most common cell type in the small intestine, enterocytes. No acute impairment of
viability or barrier integrity could be identified.
Furthermore, the adhesion and internalization of one representative of fumed and precipitated SAS have been investigated, exploiting flow cytometry, scanning electron microscope
coupled with energy dispersive X-ray spectroscopy, time of flight secondary ion mass spectrometry, transmission electron microscopy micrographs, confocal, dark field and hyperspectral microscopy. Furthermore, also the impact of food grade titanium dioxide has been investigated in the same setup. Titanium dioxide has been studied to identify if the restrictions in
the detection of SAS, were due to the material or the cell environment. The SAS materials
were only detected on the cell layer with scanning electron microscope coupled with energy
dispersive X-ray spectroscopy or the time of flight secondary ion mass spectrometry. It has
been shown that for the detection of silica in cell environment a subsequent elemental analysis is needed to recognise the SAS materials.
In the second part of this work an advanced co-culture model has been established to better
evaluate the impact of food grade materials in a more in vivo like setting. Caco-2 monoculture only presents one cell type of the very complex intestine. The newly established advanced co-culture model consists of Caco-2 cells and a mucus producing HT-29 cell line.
The addition of B lymphocytes allowed the differentiation of one additional cell type of
M-cells.
1

Summary
The exposition of the advanced co-culture model to six different SAS selected due to the
different production routes, specific surface areas and their different silanol content has led to
no differences in the viability, barrier integrity, microvilli function and lipid uptake. Nevertheless, the treatment has shown that the mucus production increases after the treatment with
SAS materials with an aggregate size above 200 nm and which are highly negatively
charged. A co-effect has been found for the investigation of the iron cell type precipitated
SAS with a small specific surface area decreased the iron uptake in the advanced co-culture
only in the ferritin uptake but not on the corresponding gene level.
This newly established model also offers the possibilities to further investigated broader scientific questions. As one other scientific question the colloidal structural formation during milk
digestion in the advanced co-culture of Caco-2 and HT-29 has been compared with structures formed in a cell free environment during milk digestion. The incorporation of cells has
not resulted in different types of structural formations and has not increased the speed at
which the colloidal structures are formed during the milk digestion compared to the setup
without cells.
The results show that the use of this advanced in vitro model can lead to an improved prediction on potential adverse outcomes of food components on the intestine. Mucus seems to be
a very important protective barrier in the interaction of food components with the intestinal
epithelium and should be studied in more detail. The advanced co-culture model established
in this thesis can be used for a first estimate of the interactions of food components with intestinal epithelium and a further reduction of animal experiments in the future.
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Zusammenfassung

In den letzten Jahren hat die Lebensmittelindustrie vermehrt Nanomaterialen, auf Grund ihrer
spezifischen Eigenschaften, als Nahrungsmittelzusatzstoffe eingesetzt. Die Anzahl der verfügbaren Lebensmittel, die nanoskalige Strukturen enthalten, wird auch voraussichtlich weiter ansteigen. Behörden und Verbraucher sind gleichermaßen besorgt über die möglichen
Effekte, die die in der Nahrung enthaltenen Nanomaterialien auf die Gesundheit auslösen
könnten. Nanomaterialien oder nanostrukturierte Materialien, die direkt dem Nahrungsmittel
zugegeben werden, und Materialien, die aus der Verpackung austreten können, führen zu
einer erhöhten oralen Aufnahme nanoskaliger Strukturen. Auf Grund der zu erwartenden
hohen oralen Exposition ist ein besseres Verständnis für die ausgelösten biologischen Effekte, für die auftretende Akkumulation und die Aufnahme der nahrungsmittelrelevanten Materialien auf den Darm dringend geboten.
Dafür sind zunächst zehn verschiedene nanostrukturierte Prozesshilfsmittel, synthetischamorphe Silica (SAS), auf ihren Einfluss auf den am häufigsten vorkommenden Zelltyp des
Dünndarms (Enterozyten) untersucht worden. Diese zehn SAS-Materialien unterscheiden
sich in ihrem Herstellungsprozess, der spezifischen Oberfläche, der Aggregatgröße, ihrer
Ladung und der Silanolgruppendichte. Bezogen auf die verschiedenen Materialeigenschaften sind keine akuten Einflüsse auf die Vitalität oder die Barriere Integrität an Enterozyten
in vitro festgestellt worden.
Des Weiteren ist untersucht worden, ob es zu einer Aufnahme von SAS durch die Enterozyten in vitro kommt. Mithilfe von Durchflusszytometrie, Flugzeitsekundärionenmassenspektrometrie, Rasterelektronenmikroskopie mit nachgestellter Röntgenspektroskopie, Transmissionselektronenmikroskopie, Konfokal Mikroskopie und Hyperspectralmikroskopie ist je ein
Vertreter der beiden Produktionswege im Hinblick auf die Anlagerung an und / oder die Aufnahme durch die Enterozyten untersucht worden. Um zu ermitteln, welchen Einfluss das
Material oder die Zellumgebung auf die Detektion der Nahrungsmittelzusatzstoffe hat, wurde
auch für die Nahrung zugelassenes Titandioxid untersucht. Die Auswertung dieser Ergebnisse hat gezeigt, dass sich Lebensmittelzusatzstoffe, die Titan enthalten, über die meisten dieser Methoden nachweisen lassen. SAS-Nahrungsmittelzusatzstoffe lassen sich aber nur
eindeutig über Methoden nachweisen, welche eine nachgestellte Elementanalyse durchführen.
In zweiten Teil dieser Arbeit sollen Nahrungsmittelzusatzstoffe, andere Nahrungsbestandteile
oder in der Nahrung enthaltene Materialien mit einem in vitro relevanten Modell für den
Dünndarm auf deren Einfluss bezüglich der physiologischen Funktion des Darms untersucht
werden. Dafür ist eine Enterozyten Zell Line (Caco-2) zusammen mit einer schleimproduzierenden Zelllinien (HT-29) kultiviert worden. Mit der Evaluierung verschiedener Einsaat Ver3
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hältnisse ist ein Zellzahlverhältnis etabliert worden, welches eine konfluente Schleimschicht
hervorbringt. Die zusätzliche Kokultivierung mit einer B-Lymphozyten Zell Line ermöglicht die
zusätzliche Differenzierung in Zellen, welche in vivo in der Lage sind, große Moleküle und
Bakterienantigene aufzunehmen. Dadurch können in vivo relevante Funktionen und Barrieren abgebildet werden und die Nahrungsmittelzusatzstoffe hinsichtlich ihres Einflusses auf
den Dünndarm untersucht werden.
In der vorliegenden Dissertation ist daher ein Ko-Kultur-Modell mit Caco-2 Zellen, einer
schleimproduzierenden HT-29 Zelllinien und M-Zellen etabliert worden.
In dem neu etablierten Ko-Kultur-Modell ist in einem dritten Teil der Arbeit untersucht worden,
welche kolloidalen Nanostrukturen sich während des Milchverdaus in der Anwesenheit von
Zellen bilden. Als Kontrolle hat der Milchverdau in der Abwesenheit von Zellen gedient.
Dadurch hat sich gezeigt, dass keine veränderten Strukturen gebildet werden und es beim
Vorhandensein von Zellen zu keiner Beschleunigung der kolloidalen Strukturbildung kommt.
Zur Ermittlung von strukturspezifischen Beziehungen zwischen den Materialien und dem
in vitro Dünndarm Model sind sechs SAS ausgewählt worden. Diese sechs unterscheiden
sich in ihrem Herstellungsprozess, ihrer Primärgröße, ihrer spezifischen Oberfläche und ihrer
der Silanolgruppendichte. Es sind keine negativen Veränderungen bezüglich der Vitalität, der
Barriereintegrität, der Induktion von Entzündungsprozessen, der alkalischen Phosphataseaktivität im Bürstensaum oder der Fettaufnahme ermittelt worden. Die Ergebnisse deuten auf
einen Zusammenhang zwischen der Aggregatgröße und der Ladung der Materialien und
deren Einfluss auf die Schleimbildung hin. So hat sich gezeigt, dass SAS, unabhängig von
ihrem Herstellungsprozess, aber mit einer Aggregatgröße über 200 nm und einer äußerst
negativen Ladung, eine erhöhte Schleimproduktion hervorrufen kann. Des Weiteren hat sich
gezeigt, dass nasschemisch hergestellte SAS mit einer geringen spezifischen Oberfläche zu
einer Verringerung der Eisenaufnahme in vitro geführt .
Die vorliegenden Ergebnisse zeigen, dass dieses weiterentwickelte in vitro Ko-Kultur-Modell
die Vorhersagen von neutralen und negativen Effekten von Nahrungsmittelbestandteilen ermöglicht. Es hat sich gezeigt, dass die Schleimschicht des in vitro Darmmodells potentiell
negative Effekte der Nahrungsmittelzusatzstoffe verhindern kann.
Das in dieser Dissertation etablierte in vitro Ko-Kultur-Modell kann zukünftig für erste Vorhersagen zur Dünndarmtoxizität von Arzneien und von in der Nahrung enthaltenen Stoffen herangezogen werden. Es kann gleichzeitig zur Reduktion von Tierversuchen beitragen.
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1 Introduction
1.1

Next generation risk assessment of nanomaterials

In recent years different industry sectors have discovered the benefits of nanotechnology and
exploited the unique properties of engineered nanomaterials (ENM). A inventory study from
the year 2015 showed that the 1,814 consumer products which contain nanomaterials are
available in 32 countries (Vance et al., 2015). The evaluation of the products which contain
nanomaterials showed that 42% belong to the category Health and Fitness while other major
categories are food and beverages, electronics or automotive (Vance et al., 2015). Also 49%
of the products which contain nanomaterials did not provide information about the composition of the nanomaterials for this inventory (Vance et al., 2015).
Over the last decade more than 250 products which contain food additives in the nano-size
range have been available worldwide (Center for Food Safety, 2017). The number of products available on the European market has increased over the last decade (Foss Hansen et
al., 2016). At the end of the year 2019 3,120 products were registered (“Welcome to The
Nanodatabase,” n.d.) and for some of them the production amount is in the range of
550-5500 t/year (Adam et al., 2015; European Chemicals Agency- ECHA, n.d.). Due to this
increase in the number of available products and manufacturing quantities, authorities as
well as consumers are concerned about potential adverse effects of food relevant ENMs on
public health. As a consequence, based on some studies France has decided to ban food
containing E 171 in the year 2020 until further background studies are conducted and the
classification decision of the European Chemicals Agency (ECHA) about TiO2 has been
reached (BfR, 2019). Also Switzerland has initiated that from the year 2021 on all nanomaterials in food need to be declared (Direktion der Institutionen und der Land- und
Forstwirtschaft, 2018). Particles directly added to the food, but also those leaking from the
packaging into the food, might be ingested and thus lead to oral exposure. The estimated
oral exposure e.g. to TiO2 or SiO2 via food ranges from 1 mg/kg bodyweight per day TiO2 for
the US and UK (Faust et al., 2016; Weir et al., 2012) or 9.4 mg/kg bodyweight SiO2 for people in the Netherlands (Dekkers et al., 2011). The Swiss Federal Food Safety and Veterinary
Office and scientist form the Adolph Merkel Institute of the University of Fribourg have additionally investigated whether food products also contain nano-sized fractions of TiO2, SiO2
and talc (Direktion der Institutionen und der Land- und Forstwirtschaft, 2018). They have
found that 27% of the 56 food samples contain nano-sized fractions of these materials
(Direktion der Institutionen und der Land- und Forstwirtschaft, 2018). Considering the consequential high oral exposure, a better understanding on the uptake, accumulation and the biological effects of food relevant particles at the gut epithelium, is urgently needed
(Bouwmeester et al., 2009; Dekkers et al., 2011; Echegoyen and Nerín, 2013).
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1.2

Nanomaterials, a class of materials with promising properties

1.2.1 Definition
Nanotechnology is science, engineering, and technology conducted at the nanoscale which
is about 1 to 100 nm (Baker et al., 2009; Caruso et al., 2014; Hull, 2019; Ingle et al., 2017).
Nanotechnology can also be described as the manufacture, characterization and manipulation of particles with sizes smaller than 100 nm (European Commission, 2010). This defines
“nano” in a broader sense, while definitions that are more specific are typically provided by
regulatory agencies and can be specific for different countries and regions. The size dependent statement can be found in all definitions even if the regulatory aspect differs. The
European Commission defines nanomaterials as “natural, incidental or manufactured material containing particles, in an unbound state or as an aggregate or as an agglomerate and
where, for 50% or more of the particles in the number size distribution, one or more external
dimensions are in the size range 1 nm-100 nm” (European Commission, 2011). “In specific
cases and where warranted by concerns for the environment, health, safety or competitiveness, the number size distribution threshold of 50% may be replaced by a threshold between
1 and 50%. By derogation from the above, fullerenes, graphene flakes and single wall carbon
nanotubes with one or more external dimensions below 1 nm should be considered as nanomaterials.” (European Commission, 2011).
The Swiss Federal Act on Foodstuffs and Utility Articles and the European commission define nanomaterials, in compliance to the generel European definition, as “a material where
the specific surface area by volume is greater than 60 m2/cm3” (Das Eidgenössische
Departement des Innern, 2017; European Commission, 2011).
The FDA, on the other hand, did not release strict definitions of nanoparticles until now (FDA,
2011).
A standard nano-objects is defined to have one or more external dimensions in the nanoscale (ISO/TS 27687:2008, n.d.). Nanostructured materials, on the other hand, are defined
as internal or surface significant fraction in the nanoscale (ISO/TS 80004-4:2011, n.d.).

1.2.2 General application of nanomaterials
Nanomaterials arise from three different categories natural occurring, incidental or engineered nanomaterials (Hochella et al., 2019). Natural nanomaterials are generated during
forest fires and volcano erruptions (Buzea et al., 2007), or biological structures like cell bilayer, viruses (Yokel and Macphail, 2011), fatty acid liposomes or micelles (Bouwmeester et
al., 2014), incidental nanomaterials can arise due to diesel exhaust or tire abrasion (Figure
1.1) (Buzea et al., 2007; Zimmermann et al., 2018). ENM are the third group, where the one
with the biggest production rate is TiO2 (Piccinno et al., 2012). As diverse as the application
areas for the ENM in the industrial and biomedical field are, as diverse are the nanomaterials
used for individual purposes.
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Since medieval times, gold has been used to generate different colours on glass paintings
and today it is known that these different colours have been generated due to the fact that
different sized gold nanomaterials absorb and reflect light differently (“Nanoeffects in Ancient
Technology and Art and in Space,” 2018). More recently nanomaterials have been increasingly investigated for their use in biomedical application like drug transport (summarized in
Jahangirian et al. 2017 and Patra et al. 2018).

Figure 1.1: The size and shape of some ENM compared to more familiar materials
(Yokel and Macphail, 2011)
Copyright ©2011 Yokel and MacPhail; licensee BioMed Central Ltd.

1.2.3 Nanomaterials of food relevance
In the food and agriculture sector nanomaterials are used due to their distinctive properties
(Bouwmeester et al., 2014). This is not only true for the recent years. Different food products
already contain nanoscale particles like fatty acid liposomes (Bouwmeester et al., 2014),
proteins like casein (which forms clusters) and micelles smaller than 200 nm in milk (De Kruif
and Huppertz, 2012). Distinct properties, which can be introduced due to their nanosize, are
increased bioavailability of vitamins and minerals, improved flavour and colour, and the prevention of caking and spoilage (Figure 1.2) (Bouwmeester et al., 2014; Dekkers et al., 2011).
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Due to their unique surface to volume ratio, it has been shown that nanomaterials can increase the bioavailability of vitamins like Vitamin E or D3 and minerals such as iron or calcium (Braithwaite et al., 2016; Peng et al., 2018; Peters et al., 2016). In food and food packaging, mostly clay and silver nanomaterials can be found (Bouwmeester et al., 2014). Silver is
added to food packing to extend the shelf-life of fresh products (Figure 1.2) (Martínez-Abad,
2011), while clay is added to plastic bottles to improve mechanical strength, to improve the
gas barrier properties or to build a better barrier for unstable components like flavours
(Bumbudsanpharoke and Ko, 2019; Jorda-Beneyto et al., 2014).

Figure 1.2: “Nanomaterials” which are used as food additives
After (Bouwmeester et al., 2009)

1.2.4 Natural Nanomaterials in food
Not only does new technology bring engineered nano-sized materials in our food there are
numerous naturally occurring nano-sized elements in our food. They occur during processing
like homogenization and milling as well as spontaneous self-assemblies into nano-fibers and
micelles (Rogers, 2016). Self-assembly arises through non-covalent interactions on the nanometre scale like in casein micelles or globular proteins (Chen et al., 2006; Yao et al.,
2014).
Milk hosts by far the most functional nanomaterials, which include casein micelles
(100 -200 nm), nano-fibers out of β-lactoglobulin (4 nm), bovine serum albumin, lactoferrins
or α-lactoalbumin (Coman, 2019; Rogers, 2016). Casein micelles are very important because their hard core comprises calcium and phosphate (Rogers, 2016). The nanostructure
of the casein makes these micronutrients better bioavailable and therefore increases their
efficient delivery (Rogers, 2016).
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In addition, dairy products are comprised of nanostructures. The manipulation of casein molecules, for example engineering an apolar surface, can lead to a more complex supramolecular architecture, which represents cheese (Fox et al., 2015). Another examples is yogurt,
where β-lactoglobulin nano-fibers aggregate into larger structures forming an elastic gel network (Guy et al., 2011; Rogers, 2016). Ice cream and whipped cream contain nanostructures, the addition of polysaccharides to the nano-emulsion can result in the phase separation nano-sized droplets in the continuous phase (Rogers, 2016).
Also egg white contains of structures with a diameter smaller than 10 nm like lysozyme,
ovalbumin and avidin (Axelos and Van de Voorde, 2017; Nisbet et al., 1981; Peters et al.,
1989).
It has been shown that also other food contains nanoscale platelets (Acevedo and
Marangoni, 2015). These have a size of ∼200 nm in length (Acevedo et al., 2012) and can be
found in chocolate, margarine or lard (Rogers, 2016). Lipid based nanocolloids occur naturally as lipidproteins in egg yolk (spherics with a diameter of 15-60 nm), plant seeds (diameter
0.1-10 µm) or fat globules in milk (Coman, 2019; Stumpf, Paul K. Mudd, JB Nes, 1987).

1.2.5 Engineered food relevant Nanomaterials
The most widely used engineered food relevant nanomaterials are titanium dioxide (TiO2)
and silicon dioxide (SiO2) particles (European Chemicals Agency- ECHA, n.d., n.d.). Nano
structured TiO2 materials are used in toothpaste and medication (Information about
nanomaterials and their safety assessment - DaNa, n.d.), while nano structured synthetic
amorphous silica are added to achieve anti-caking properties in instant soup, pancake mix or
other powdered foods (Dekkers et al., 2011).
1.2.5.1 TiO2
TiO2 is one of the most commonly used engineered materials, also as a food additive,
(E 171) and its production amount ranges between 550-5500 t/year (Adam et al., 2015;
European Chemicals Agency- ECHA, n.d.). According to the EFSA the food additive E 171
mostly comprises of micro-sized TiO2 particles, with a nano-sized mass fraction with less
than 3.2% and a very method dependent percentage of TiO2 nanoparticles (EFSA, 2016a). In
electron microscopy analysis investigations of E 171 have shown a very broad size distribution (30 to 400 nm), with a mean particle size of 110 nm and 36% of materials have a size
less than 100 nm (Weir et al., 2012). Newer investigations have found that even 54% of the
investigated E 171 are nano-sized (Faust et al., 2016). The group of Faust et al. (2016) has
found that the primary particle size also ranges between 103±40 nm, similar to the results
4 years before by Weir et al., (2012) . Therefore the EFSA aggresses that E 171 is not a nanomaterial according to the EU definition (EFSA, 2016a).
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1.2.5.2 SiO2
Synthetic amorphous silica (SAS) is used as a technological additive and is often referred to
as nanostructured material (Bosch et al., 2012). While the primary particle structure size
ranges between 1 nm to 100 nm, SAS tends to aggregate during synthesis resulting in the
bigger aggregates and agglomerates (Fruijtier-Pölloth, 2012). An aggregate can be defined
as the two individual particles which collide and cohere, resulting in a surface that is smaller
than the individual particle was (Mansfield et al., 2017). For secondary particles which are
weakly bound and have a similar external surface area as the individual constituents the term
agglomerate has been defined (European Commission, 2011)
In the European Union SAS is registered as a food additive under the abbreviation E 551
(EFSA, 2018a). E 551 includ SAS of different production routes like precipitated, pyrogenic
or gel forms (European Commission, 2008a). E 551 food additives are used as an anti-caking agent, flow aid, clearing agent, stabilizer and as a flavour carrier in food and non
food products (EU, 2008; OECD, 2004; Van Kesteren et al., 2015).
Even though SAS was launched more than 70 years ago (“History - AEROSIL® fumed
silica,” n.d.), until now it is not known if the nanostructured SAS is absorbed by the cells,
size-independently or if only the primary particles will be taken up, or whether they are taken
up at all (Peters et al., 2012). This is due to the fact that most of the research done regarding
SAS only investigated SiO2 nanomaterials either from the Joint Research Centre (JRC) or
self synthesized ones (Farcal et al., 2015; Gerloff et al., 2013; Guo et al., 2018; Tarantini et
al., 2015; Tsugita et al., 2017; Ye et al., 2017), and not products that are permitted as E 551.
It shows that nanomaterials are a class of materials with different manufacturing processes,
chemical compositions and properties. For that reason, only an application based on
case-by-case assessment can be conducted.

1.3

Intestine

1.3.1 Anatomy and Physiology of the human gastrointestinal tract
The generic name for the buccal cavity, oesophagus, stomach, small intestine and the large
intestine is human gastrointestinal tract (GIT) (Figure 1.3) (Schneider and Feussner, 2017).
Taken all together the digestive tract has a surface area of 32 m2 (Helander and Fändriks,
2014). On the macroscopic level, the small intestine is divided into duodenum, jejunum and
ileum (Figure 1.3) (Shroyer and Kocoshis, 2011). The large intestine contains four macroscopic segments, namely cecum, colon, rectum and anal canal (Figure 1.3) (Osuntokun and
Kocoshis, 2006). The large intestine, while being only one fourth of the total length of the
small intestine, is three times larger in its diameter (Shroyer and Kocoshis, 2011).
Bile as well as pancreatic juice for the digestion are transported via the Vater papilla which
disembogues into the small intestine (Schneider and Feussner, 2017). The main function of
the small intestine is the digestion and absorption of nutrients, vitamin synthesis and the reg12
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ulation of the fluid balance (Schneider and Feussner, 2017). Histological characteristic of the
mucosa of the small intestine is an enlarged surface area for the absorption, which is enabled by the circular folds and villi (Figure 1.4) (Osuntokun and Kocoshis, 2006). The villi contain mostly absorptive cells, which absorb carbohydrates and amino acids after the breakdown (Shroyer and Kocoshis, 2011). In contrast, lipid micelles break down at the brush
border and the resulting fatty acids and monoglycerids can enter the cells (Campbell et al.,
2019). After further processing in the cells they are transported in the intestinal lymphatics as
chylomicrons (Campbell et al., 2019).

Figure 1.3: Diagram of the digestive system
(“File:Digestive system diagram edit.svg - Wikipedia,” n.d.)
The additional extension of the apical surface is achived by finger-like, cylindrical projections
on the epithelia cells, which are called microvilli and which form a brush border (Figure 1.4)
(Shroyer and Kocoshis, 2011). The membrane of the microvilli contains enzymes, which are
able to complete the carbohydrate and protein digestion (Schneider and Feussner, 2017).
Additional to the microvilli barrier function the enterocytes are infiltrated with intraepithelial
lymphocytes which have a noxae-clearing effect by releasing cytokines as well as release
factors to support the epithelial barrier (Cheroutre et al., 2011; Thoo et al., 2019). An additional factor that could alter the barrier defence and tightness would be the impairment of
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tight and adherens junctions (Andrews et al., 2018; Sato et al., 2011b). The small intestine
does not only contain specific features for an increased absorption, it also hosts specialized
cells besides the enterocytes (Osuntokun and Kocoshis, 2006).

Figure 1.4: Anatomy of the small intestine
Reprinted by permission from Macmillan Publishers Ltd: [Nature Reviews Immunology]
(Abreu, 2010), copyright (2010)
All the cells are regenerated by intestinal epithelial stem cells, which is a another key factor
in the barrier defence of the intestine (Thoo et al., 2019). For example, present are goblet
cells which secrete mucus and show variable abundance from the cecum to the rectum
which is also reflected in slight phenotypical changes (Nguyen et al., 2015). In the small intestine they comprise 10% of all cells, but in the distal colon their number increases to 24%
of the whole epithelia layer (Hilgendorf et al., 2000; Madara and Trier, 1994). The mucus layer in the colon comprises two different parts. The inner mucus layer is germ-free, contains
IgA and antimicrobial peptides for further biochemically reinforcements to promote the barrier
capacity (Thoo et al., 2019). The outer mucus layer acts as a physical barrier of the intestine
and is a habitat for the indigenous microbiota (Johansson and Hansson, 2016). The mucus
layer in the small intestine is a more diffuse barrier which keeps the microbiota away from the
epithelia layer (Johansson and Hansson, 2016).
The secretion of hormones like secretin, gastrin or cholecystokinin is a function of enteroendocrine cells one other specialist cell in the intestine (Shroyer and Kocoshis, 2011). Paneth
cells, on the other hand, are specialized in the secretion of antimicrobial enzymes into the
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intestinal lumen to support the barrier function of the intestinal stem cells (Osuntokun and
Kocoshis, 2006; Thoo et al., 2019). Lastly, one other type of cells in the small intestine, which
belong to the gut-associated lymphoid tissue (GALT), are M-cells (Mabbott et al., 2013). In
the intestine they can be found above the Peyer´s Patches, which are lymphoid follicles
(Mabbott et al., 2013). M-cells comprise around 5%-10% of the cells in the human small intestine (Giannasca et al., 1999; Owen and Ermak, 1990). These M-cells are able to take up
bacteria antigens as well as larger molecules to present them to the lymphocytes in the Peyer`s Patches and initiate an immune response (Mabbott et al., 2013). Other cells of the GALT
are dendritic cells, macrophages and leucocytes which are located in the lamina propria acting as immunological defence and therefore providing an additional barrier (Artis, 2008;
Cerovic et al., 2014; Zhou and Sonnenberg, 2018).
These show that the GIT is a multicellular system with different complex structures. Hence,
the study of interactions with nanomaterials is quite challenging.

1.3.2 The GIT of a mouse
Compared to the human GIT, the GIT of a mouse is similar in anatomy and physiology yet
there are differences (Nguyen et al., 2015). These differences could arise mostly from the
different feeding patterns, diet or also metabolic needs (Nguyen et al., 2015). A mouse, for
example, has a very big cecum in comparison to the rest of the GIT, which permits them to
absorb a very large amount of nutrients (Nguyen et al., 2015). One other major anatomical
difference in the mouse intestine is the much longer villi in order to increase the surface area,
which would be reduced due to the lack of mucosal fold (Nguyen et al., 2015). On the cellular
level there are also differences as goblet cells can be found in the mouse intestine in the
crypt of the proximal colon, while in the distal part of the colon and rectum their number is
decreasing (Nguyen et al., 2015). Paneth cells, on the other hand, are only present in the
cecum and are completely absent in the other parts of the mouse intestine (Nguyen et al.,
2015). The different distribution of the these cell types indicates that besides digestion the
difference between human and the mouse is also in their immune response (Nguyen et al.,
2015). These differences show that the mouse model is good but has limitations for extrapolating the results to humans. This is one of the reasons why as an alternative human in vitro
models are used more and more.

1.4

Intestinal models

The establishment of intestinal models has not only been propelled since ethically the toxicity
assessment of food ingredients and food products in humans is debatable. Due to the
REACH initiative of the European Chemicals Agency (ECHA) in 2008, the assessment of any
chemical and chemical related products in animals is also highly questionable (European
Commission, 2008b). Also the shift in toxicology assessments from phenomenological to a
more mechanistic understanding of toxicity pathways has driven the toxicity assessments
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towards for example human in vitro models, omics technologies, high-throughput, in silico
modeling or quantitative structure-activity relationship (QSAR) (Hartung, 2009). Therefore,
over the last years the development of different in vitro models for the investigation of different functions of the intestine has been established and refined.

1.4.1 In vitro digestion models
In vitro digestion bioreactor models have been exploited due to the increasing interest in the
understanding and controlling the digestion of emulsions in food and pharmaceutical industries (McClements and Li, 2010). Despite the simplicity of these bioreactor models, they are
often very useful to predict the outcome of the digestion in vivo (Bohn et al., 2018).
The models range from the single step models which only simulate one region of the GIT
over the two multistep models where two and more regions of the GIT are modelled (Dupont
et al., 2019; McClements and Li, 2010).
The single step models include the pH-stat method (Armand et al., 1992; Dahan and
Hoffman, 2006; Hu et al., 2010), where the rate of the lipid digestion can be calculated by the
addition of NaOH over time. Other single step models are the Dynamic Gastric Model (DGM)
which simulates only the gastric phase with gastric movement and the Human Gastric Simulator (HGS) which has the possibility to investigate the food breakdown under relevant physical-chemical conditions, which simulate the real meal situation (Kong and Singh, 2010;
Wickham et al., 2012).
Multicompartment models are for example the DIDGI® which is able to monitor the kinetics
of food hydrolysis in the stomach and small intestine, in regard to transit time, pH, stirring
and digestive secretion (Figure 1.5) (as described in Dupont et al., 2019). Furthermore, the
TIM system model connects four compartments (stomach, duodenum, jejunum and ilium) via
peristaltic valves and semi-permeable membranes and the settings can be adapted to the
different kinds of food, drink, age, health and drug use (Minekus, 2015; Minekus et al., 1999).

1.4.2 Cell-based in vitro models
One drawback of all of the formerly named in vitro digestion models is the lack of a physiological environment due to the absence of cells (Dupont et al., 2019). In nearly all of the reviewed in vitro digestion models by Dupont et al. (2019) and McClements and Li (2010) the
absorption of metabolites cannot be routinely simulated, but was recently shown by Keemink,
Mårtensson, and Bergström (2019).
1.4.2.1 Single cell models
Single cell models are based on the cultivation of one cell type in an undifferentiated state or
the more in vivo like polarized state, also known as differentiated state.
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Figure 1.5: In vitro intestinal models
(A) Schematic diagram of a multistep in vitro digestion model (McClements and Li, 2010) (B)
Schematic diagram of an intestinal in vitro culture grown on a Transwell®. (C) A schematic
and a photographic image of the gut-on-a-chip device (Kim et al., 2012). (D) Schematic cell
propagation on the scaffold microstructures. (Wang et al., 2017). (E) Cellular input in an intestinal organoid culture. Reprinted by permission from Macmillan Publishers Ltd: [Nature
Reviews Molecular Cell Biology] (Shamir and Ewald, 2014), copyright (2014)
1.4.2.1.1 Primary cells
The use of primary cells became more common after Sato et al. (2009) had shown that the
isolation of stem cells out of the villus crypt is feasible and the cells survive and differentiate
afterwards in vitro. Since then other groups have used this method for decellularising intestinal crypts from animals or human tissue to generate in vitro cultures out of primary intestinal
cells (Chandra et al., 2019; Gonzalez et al., 2013; Leonard et al., 2010; Madden et al., 2018;
Pierzchalska et al., 2016; Powell and Behnke, 2017; Schweinlin et al., 2017; Wang et al.,
2017).
1.4.2.1.2 Human cell lines
Several human intestinal cell lines are available and different immortalized colon cancer cell
lines represent enterocytes, namely Caco-2, T84 or LS513 (Navabi et al., 2013). Furthermore, cell lines for other cell types of the intestine are available, such as goblet cells (HT-29)
or cell lines that represent the enteroendocrine cells (GLUTag, NCI-H716, STC-1, HuTu-80
and BON cells) (Flegr, 2013; Goldspink et al., 2018; Martínez-Maqueda et al., 2015).
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Caco-2 cell line
The Caco-2 cell line is the most commonly used enterocytic cell line for the investigation of
drug transport through the intestine even though it is known that the cell line itself has many
drawbacks. Namely, previously it has been reported that Caco-2 cells have low to non CYP
activity (Yamaura et al., 2016), overexpression of multi drug resistance proteins MRP2 and
MRP3 (Madden et al., 2018) and their representative ATP-binding cassette transporters
(ABC transporters) (Hubatsch et al., 2007). Furthermore, a low transport of hydrophilic compounds (by the paracellular pathway) due to the relatively high TEER values compared to the
human small intestine was also found to be a drawback (Madden et al., 2018; Sun et al.,
2008).
The fact that the Caco-2 cells are originated from the colon but commonly used to asses the
influence and uptake properties in the small intestine (Fogh and Trempe, 1975; van Breemen
and Li, 2005), is in regard to biology a big question mark. On a final note, variability between
passage numbers and sub clones have been observed (Bentz et al., 2013).
This cell line is still used due to its easy handling and the potential of cells to differentiate to a
more in vivo enterocyte representing cell. The differentiation can be favoured due to the cultivation of Caco-2 cells on a semi-porous membrane for a time course of 21 days. Over this
time they develop a microvilli brush border (Simon-Assmann et al., 2007), a tight barrier including the expression of different tight junction proteins (Sun et al., 2008), as well as disaccharidases and peptidases commonly expressed by enterocytes (Pereira et al., 2016).
HT-29 cell line
The HT-29 cell line, same as the Caco-2, is originated form a human colon adenocarcinoma
(Martínez-Maqueda et al., 2015). When grown on a semi-porous membrane for 21 days, they
mimic a goblet cell. Different sub clones of this cell line have been induced by the methotrexate (MTX) or 5-fluorouracil and then investigated due to their ability to secret mucus
(Behrens et al., 2001; Leteurtre et al., 2004). The incorporation of mucus in such a model
results in the more representative model for the transport of drugs (Pontier et al., 2001) and
the investigation of pathogens-intestine interactions (Dolan et al., 2012; Gagnon et al., 2013).
These examples show that there are alternative models available but single cell models are
not complex enough to depict the multifaceted interactions in vivo. Therefore, more advanced models are needed (as described in detail in 1.4.3).

1.4.3 Advanced models
Over the years, models, which comprise of more different cell types, and therefore would
more represent the in vivo situation, have been established. The models range from
co-cultivating different cell types on a semi-porous membrane, over organoids, gut-on-a-chip
models or the addition of scaffolds to recreate the intestinal anatomy.
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1.4.3.1 2D mechanically supported culture models
One of the most recognized models is the cultivation of intestinal cells on a semipermeable
membrane, also known as a Transwell® insert.
It has been shown that the cultivation of Caco-2 cells on such a Transwell® results in the
differentiation of Caco-2 into in vivo like enterocytes (summarised in Pereira et al. 2016). This
single cell model is mostly used for the ingestion and the assessment of permeability of
compounds through the gut epithelium (Ghaffarian and Muro, 2013). Over the years this 2D
model has been expanded by the incorporation of other cell types of the intestinal epithelium.
Nowadays, there are models existing which incorporated mucus producing cells (Mahler et
al., 2009), M-cells (des Rieux et al., 2007), a combination of both cell types (Schimpel et al.,
2014) or immune cells (Kämpfer et al., 2017; Susewind et al., 2015).
1.4.3.2 Primary commercial co-culture models
Commercially advanced in vitro models have become available on the market in the last
years. Most of them focus on better in vivo characteristics, like physiological TEER values
and formation of a brush border, to only name a few. Mostly all of these models focus on better assessment of drug absorption and inflammation. One such model type is the EpiIntestinalTM model from MatTek both EpiIntestinalTM intestinal models consist of primary human
small intestinal cells (MatTek, n.d.). The SMI-100 model incorporates enterocytes, paneth
cells, M-cells, tuft cells and intestinal stem cells (Ayehunie et al., 2014). The SMI-100-FT
additionally contains fibroblasts, which build a lamina propria (MatTek, n.d.). Other models
include a Colon epitheliumTM of Sterlab which comprises goblet cells and striated plate cells
(Jirova et al., 2015; “STERLAB INGENIERIE TISSULAIRE,” n.d.).
The other commercial models available are providing system to combine intestinal flows and
anatomic features, like model from MIMETAS OrganoPlate®, where intestinal cells can be
seeded in tubular structures without artificial membranes to investigate transport and leakage
(Trietsch et al., 2017). Other products available combine different in vitro organ systems on
compartment chips (TissUse GmbH, n.d.) or include combinations of microtissue from different origin (Gagnon et al., 2013).
1.4.3.3 Organoids
The first establishment of intestinal organoids by Sato et al. (2009) opened a lot of new possibilities in the investiagtion of intestinal crypt-villus biology, secretion and absorption in the
intestine, and regenerative medicine (In et al., 2016; Sato et al., 2009). The organoids used
are mostly derived from cells isolated form the bottom of the crypt, which are Lgr5+ and human intestinal stem cells (Sato and Clevers, 2013). These organoids further include Paneth
cells, goblet cells, epithelia transporting cells, enteroendocrine cells and mesenchymal cells
(In et al., 2016). The second way to generate intestinal organoids is the addition of the supplements like fibroblast growth factor 4 (FGF4) and WNT3a to human pluripotent stem cells
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(PSC) (Spence et al., 2011). When cultivated in degradable soft matrix out of PEG-4MAL, it
has been shown that additional to the goblet and enteroendocrine cells also tuft and proliferativ cells can derive (Blondel and Lutolf, 2019). All these organoid systems until now lack
M-cells, Peyer´s Patches and other immune cells (In et al., 2016). Like all organoid systems,
the intestinal lumen is facing inside the organoid and their size is highly variable. Therefore,
they have been mostly used in personalized medicine and the investigation of bacteria infection (Dotti et al., 2017; Schlaermann et al., 2016; van de Wetering et al., 2015).
1.4.3.4 Gut-on-a-chip
The first establishment of microfluidic chips opened a whole new possibility for the investigation of the intestinal function. All the intestinal cultures introduced beforehand had the drawback that they were static while it is well known that in vivo the chyme is moving. H. J. Kim et
al. (2012) seeded Caco-2 cells on a flexible porous extracellular matrix (ECM)-coated membrane in a central microchannel. Under the flow four other cell types differentiated out of the
Caco-2 cells, namely absorptive cells, goblet cells, enteroendocrine cells and paneth cells
(Kim and Ingber, 2013). The same group also investigated co-cultivation of Caco-2 cells with
bacteria (Kim et al., 2016). They observed that after 21 h bacteria overgrowth leads to the
damage of the epithelia cells, the loss of the villus structure and the disruption of cell to cell
connections (Kim et al., 2016). Additional models have investigated the combination of different cell types on one chip, like the combination of intestinal cells and hepatic spherocytosis
to investigate the first pass effect (D. W. Lee et al., 2017). Maurer et al. (2019) have established a chip, which incorporates the usual epithelial layer for intestinal cells and additionally
can host primary macrophages. This model opened up the possibility to investigate inflammatory responses of the intestinal epithelium to the co-cultivation of Lactobacillus rhamnosus
and Candida albicans (Maurer et al., 2019).
1.4.3.5 Scaffold model
One other way to obtain more advanced models is the establishment of intestinal culture with
anatomy features like the formation of a villus and crypt structure. This can be achieved by
the incorporation of scaffolds. Schweinlin et al. (2017) established biological scaffolds with a
villus structure where they seeded Caco-2 cells on. They decellularized porcine gut and cultured them on cell crowns. The group stated that the porcine gut provided a good source to
obtain biological scaffolds with anatomical similarities (Schweinlin et al., 2017). But this model showed that during the culture process for the intestinal culture at least cells have grown in
a similar fashion as when cultured on ECM.
Y. Chen et al. (2015) established a silk scaffold in the shape of a tube with a hollow lumen
where they seeded Caco-2 and HT-29 cells inside that lumen. With this culture method they
achieved an increased height of the mucus layer and an increased life span of the cultures
up to 8 weeks compared to the 2D cultures.
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Other approaches have included the production of scaffolds with the help of stamp, which
was stamped on a Transwell®. It was shown that the cells have a similar growth as in vivo
alongside the scaffold, with stem and proliferating cells in the crypt and mature non proliferating enterocytes in the villus (Wang et al., 2017).
A further approache to produce scaffolds is the bioprinting of the scaffolds. Madden et al.
(2018) approached this by bioprinting a bilayered architecture with myofibroblasts and primary human intestinal cells on a transwell membrane. After 21 days of culture, they had a polarized model with different intestinal cells (Madden et al., 2018). A different approach is the
dual cell printing of Caco-2 cells with HUVEC cells to include a blood capillary structure (Kim
and Kim, 2018). With this co-cultivation they were able to achieve a higher cell growth and
higher enzyme expression levels compared to 2D (Kim and Kim, 2018).
The tremendous progress in in vitro biotechnology opens new promising strategies to overcome animal testing, and still be able to generate relevant outcome. However, all models
have their limitations (please see 1.4.4 and 7.1).

1.4.4 Advantages and disadvantages of the different advanced in vitro models
In general, for all culture systems it can be stated that they better represent the intestinal
epithelium than a single cell type in the undiffentiated state does, even though a lot of people
still mix the evaluation of undifferentiated and differentiated states to assess different toxicological endpoints (Guo et al., 2017; Mahler et al., 2012; Vila et al., 2018b).
Additionally, all of the models only combine selected aspects of the intestine while omitting
others. This can be explained by the research focus, the reproducibility of the models and
their time-consuming characteristic, which are also the disadvantages that make these models unfit for high-throughput or high-content screening toxicological evaluation (for more detail please refer to 7.1).

1.4.5 Ex vivo models
Classical ex vivo models are the Ussing chamber and isolated intestinal perfusion systems.
Isolated intestinal perfusion comprises of the isolated perfusion of gut segment of an animal
while the animal is still alive (Goldspink et al., 2018). This model is mostly used to monitor
hormone secretion as well as the identification of direct nutrient or drug interactions
(Goldspink et al., 2018).
The conventional Ussing chamber contains two separated compartments, which are only
connected through the inserted intestinal tissue segments (Westerhout et al., 2015). Ussing
chambers are used to preform diffusion-based or electrophysiology-based measurements of
the mucosa and are widely used in pharmacology (Westerhout et al., 2015).
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1.5

Interaction of food relevant nanomaterials with the intestine

The interactions of the nanomaterial with the intestine have been investigated in the last
decades in vivo as well as in vitro.

1.5.1 Cellular uptake mechanisms of nanomaterials
The cellular uptake of nanomaterials can be very crucial for the influence of the nanomaterial
on the cell interactions, it has been shown that the uptake of gold nanomaterials can even
lead to the induction of DNA damage (May et al., 2018). The cellural uptake of ENM is very
much influenced by the size, coating, charge, ligands, water affinity or other parameters in
the physicochemical properties of the nanomaterials (Ge et al., 2011; Wang et al., 2011,
2010). For instance, cationic materials adhere more easily to the cell surface than anionic or
neutrally charged materials (Fleischer and Payne, 2014; Qiu et al., 2010). Positively charged
nanoparticles are taken up more actively until a certain size (Figure 1.6) (Fleischer and
Payne, 2014; Qiu et al., 2010), it has been shown that cationic polystyrene amine functionalized nanomaterials induced lysosomal rupture, intracellular calcium flux as well as mitochondrial injury and cell death in macrophages (Xia et al., 2008, 2006).

Figure 1.6: The cellular uptake mechanism for different sized nanomaterials
(Zhu et al., 2013)
"Reprinted with permission from (Zhu, M., Nie, G., Meng, H., Xia, T., Nel, A., Zhao, Y., 2013.
Physicochemical Properties Determine Nanomaterial Cellular Uptake, Transport, and Fate.
Acc. Chem. Res. 46, 622–631. https://doi.org/10.1021/ar300031y). Copyright (2013) American Chemical Society."
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Besides the surface charge, one other notable influence on the cellular uptake of nanomaterials is the formation and composition of proteins on the nanomaterial surface in biological fluids (Cedervall et al., 2007). This formation is known as a protein corona, and it has
been studied extensively how its presence and composition influence the uptake of nanomaterials by the cells (as reviewed in Corbo et al., 2016 and Monopoli et al., 2011). The
presence of the protein corona alters the chemical surface of the nanomaterial significantly
and therefore does not only influence the uptake, but also the biotransformation and biocompatibility of the material (Cedervall et al., 2007; Ge et al., 2011).
Most nanomaterials enter the cell by the endocytotic pathway and end up in endo- or lysosomes (Figure 1.6) (Brandenberger et al., 2010; Chou et al., 2011; Rathore et al., 2019). Nanomaterials are taken up by four different pathways of endocytosis such as phagocytosis,
macropinocytosis, clathrin-mediated, calveolin- mediated and clathrin/caveolin-independent
endocytosis (Figure 1.6) (Dobrovolskaia and McNeil, 2009; Zhu et al., 2013), and each of
these uptake routes has its own size dependency (Zhu et al., 2013). If nanomaterials are
taken up by the endocytosis they get exposed to an acidic environment inside the endosome
and lyososme, which can result in the degradation of the material (Zhu et al., 2013). But
when the nanomaterials have formed aggregates and agglomerates it has been reported that
they have been less actively cleared from the host cell (Zhu et al., 2013).
The physiochemical properties which regulate the endocytosis of modern nanomaterials are
still not completely clear, but their size as well as aspect ratio seem to play an important role
(Cupic et al., 2019; Zhu et al., 2013).

1.5.2 Nanomaterial entry route in the GIT
The options for nanomaterial entry routes in the intestine are not endless. Due to intestinal
architecture, three potential uptake routes arise. The first one is the transcellular and/or
paracelluar uptake through the enterocytes, which has already been demonstrated for very
small nanoparticles (Powell et al., 2010). The second possible route is the transcellular uptake by the goblet cells, due to the fact that on the apical surface they show overall less and
shorter microvilli structures (Shearman and Muir, 1960). The third possibility is the uptake
through the M-cells due to their in vivo function to take up antigens (Mabbott et al., 2013;
Powell et al., 2010). Different groups were already able to show that M-cell cultures transport
nanoparticles also in vitro (Brun et al., 2014; des Rieux et al., 2007; Schimpel et al., 2014).

1.5.3 TiO2 in vivo
Over the last decade the health risk of titanium dioxide nanomaterials added to food and
cosmetics has been debated heavily in the public as well as in the scientific community. In
the last five years some groups have investigated the health impact of E 171 and self synthesised TiO2 nanomaterial in vivo.
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Brun et al., (2014) showed that self synthesised titanium dioxide crossed the ileum epithelium as well as the follicle-associated epithelium and changed paracellular permeability of the
rat ileum and colon. They showed that the translocation of TiO2 nanomaterials is possible
and they concluded that this could probably induce chronic damages in the gut cells (Brun et
al., 2014).
Another feeding study has been conducted where the nanofraction of different size and material composition of TiO2 nanomaterial (non food grade) has been fed to rats via gavage
(MacNicoll et al., 2015). No significant translocation to blood, urine or organs has been observed after the treatment with 5 mg/kg TiO2 (MacNicoll et al., 2015). The TiO2 has been excreted over the faeces, therefore they concluded that TiO2 is not probable to be absorbed in
the GIT after oral intake and are excreted via faeces (MacNicoll et al., 2015).
The influence of different crystal structure of TiO2 nanomaterial (non food grade) on dendritic
cells have been investigated as well (Vandebriel et al., 2018). In ovalbumin treated BALB/c
mice in vivo was shown that higher serum levels for ovalbumin-specific IgE and IgG1 after
the treatment with different crystalline nanomaterials were initiated in the order of rutil TiO2<
anatase TiO2< carbon black (Vandebriel et al., 2018). They concluded that anatase TiO2 had
a higher adjuvant effect than rutil TiO2 (Vandebriel et al., 2018).
Not only has inflammatory response been investigated but also administration and exposure
routes after the exposure of radiolabeled TiO2 nanomaterial have been investigated. In this
study it has been found that only 0.6% of the radiolabelled titanium dioxide nanomaterials
were observed in the GIT after gavage administration in rats (Bello and Warheit, 2017;
Kreyling et al., 2017). After 7 days it has been discovered that 0.05% was found in the GIT
(Bello and Warheit, 2017; Kreyling et al., 2017). After the gavage treatment it has been found
that 99.7% of TiO2 were cleared via the faeces after 7 days (Kreyling et al., 2017). After 1 h of
the administration 0.6% TiO2 percentage reached the bloodstream (Kreyling et al., 2017).
Already ten years ago the renal excretion of TiO2 in dialysis patients was investigated. It was
found that the blood TiO2 value of dialysis patients showed a very high mean of 25.2±9.5 µg/l
as a starting value in comparison to healthy volunteers who had a background titanium value
of 11.2±4.1 µg/l (Bockmann et al., 2000). All participants, volunteers and dialysis patients
alike, got 22.9 mg TiO2 in a gelatine capsule administered and after 12 hours the values between the dialysis patient as well as the healthy volunteers were adjusted to each other, respectively to 36.2±16.8 µg/l and 35.2±14.4 µg/l (Bockmann et al., 2000). The high starting
values for the dialysis patients could have arose through the medication these patients had
already taken, which is most likely the source for the higher titanium background values
(Bockmann et al., 2000). Additionally, the scientists concluded that there was no long term
accumulation of TiO2 in dialysis patients (Bockmann et al., 2000). Recent investigations of
post mortem human samples have shown that TiO2 accumulated in all investigated organs
(Peters et al., 2020). Even though the medical history of the deceased human bodies is mis24
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sing, the authors remark the possibility that the TiO2 particles in the liver and the spleen
could originate from food, toothpaste or medicine (Peters et al., 2020).
One study has investigated the uptake of food grade TiO2 nanomaterial (E 171) versus TiO2
nanomaterial from the Joint Research Center (NM-105) in rats. Bettini et al., (2017) detected
titanium in the gut lumen, Peyer's Patches as well in the colon mucosa after feeding the rats
via gavage After 7 days no intestinal inflammation was observed neither with 10 mg/kg of
bodyweight/day E 171 nor NM-105 (Bettini et al., 2017). After 100 days treatment with
10 mg/kg of bodyweight/day with E 171 or NM-105 in an animal model for colon carcinogenesis colon microinflammations, preneoplastic lesions and the growth of aberrant crypt foci
have been detected (Bettini et al., 2017). Bettini et al., (2017) concluded that this gave some
risk assessment information for human dietary exposers for TiO2 for autoimmune disease
and colorectal cancer.

1.5.4 TiO2 in vitro
Over the last decade also a lot of in vitro investigations with E171 have been conducted but it
needs to be said that most of the claims about TiO2 nanomaterials have been made with non
food grade TiO2 nanomaterials.
The group of Faust et al., (2014) has found out that food grade TiO2 materials and isolated
TiO2 from chewing gum can disrupt the microvilli of differentiated Caco-2 (Faust et al., 2014).
According to their results they concluded that this did not happen due to physical processes
but due to a biological response of the Caco-2 to the interaction with the TiO2 nanomaterials
(Faust et al., 2014).
It has been shown that in the co-culture of Caco-2 and HT-29 cells, HT-29 cells are able to
take up TiO2 nanomaterials in vesicle (Brun et al., 2014). In a co-culture of Caco-2 and Raji B
lymphocytes intracytoplasmatic vesicles with nanomaterials have been observed (Brun et al.,
2014). In this culture it also appeared that titanium dioxide was released on the basolateral
side of the cells (Brun et al., 2014). The same group observed in Caco-2 monocultures that
the TiO2 nanomaterials were entrapped in the microvilli respectively some could be found in
vesicles, but they said that they never witnessed a complete translocation of TiO2 (Brun et
al., 2014).
Another group has investigated the inflammatory response of the differentiated Caco-2 monoculture after the treatment with titanium dioxide. Different to Brun et al., (2014) Pedata et al.,
(2019) did not see any nanomaterials in differentiated Caco-2 cells after a 24 h treatment but
they found vesicular bodies which contained titanium on the basal side of the cells. They saw
that the gene expression for inflammatory markers like TNFα and Il-8 increased after four
and 24 hours treatment with 42 µg/ml P25 (Pedata et al., 2019).
The transport mechanism for the uptake of different sized titanium dioxide in cells has been
investigated as well. Krüger et al., (2017) found that the transport mechanisms of titanium
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dioxide in undifferentiated Caco-2 were mediated via EGFR. They were able to show that
titanium dioxide nanomaterials were internalised via clatherin dependent and independent
mechanisms but not by caveolin-mediated endocytosis (Krüger et al., 2017).
Also the synergistic effect of the co-treatment of SiO2 and TiO2 nanomaterials has been
looked at. It showed that co-treatment of silicon dioxide and titanium dioxide nanomaterials
may trigger inflammatory response in macrophages (Tsugita et al., 2017). In the individually
treated macrophages they did not observe inflammatory response and additionally they discovered that the mixture of nanomaterials formed a smaller complex than individual nanomaterials (Tsugita et al., 2017).
The treatment of differentiated Caco-2 monocultures with titanium dioxides did not show any
sign of the generation of reactive oxygen species (ROS) or toxicity after 24 hours (Song et
al., 2015). Even though they spotted that less than 1% of the TiO2 nanomaterials passed the
cells (Song et al., 2015). They concluded that the uptake was influenced by aggregation and
that the different surface coating decreased the cellular uptake (Song et al., 2015).
Lastly, also the influence of TiO2 nanomaterials on the intestinal microbial community has
been investigated. Dudefoi et al., (2017) have found that food grade titanium dioxides have
no impact on the gas production and only a minor effect on the fatty acid profiles of bacteria
when administered in low concentration. They have no effect on the human microbiota
in vitro in human relevant concentration (100-250 ppm) but the scientists pointed out that the
effect of chronic TiO2 nanomaterials exposure still needs to be investigated (Dudefoi et al.,
2017).

1.5.5 SAS in vivo
The first industrial production of pyrogenic silica was launched in 1942, why SAS is quite an
old material and as such it had been investigated since the 1960s (“History - AEROSIL®
fumed silica,” n.d.).
A rat study which was carried out for 30 days showed that a daily administration of precipitated silica at the concentration of 1500 mg per kg per body weight did not result in higher SiO2
content in the liver, kidney or spleen (Degussa 1968b as cited in (ECETOC 2006)).
In a different study, guinea pigs were feed with precipitated or sol SAS, which was either
mixed in their diet, administered directly or administered by intraperitoneal injection. No connection of silica concentration in the diet and silica concentration in the tissue could been
found (Sauer et al., 1959a,b as cited in (ECETOC, 2006)). In 1966 a human study was conducted, where twelve human subjects (per group: 5 male, 1 female) were administered two
1250 mg oral doses of pyrogenic or precipitated silica diluted in apple juice, during one single
day (Degussa 1966a as cited in (ECETOC, 2006)). The silica content in the excreted urine
was analysed up to three days after the administration. The group which received the pyrogenic SAS did not show any significant changes in the silica secretion. From the group which
received the precipitated silica 5 participants showed an higher silica secretion and one a
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lower one, but these changes were still considered in the range of physiological variations
(Degussa 1966a as cited in (ECETOC, 2006)).
Furthermore, Van der Zande et al. compared in their 28 days rat study SAS with a reference
material of the JRC (NM-202) and did not observe elevated silica content in the tissue up to a
concentration of 2500 mg/kg body weight (bw) /day for SAS or up to 1000 mg/kg bw/day for
NM-202 (Van der Zande et al., 2014). 1 On the contrary, in an 84 day exposure study with the
administered dose of 2500 mg/kg bw/day of SAS, an accumulation of SAS in spleen has
been found (Van der Zande et al., 2014). For the interpretation of these findings it should not
be disregarded that the daily dose of administered SAS materials was 2.5 fold higher than
the 1000 mg/kg bw/day suggested by the OECD guidelines animal fare guidelines for a repeated dose 90 days study (OECD, 1998). The OECD suggested value has been set to
avoid unspecific effects from extreme doses (Morfeld et al., 2017). For the animals treated
with the NM-202 the histopathological analysis showed an increase in liver fibrosis, which
was not significant for the SAS treated animals (Van der Zande et al., 2014).
A feeding study of food grade SAS (27±8.5 nm) and bulk silica (4±1.0 µm) found that
84.54±8.57% as well as 82.37±14.39% was excreted via faeces and around 5% by urine in
rats (J.-A. Lee et al., 2017). This indicates that most particles were directly eliminated via the
faeces and the group estimated that overall absorption was lower than 4% for the food grade
SAS and bulk silicon dioxide in the rats (J.-A. Lee et al., 2017). Additionally, the group saw
that the oral absorption properties were highly altered on the occurrence of proteins and
sugars (J.-A. Lee et al., 2017).
All previously reported studies suggest that the absorption of SAS from the GIT is limited
(Dekkers et al., 2013). On the other hand, in vivo studies investigating nanosilica showed
that from an orally administered repeated dose of 1% nanosilica in the diet 30-90 nm nanosized silica are able to reach the systemic circulation (So et al., 2008). This further resulted
in an increase of the alanine aminotransferase ALT level in the mice, where increased ALT
levels are a sign of liver problems (So et al., 2008).
The comparison of nanosilica versus SAS by Dekkers et al., (2013)2 and reported discrepancies showed that more information on the oral absorption, and possible accumulation is
needed.

1

Morfeld et al., (2017) had pointed out that there are substantial deficiencies in the study of

Van der Zande et al., (2014). For example in the carbon content, the particle size distribution,
the animal study design or the severity of the lever fibrosis to only name a few.
2

The by Dekkers et al., (2013) used term nanosilica is misleading due to the fact that all SAS

are nanostructured materials.
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1.5.6 SAS in vitro
Not only have in vitro cell investigations with silicon dioxide been conduced but also in vitro
bioreactor studies representing the different digestion stages have been investigated. The
focus was on the occurrence, dissolution, agglomeration and release of nano-sized materials
from different food products (Peters et al., 2012). It was found that materials from the different food products have been present in the mouth phase in a size range of 5-50 and
50-500 nm, in the gastric phase, on the other hand, nano-sized silica was not present anymore (Peters et al., 2012). Peters et al., (2012) concluded that the reappearance of
nano-sized silica materials in the intestinal phase were due to the increase of the pH compared to the gastric digestion stage. Sohal et al., (2018), on the other hand, saw with food
grade SAS he investigated that a ∼50% reduction in particle number occurred in the saliva
fluid. For SAS the group only saw a slight change in particle numbers after 2 h which increased again after 8 h. In the intestinal phase they saw a decrease of 70% in the size range
from 150-200 nm and an increase of the particle number of 27 times for the size of
500-1000 nm (Sohal et al., 2018a). Earlier investigations on the behaviour of SAS in digestion mixture in the fed state showed that acid pre-treatment with HCl did not alter their characteristics (Meier at al., 2013, 2014 as cited in EFSA 2018b).
In the in vitro cell studies mostly Caco-2 monocultures were investigated in the last decade.
Undifferentiated Caco-2 monoculture and gastric epithelia cell GES-1 have been treated with
food grade SAS as well. The group of Yang et al., (2014) concluded that after 24 h a concentration of up to 100 µg/ml and the applied SAS appeared to be safe. In the last three
years also co-culture models that investigate food grade SAS have been conducted. A
co-culture of Caco-2 and Raji B treated with SAS has been shown that these cultures are
able to take up silicon dioxide materials (J.-A. Lee et al., 2017). In contrast no transport has
been reported in the differentiated Caco-2 monocultures for the food grade SAS as well as
for the bulk material, the group was also able to exclude transcytosis mechanisms for the
transport of silica nanomaterials by M-cells (J.-A. Lee et al., 2017).
It has been shown that food grade synthetic amorphous silica introduced the secretion of
IL-1β from immature dendritic cells in vitro (Winkler et al., 2017). This treatment did not introduce the releases of IL-1α or TNFα, which are known to be the acute inflammatory markers
in lung relevant studies (Winkler et al., 2017).
Fluorescent-labelled silicon dioxide in two different sizes was investigated in differentiated
Caco-2 cells. The group around Ye et al., (2017) saw that most nanomaterials were not internalised but adhere on the apical cell surface. TEM analysis showed that a small amount of
silicon dioxide nanomaterials were internalised but most of the materials were associated
with the microvilli on the outside of the cell (Ye et al., 2017).
Also the gastric carcinoma cells line GXF251L has been investigated with food grade SAS
material (Aerosil® 200 F) (Wittig et al., 2017). It was found that this treatment stimulated cell
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proliferation, the epidermal growth factor (EGF) and the mitogen-activated protein kinase
(MAPK) pathway (Wittig et al., 2017). They concluded that the tested food grade SAS were
likely to be embodied at the start of a proliferation stimulus (Wittig et al., 2017).
All these investigations show that more and better studies are needed to evaluate the impact
food grade SAS can exhibit on the intestine. Due to the shown differences, resulting from
different mechanical properties of the SAS, a detailed preceding material characterisation is
needed to identify structural activity relationships.
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2 Aims and Motivation
Over the last years, consumers have increasingly been hesitant and concerned when they
hear that some food and food packing contain nanomaterials, regardless of whether these
are natural or engineered. Recently different national and international regulatory agencies
have expressed that more scientific data is needed to evaluate, or re-evaluate nanomaterials
present in consumers products. To assess the presence of nanomaterials and their safety,
various strategies were implemented, from traditional in vivo to simple and advanced in vitro
models. In regards of animal welfare and based on the recommendations of regulatory agencies, these investigations should nowadays be primarily conducted in in vitro systems. These
systems have reached a higher complexity in the last years, but until now they have only
been occasionally used to investigate the impact of nanomaterials which are used as food
additives.
The aim of this thesis was to explore the influence (potential uptake, accumulation and effects) of food relevant SAS particles provided by Evonik Industries on the human intestinal
barrier to elaborate a structure activity relationship.
To achieve this aim, the following objectives were set:
1. Screening of 10 food grade nanostructured silica particles with different production
processes, specific surface area, primary structure size and zeta potential to assess
their influence on the intestinal barrier in a cell monolayer
2. Qualitative and quantitative assessment of the adhesion and uptake of food grade
nanostructured materials on intestinal monocultures
3. Development of an advanced intestinal barrier co-culture model
4. Investigation of the effects of food grade nanostructured silica on physiological intestinal function in an advanced intestinal barrier co-culture model
5. Implementation of an advanced intestinal co-culture barrier model in an in vitro digestion model in order to gain first insight in the formation of nanostructures during lipid
digestion in vitro
Deliverables of the thesis were:
1. Qualitative and quantitative data on the effects of 10 food grade nanostructured silica
on intestinal barrier viability and integrity in a monoculture model and ranking of the
materials in regards to structure activity relationship
2. A well-characterized advanced intestinal barrier model and a set of protocols to study
intestinal-specific functions
3. Qualitative and quantitative data on the effects of food grade nanostructured silica on
the physiological function of the intestine in an advanced intestinal model
4. In vitro evaluation of nanostructure formation during milk digestion in the presence of
intestinal cells
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This work was carried out within the framework of the following hypotheses:
•
•
•

The food relevant nanomaterials are not expected to induce acute toxicity in the
in vitro models for the human intestinal barrier
The nanostructured silica particles are not affecting physiological intestinal functions
in the advanced in vitro model for the human intestinal barrier
The colloidal structures formed during milk digestion in a cell environment differ from
the ones found in a cellular in vitro digestions model
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Abstract
For several decades, food-grade synthetic amorphous silica (SAS) have been used as a
technological additive to reduce caking of food powders. Human exposure is thus inevitable
and safety concerns are taken seriously. The toxicity of silica in general and SAS in particular
has been studied extensively. Overall, there is little evidence that food-grade SAS pose any
health risks to humans. However, from the available data it was often not clear which type of
silica was used. Accordingly, the latest report of the European food safety authority requested
additional toxicity data for well-characterised "real food-grade SAS".
To close this gap, we screened a panel of ten well-defined, food-grade SAS for potential adverse effects on differentiated Caco-2 cells. Precipitated and fumed SAS with low, intermediate and high specific surface area were included to determine structure-activity relationships.
In a physiological dose-range up to 50 µg/ml and 48 hours of incubation, none of the materials induced adverse effects on differentiated Caco-2 cells. This held true for endpoints of
acute cytotoxicity as well as epithelial specific measures of barrier integrity. These results
strongly indicate that independent of the production process and the specific surface area,
SAS materials do not induce acute toxicity after oral exposure.

Key Words:
in vitro toxicology, food-grade synthetic amorphous silica (E 551), differentiated Caco-2 cells,
dosimetry
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3.1

Introduction

Synthetic amorphous silica (SAS) is described as a white, fluffy powder or granules with the
chemical formula SiO2 (silicon dioxide; silica) (EFSA, 2018a). Three main types of silica exist:
crystalline silica, amorphous silica and SAS (Fruijtier-Pölloth, 2012). SAS can be found under
the CAS No 7631-86-9 (ECHA, 2020) and can be are further divided in silica gel, precipitated, pyrogenic and colloidal silica. Among those only the gel, precipitated and pyrogenic forms
but not the colloidal form, are authorised as food additives under the European Union registration number E 551 (European Commission, 2008a). E 551 is widely used as a technological additive due to its anti-caking properties (Fruijtier-Pölloth, 2016; Kurfess et al., 2005;
Müller et al., 2008; Ruppel et al., 2009).
In vivo studies in rodents have shown that oral exposure to food-grade SAS (E 551) did not
induce systemic or local toxicity (Fruijtier-Pölloth, 2016). However, of the many existing toxicity studies (in vitro as well as in vivo) only few applied real food-grade SAS and specified
what type of silica has been used (for a comprehensive review see Fruijtier-Pölloth, 2016;
Sohal et al., 2018). Hence, the EFSA panel on food additives and nutrition sources concluded in its 2018 report on "The re-evaluation of silicon dioxide as a food additive" that there is a
need for an improved particle characterisation of E 551. Furthermore, they requested additional toxicity data on real E 551 in its various available and authorised forms. According to
the panel report, the availability of biological and toxicological data on E 551 is still limited.
Moreover, the use of different SAS forms with distinct physico-chemical properties further
prevented a comprehensive and systematic toxicological evaluation. Therefore, the current
acceptable daily intake (ADI) `not specified´ could still not be confirmed.
In order to take this issue forward, appropriate model systems are needed that reliably detect
potential adverse effects and allow for predicting toxicity in humans. The utilization of in vitro
cell culture models to replace or at least complement in vivo animal toxicity testing is the integral part of the United States National Research Council report "Toxicity Testing in the 21st
Century: A Vision and a Strategy" (National Research Council, 2007). This report clearly
promotes a paradigm shift in toxicology from classical, phenomenological oriented in vivo
animal testing towards the implementation of in vitro methods to understand mechanisms
and molecular pathways underlying the observed adverse effects. Likewise, in Europe
REACH (European regulation concerning the registration, evaluation, authorisation and restriction of chemicals) encourages companies to use alternative approaches before deciding
on any testing on vertebrate animals (European Commission, 2006). For that purpose, the
European Commission operates the European centre for the validation of alternative methods (ECVAM), which is a global leader in the field. Ideally, such an initial in vitro toxicity
screening approach comprises both in vivo relevance (=predictive power) as well as
high-throughput capabilities.
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A commonly used in vitro model for the human intestinal tract is the human colorectal adenocarcinoma cell line Caco-2. Upon reaching confluence on a microporous membrane, these
cells have been shown to express characteristics of enterocytic differentiation, such as polarization and the presence of brush boarder microvilli and tight junctions (Jumarie and Malo,
1991; Lea, 2015; Pereira et al., 2016). These features render them physiologically more relevant compared to the undifferentiated state (Pietroiusti et al., 2017). Furthermore, undifferentiated Caco-2 cells are generally more sensitive towards cytotoxic injuries (Gerloff et al.,
2013; Pietroiusti et al., 2017; Song et al., 2015), which could lead to an overestimation of the
hazard of the respective compounds. Additionally, differences between differentiated and
undifferentiated Caco-2 cells regarding their uptake behaviour of nanomaterials have been
reported. While undifferentiated cells internalized graphene sheets (Kucki et al., 2017), quantum dots (Peuschel et al., 2016) as well as cerium oxide nanoparticles (Vila et al., 2018b)
their differentiated counterparts did not. This is in line with observations in vivo that enterocytes preferentially ingest soluble but not particulate factors (as for example soluble protein
antigens versus particulate or aggregated antigens (Shao et al., 2001)). This therefore
demonstrates that differentiated Caco-2 cells better reflect the in vivo functionality of enterocytes (Lea, 2015; Shao et al., 2001; Song et al., 2015).
Besides the choice of a suitable model system, determining the relevant dose ranges and
furthermore matching in vitro with in vivo dosing pose additional challenges in toxicology.
Real-life human exposure scenarios have to be considered, that allow for a worst-case experimental dosing regime. Based on the amount of silica in different food categories (e.g.
Dekkers et al., 2011) as well as different consumption patterns of the population the daily
SiO2 intake of an "average 70 kg adult" can vary tremendously from 35 mg (Lomer et al.,
2004) up to 3500 mg (EFSA, 2018a). Similarly, different publications on the total human gut
mucosal surface area report values ranging from 32 m2 (Helander and Fändriks, 2014) to
200 m2 (DeSesso and Jacobson, 2001). Assuming 100% of the SiO2 intake to deposit on the
gut surface a maximum concentration of 11 µg/cm2 per person per day (3500 mg/32 m2) as
well as a minimum concentration of 0.02 µg/cm2 per person per day (35 mg/200 m2) can be
calculated. This gives a first rough estimate of a physiologically relevant dosage range for in
vitro studies when considering a single exposure scenario and acute toxicity measurements.
The present study aimed to close the knowledge gap of comparative in vitro toxicity data for
different types of food-grade SAS materials, authorized and applied as food additive E 551.
In order to resolve potential structure-activity relationships, we used a panel of 10 food-grade
SAS materials covering the two most prominent production processes, wet and thermal. In
addition, both groups (precipitated and fumed silica, respectively) contained materials with
low, middle and high specific surface area. According to the ROS-paradigm (Roesslein,
Hirsch, Kaiser, Krug, & Wick, 2013 and references therein) we analysed the production of
ROS as a first potential stressor of SAS-cell interaction and cell viability/cell death as the last
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and most deleterious effect. Barrier integrity served as an epithelial specific endpoint. Physiological dose-ranges were verified applying the distorted grid (DG) model (Glen M DeLoid et
al., 2017) as well as time-of-flight secondary ion mass spectrometry (ToF-SIMS). All assays
were well established for the use with nanomaterials and control experiments were implemented to exclude unintended interference reactions of nanomaterials with the assay components (Belyanskaya et al., 2007; Casey et al., 2007; Hirsch et al., 2011; Kroll et al., 2012;
Monteiro-Riviere et al., 2009; Vietti et al., 2013). All SAS materials were comprehensively
characterised in line with the relevant EFSA guidance document (Hardy et al., 2018).

3.2

Materials and Methods

3.2.1 Particle synthesis
Ten food-grade SAS materials were kindly provided by Evonik Resource Efficiency GmbH
(Hanau, Germany). All SIPERNAT® materials were produced by wet process, while all
AEROSIL® materials were produced by flame hydrolysis (EFSA, 2018a; IPTS/EC, 2007).
The materials were applied without further acid pre-treatment, as it has been shown that acid
pre-treatment did not alter the characteristics of the SAS materials (Maier et al., 2013).

3.2.2 Particle dispersion
10 mg/ml SAS stock dispersions were prepared in double distilled water (ddH2O), vortexed
and dispersed using an ULTRA-TURRAX® T25 (IKA, Staufen, Germany) at 14600 rpm for
1 min. Stock dispersions were stored at room temperature (RT) for up to 12 weeks. ULTRATURRAX® treatment of stock dispersions was repeated prior to any SAS treatment. The dispersion with ULTRA-TURRAX® T25 results in a particle size distribution found in food matrix
(Contado et al., 2013; Maier et al., 2015 as cited in EFSA et al., 2018).

3.2.3 Particle characterisation
Particle characteristics are summarised in table 1. Further details can be found in (Retamal
Marín et al., 2018).
The specific surface area of SAS powders was determined by Brunauer, Emmet and Teller
(BET) method according to ISO 9277 based on the absorption of gaseous nitrogen
(Brunauer et al., 1938; ISO: Geneva, 2010).
Particle size distributions of aqueous dispersions (retrieved from ULTRA-TURRAX® treatment) diluted in ddH2O to 50 µg/ml were measured by dynamic light scattering (DLS) at room
temperature in disposable cuvettes (UV-transparent, Sarstedt AG+Co, Germany) using a
Zetasizer, Malvern Nano-ZS90 (Malvern Instruments Ltd., Worcestershire, United Kingdom).
Z-average values given in table 1 correspond to the mean and standard deviation of two independent measurements with three technical replicates each.
Agglomerate effective densities were measured in 0.1 mg/ml dispersions in ultrapure water
by volumetric centrifugation method (VCM) as described before (DeLoid et al., 2014).
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Point of zero charge was determined in dispersions according to ISO 787-9 (ISO: Genva,
1981). Zeta potential and point of zero charge were measured with an electroacoustic sensor
at a solid density of 2.1 g/ml using a DT-102 instrument (Dispersion Technology, New York,
USA) (Retamal Marín et al., 2017).
The density of the SAS materials was determined according to OECD test guideline no. 109
(OECD, 1995) and European Union test method A. 3 Council Regulation (EC) no. 440/2008
of 30 May 2008 by gas displacement pycnometry (Accupyc 1330, Micromeritics) (European
Commission, 2008b). For the calculation of density, the mass of the SAS materials was
measured with an analytical balance. The method is described in DIN 66137-2 (Deutsches
Institut für Normung, n.d.) and Ph.Eur.2.9.23 (Council of Europe, 2014).
Sizes of primary structures as well as aggregates were measured with a Jeol 2010F transmission electron microscope at 200 keV acceleration voltage and a F416 camera (TVIPS,
Gauting, Germany) with ITEM software (EMSIS GmbH, Münster, Germany). Therefore, 2000
and 1000 single elements were analysed, respectively. After energy input by liquid phase
dispersion and agitation by ultra sonication, a standard transmission electron microscopy
(TEM) sample preparation procedure for powders was applied related to ASTM (American
Society for Testing and Materials) D 3849–07.

3.2.4 Endotoxin measurement
Endotoxin contaminations in SAS dispersions in ddH2O were detected with the
PYROGENT™ Plus Gel Clot LAL Assays (sensitivity 0.03 EU/ml) according to the manufacturer's instructions (Lonza). Serial dilutions from 125 µg/ml to 15.6 µg/ml were assessed as
described before (Kucki et al., 2017).

3.2.5 Cell culture
The human colorectal adenocarcinoma cell line Caco-2 was obtained from the German collection of microorganisms and cell cultures (DSMZ, Braunschweig, Germany). Cells were
maintained in minimum essential medium (MEM) (Sigma), supplemented with 10% fetal calf
serum (FCS), 2 mM L-glutamine, 1% (v/v) penicillin, streptomycin, neomycin and 1% (v/v)
non-essential amino acids (all from Sigma) (hereafter called "complete cell culture medium")
at 37°C and 5% CO2 and 95% humidity, hereafter called "standard growth conditions". Caco-2 cells were grown in 75 cm2 cell culture flasks (TPP) until reaching 80% confluence and
subcultured using trypsin-EDTA (Sigma).

3.2.6 Caco-2 cell differentiation
To obtain a differentiated Caco-2 monolayer, cells were seeded at a concentration of
2 x 104 cells/mm2 into the apical compartment of microporous polyester (PET) membrane
inserts (1 µm pore; 12-well inserts: ThinCertTM (Greiner); 96-well high throughput screening
(HTS) inserts: Corning® HTS Transwell®-96, (Corning)). The basolateral compartment was
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filled with complete cell culture medium and cells were allowed to differentiate under standard growth conditions for 21 days. Medium was changed every other day. Unless stated otherwise, all experiments were conducted on differentiated Caco-2 cells.

3.2.7 Treatment of differentiated Caco-2 cells
Treatment volumes in the apical compartments of 12- and 96-well inserts were calculated to
match computed medium heights of 5.2 mm in both well sizes to achieve identical dosing
conditions. Therefore, the 12-well inserts received 590 µl SAS suspensions/well apical volume and the HTS 96-well inserts received 75 µl/well apical volume. Cells were treated in
complete cell culture medium made from phenol red free MEM (Gibco).

3.2.8 ROS formation (DCF assay)
Intracellular ROS were detected using 2',7'-dichlorodihydrofluorescein diacetate (H2DCF-DA,
Molecular Probes) as reported previously with minor changes (Bachmatiuk et al., 2013; May
et al., 2018; Roesslein et al., 2013). Cells were differentiated in HTS 96-well inserts as described above. Prior to treatment, cells were loaded with 50 µM H2DCF-DA in Hank's balanced salt solution (HBSS) for 60 min at standard growth conditions. After two washing steps
with pre-warmed HBSS, cells were treated with the following concentrations of SAS in HBSS
0, 3.125, 6.25, 12.5, 25 and 50 µg/ml. The 0 µg/ml samples received an equivalent volume of
ddH2O in HBSS as a solvent control. Sin-1 (3-morpholinosydnonimine hydrochloride, Sigma)
at a concentration of 50 µM served as the chemical positive control. Multi-walled carbon
nanotubes (MWCNT; Bayer Technologies Service) have been shown to induce intracellular
ROS formation (Ghitescu et al., 2018) and thus served as the particle positive control at a
concentration of 20 µg/ml in this study. Material properties have been extensively characterized before (Thurnherr et al., 2009). Fluorescence was measured in a multi-well plate reader
(Mithras2, Berthold Technologies) after one, two, three and four hours at 485/528 nm (excitation/emission). Cells were maintained under standard growth conditions between measurements. Only values from the 2 h time point are presented in the results and supplements
sections. Data shown represent the mean and standard deviations of three independent experiments with four technical replicates each.

3.2.9 Cell viability (resazurin assay)
The culture medium was removed from differentiated Caco-2 cells in HTS 96-well inserts and
cells were treated with concentrations of 0, 3.125, 6.25, 12.5, 25 and 50 µg/ml SAS for 24
and 48 h in 75 µl fresh complete phenol red free cell culture medium. Cadmium sulphate
(CdSO4, Sigma) was used in concentrations of 0, 1, 10, 100, 1000, and 10000 µM and
served as a chemical positive control. Amine modified polystyrene nanoparticles (PS-amine)
(Bangs Laboratories, PA02N, Indiana, USA) have been characterized before and reduced
cell viability in vitro dose-dependently (Elliott et al., 2017). Therefore, these particles served
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as the particle positive control at concentrations of 0, 12.5, 25, 50, 100, and 200 µg/ml in this
study. All 0 µg/ml samples received an equivalent volume of ddH2O in medium as solvent
control. The resazurin stock solution (1 mg/ml in ddH2O) was prepared freshly for every experiment. 24 and 48 h post-exposure 10 µL of a 21.27 µg/ml pre-dilution resazurin stock in
phosphate buffered saline (PBS) were added directly to each well resulting in a final concentration of 2.5 µg/ml resazurin in complete phenol red free cell culture medium. The cells were
incubated for 2 h at standard growth conditions and the fluorescence was measured with a
multi-well plate reader at 530/585 nm (excitation/emission). Data shown represent the mean
and corresponding standard deviations of three independent experiments with four technical
replicates each.

3.2.10 Evaluation of the barrier integrity
3.2.10.1 Measurement of transepithelial electrical resistance (TEER)
The differentiation process of the Caco-2 monolayers grown in 12-well inserts was controlled
by TEER measurements after 7, 14 and 21 days and at the end of the experiment using an
Epithelia Voltohmmeter (EVOM) with sterilised STX2 electrodes (World precision, Instruments, Sarasota Florida, USA). Only Caco-2 cell monolayers with TEER values higher than
700 Ωcm2 were used for experiments.
The impact of SAS, ddH2O (solvent control) and PS-amine (particle positive control) on the
barrier integrity of differentiated Caco-2 cells was studied by measuring the TEER after 48 h
of treatment. The tight junction disruptor Dextran Sulphate Sodium (DSS; Sigma; 2% and
5%) (Gangwar et al., 2017) and the ROS inducer Luperox® (Sigma; 12.5, 25 and 50 µM;
(Chamoto et al., 2017)) served as positive controls. TEER values were measured after 1 h of
treatment with the respective control substances.
3.2.10.2 Translocation study
Differentiated Caco-2 cells in 12-well inserts were exposed to ddH2O (solvent control),
200 µg/ml PS-amine or 50 µg/ml SAS for 48 h at standard growth conditions. Thereafter the
medium was removed from both compartments and replaced apically with 1 ml of a 5 µM
sodium fluorescein solution in fresh complete phenol red free medium. The basolateral compartment received 1.5 ml fresh complete phenol red free medium only. After 5 h under standard growth conditions, three 100 µl samples were collected from the apical as well as the
basolateral side. The fluorescence was measured with a multi-well plate reader (Mithras2,
Berthold Technologies) at 490/520 nm (excitation/emission). The apparent permeability coefficient (Papp) was calculated using equation number 1 (Aengenheister et al., 2018;
Kowapradit et al., 2010). Therein dQ/dt is the rate of sodium fluorescein appearance on the
basolateral side, V the volume in the basolateral compartment, A the surface area of the
monolayer and C0 the initial sodium fluorescein concentration on the apical side.
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3.2.11 Immunostaining of tight junction proteins
Differentiated Caco-2 cells in 12-well inserts were exposed to 50 µg/ml SAS or ddH2O (solvent control) for 48 h. TEER values were measured and the cells were washed twice with
PBS and fixed with 4% paraformaldehyde for 20 min at RT. The cells were washed with PBS
and incubated with 30% sucrose at 4 °C overnight. Thereafter, cells were permeabilized with
0.1% Triton X-100 for 15 min, washed three times with PBS and non-specific binding sites
were blocked for 30 min with 5% BSA in PBS. Cells were incubated with Alexa Fluor® 488
conjugated mouse anti-ZO 1 antibody (Invitrogen 339188; 1:50) and rabbit anti-Occludin antibody (Invitrogen 40-4700; 1:100) in 1% BSA in PBS at 4 °C overnight. After three washing
steps in PBS, cells were incubated for 1 h with goat anti-rabbit Alexa Fluor® 555 (Invitrogen;
A21428; 1:400) and phalloidin Alexa Fluor 633 (Invitrogen A22284; 1:50) in 1% BSA in PBS.
After additional three washing steps in PBS, nuclei were counterstained with 1 µg/ml
4′,6-diamidino-2-phenylindole (DAPI, Sigma D9542) in PBS for 10 min at RT. Caco-2 monolayers were carefully mounted with Mowiol® 4-88 (Sigma 81381) and covered with a glass
coverslips, which was sealed with nail polish. A confocal laser scanning microscope (Zeiss
microscopes, Jena, Germany) with a C-Apochromat 40x/1.2 W Corr M27 objective was used
to obtain z-stack images. The confocal pinhole was set to 1 AU to optimise the z-sectioning
in the confocal mode. Images and z-stacks were recorded sequentially with a z-interval of
0.38 µm, resulting in a maximum of 30 images per z-stack.

3.2.12 Evaluation of the cellular adhesion of SAS
3.2.12.1 Dosimetry Simulations
The Matlab code for the distorted grid (DG) model was used as supplied by DeLoid and
co-workers 2017 (Glen M DeLoid et al., 2017). Fixed model parameters are summarised in
supplementary table S1. Particle size distributions were determined by DLS as described
above using a Zetasizer, Malvern Nano-ZS90 (Malvern Instruments Ltd., Worcestershire,
United Kingdom). Volume-weighted size distributions were used as input values for the DG
model and are summarised in supplementary file 2. Agglomerate effective densities were
measured using VCM (see 3.2.3) and are summarised in table 1. All simulations were run
assuming a non-sticky bottom as recommended by DeLoid and co-workers (DeLoid et al.,
2015).
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3.2.12.2 Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy
(EDX)
Differentiated Caco-2 cells in 12-well inserts were exposed to ddH2O (solvent control),
50 µg/ml AEROSIL® 380 F or SIPERNAT® 22 S for 48 h. After exposure the cells were
washed twice in pre-warmed PBS and fixed with modified Karnovsky fixation solution (4 g
paraformaldehyde, 50 ml ddH2O, 5 ml glutaraldehyde 50%, 45 ml PBS without glucose and
pH 7.4) for 1 h at RT (for more infromation please refer to Kucki et al. 2017). Briefly, samples
were washed in PBS and dehydrated by ascending ethanol series (50–100% ethanol) followed by 30 min treatment with hexamethyldisilazane (HMDS). The cells were dried overnight in a fume hood and transferred to SEM sample holders with conductive adhesive tapes
on the next day. Samples were sputter-coated (Sputter Coater Leica EM ACE600) with
gold-palladium (ratio Au/Pd: 80/20, 10 nm thickness). SEM analysis was performed with a
Hitachi S-4800 SEM operating at 2 kV and EDX analysis was performed with an INCA XSight EDS (Oxford Instruments) detector operating at 20 kV.
3.2.12.3 ToF-SIMS
Differentiated Caco-2 cells in 12-well inserts were exposed to ddH2O (solvent control),
50 µg/ml AEROSIL® 380 F or SIPERNAT® 22 S for 48 h. Thereafter, cells were fixed with
4% paraformaldehyde in ddH2O for 1 h at RT and dehydrated by an ascending ethanol series
(50 – 100% ethanol).
ToF-SIMS was performed on a "ToF-SIMS.5" instrument from ION-TOF GmbH. Measurements were performed with a Bismuth (Bi) primary ion beam (25 keV) and a target current of
0.35 pA (cycle time: 50 µs). Spectra were recorded in high current bunched (HCBU) mode
using Bi3+ on a 500 × 500 µm2 area with a resolution of 128 × 128 px2 with 50 scans. The
spectra intensities were normalised to the peak of CH2N and averaged over 5 different positions on the sample for better statistics. Two independent samples were analysed.

3.2.13 Statistics
Results are presented as means ± standard deviations of three independent experiments,
which were run with at least two technical replicates each. Statistical analysis was conducted
with GraphPad Prism 6 software using a one-way analysis of variance (ANOVA; 95% confidence interval) followed by the Dunnett`s or Bonferroni's multiple comparisons test.

3.3

Results

3.3.1 Material characterisation
Physicochemical properties of all 10 SAS materials are summarised in Table 3.1. Food-grade
SAS material production results in nanostructured aggregates, which are the smallest isolable and dispersible units of E 551 (Fruijtier-Pölloth, 2016) and do not show any internal
phase borders (Albers et al., 2015). Weak interaction forces between aggregates lead to the
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formation of even bigger agglomerates during the production process. TEM allowed us to
estimate the sizes of the primary structures, which are defined as the smallest visually identifiable structures within an aggregate. Diameters of the primary structures ranged from 3 nm
(SIPERNAT® 50 and 50 S) to 41 nm (AEROSIL® OX50). Likewise, aggregate sizes were
determined by TEM and the retrieved equivalent circular diameters ranged from 45 nm
(SIPERNAT® 2200) to 276 nm (SIPERNAT® 350). Representative TEM micrographs of
SIPERNAT® 22 S and AEROSIL® 380 F are exemplarily shown for each material class (precipitated and fumed, respectively) in supplementary figure S1. The hydrodynamic diameters
of SAS agglomerates in ultrapure water were determined by DLS and revealed z-average
values from 294 nm (AEROSIL® 200 Pharma) to 747 nm (SIPERNAT® 50 S) (Table 3.1).
Respective volume-weighted size distributions (Table S 9.2) were used for dosimetry simulation in silico. Likewise, material densities as well as agglomerate effective densities were
used for dosimetry simulations. Material density values were similar within the two material
classes; for all SIPERNAT® materials ranging from 2.12 to 2.16 g/cm3 and for all AEROSIL®
materials ranging from 2.29 to 2.38 g/cm3. Agglomerate effective density values ranged from
1.07 g/cm3 (AEROSIL® 200 Pharma) to 1.65 g/cm3 (SIPERNAT® 22). The specific surface
area of the materials varied considerably between 45 m2/g and 460 m2/g. For both material
classes samples with low (~50 m2/g), middle (~200 m2/g) and high (~400 m2/g) specific surface area were included in the study design to be able to correlate potential biological effects
to this toxicologically important material property (Oberdörster et al., 2005; Schmid and
Stoeger, 2016). The zeta potentials were measured with an electroacoustic sensor for the
precipitated SAS between -41.2 mV and -13.7 mV and for the fumed SAS between -34.0
and -10.6 mV. Whereas the point of zero charge of the SAS materials was measured around
pH 2.0 with the minimum of pH 1.5 and maximum of pH 2.4. All 10 SAS materials were negative for endotoxin up to 50 µg/ml (data not shown).
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Material

Code

I

Production
process

Primary

Aggregate

Specific

Material

Agglomerate

structure

size (ECD)/

surface

density/

effective densi-

size/ nm

II

nm

II

area/
2

(m /g)
SIPERNAT® 350

3 IV

(g/cm )

Agglomerate
size/ nm

VI

3 V

ty/ (g/cm )

Point of

Zeta po-

zero

tential/

charge/

III

pH

mV

VIII

VII

precipitated

30.3

±

6.8

276.3

55

2.15

1.33

623

±

15

1.7

n.a.

precipitated

10

±

2.6

82.2

180

2.12

1.65

325

±

37

1.7

-37.1

SIPERNAT® 22 S

precipitated

10

±

2.6

82.2

185

2.14

1.20

743

±

38

2.0

n.a.

SIPERNAT® 2200

precipitated

9

±

1.4

44.9

185

2.12

1.25

324

±

13

1.5

n.a.

SIPERNAT® 22

P-5

SIPERNAT® 160

P-1

precipitated

12.2

±

2.7

58.3

180

2.16

1.18

555

±

32

1.7

-41.2

SIPERNAT® 50

P-2

precipitated

3.1

±

0.7

59.8

460

2.12

1.15

645

±

79

1.7

-13.7

precipitated

3.1

±

0.7

59.8

460

2.12

1.16

747

±

86

1.7

n.a.

fumed

41.4

±

18.3

233.7

45

2.32

1.25

299

±

6

2.3

-34.0

fumed

7.8

±

1.8

161.1

210

2.38

1.07

294

±

5

2.3

-11.8

fumed

8

±

2.7

101.9

390

2.29

1.09

318

±

15

2.4

-10.6

SIPERNAT® 50 S
AEROSIL® OX50
AEROSIL®

F-1

200

Pharma
AEROSIL® 380 F

F-3

Table 3.1: Properties of food-grade SAS materials.
I

The same materials were used in a recent study by Wiemann and co-workers (Wiemann et al., 2019) under the respective codes given here.
Analysed by TEM. The arithmetic mean and corresponding standard deviations from 2000 and 1000 items are given for primary structure and
aggregate sizes, respectively. ECD: equivalent circular diameter. IIIAssessed by N2-BET. IVAssessed by gas displacement pycnometry.
V
Assessed by volumetric centrifugation method from 0.1 mg/ml suspensions in ddH2O. VIZ-average values as assessed by DLS from
0.05 mg/ml suspension in ddH2O. The mean and corresponding standard deviations from two independent measurements with three technical
replicates each are given. VII/VIIIPoint of zero charge as well as zeta potential were measured with an electroacoustic sensor at a solid density of
2.1 g/ml.
II
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3.3.2 Characterisation of the in vitro model
To assess the influence of SAS materials on the human gastro-intestinal tract differentiated
Caco-2 cells were used as an in vitro model. The differentiation status of the cultures was
assessed by consecutive TEER measurements over a 21-day differentiation period. TEER
values steadily increased until day 15. Thereafter a plateau at approximately 800 Ohm*cm2
was reached, which is indicative of a tight epithelial barrier and proper Caco-2 differentiation
(Figure 3.1A). Only cultures that reached at least 700 Ohm*cm2 entered subsequent experiments. SEM micrographs showed a homogenous monolayer of microvilli containing cells
(Figure 3.1B). Microvilli are a typical feature of intestinal epithelial morphology and thus confirm Caco-2 differentiation (Lea, 2015). Confocal laser scanning microscopy (CLSM) further
confirmed the presence of microvilli and an adequate barrier formation as visualised by immunofluorescence stainings specific for the actin cytoskeleton (magenta, Figure 3.1C, F) as
well as the tight junction proteins ZO-1 (green, Figure 3.1C, D) and Occludin (red, Figure
3.1C, E), respectively. In untreated differentiated cultures, the ZO-1 signal appeared closely
above or at the same level as the Occludin signal. Nuclei (blue, Figure 3.1C, G) were always
found in the lower most part of the cells (close to the microporous membrane) further confirming cellular polarisation.

3.3.3 No ROS overproduction after 2 h of treatment
The formation of ROS was measured as a first stressor in differentiated Caco-2 cultures using the well-established DCF assay (Kucki et al., 2016; May et al., 2018). All 10 tested SAS
materials did not induce the formation of ROS up to a concentration of 50 µg/ml after 2 h of
treatment. Only the assay specific chemical positive control Sin-1 (50 µM) and the particle
positive control MWCNT (20 µg/ml) showed a significant induction compared to the untreated
control sample by 7-fold and 3-fold, respectively (Figure 3.2A and Figure S 9.2).

3.3.4 No influence on cell viability after 48 h of SAS treatment
Cell viability after 24 h and 48 h of treatment with the SAS materials was determined using
the resazurin assay. None of the 10 SAS materials induced considerable changes in the viability of differentiated Caco-2 cells up to a concentration of 50 µg/ml and 48 h of treatment
(figure 2B and S4). Only for SIPERNAT® 22 S a slight, though statistically significant, reduction in the viability to 83±8% was detectable after 48 h. However, at all concentrations and
time points analysed, mean values were within the fluctuation range of the solvent control,
defined as ± two standard deviations (2s) (Figure S 9.3, Figure S 9.4).
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Figure 3.1: Verification of Caco-2
cell differentiation.
(A) TEER measurements over the
time course of 21 days. (B) SEM
micrograph of the apical surface of a
representative Caco-2 mono-culture
after 21 days of cultivation, showing
a dense coverage with microvilli
structures. (C) Representative confocal laser scanning microscopy image
of the differentiated Caco-2 monoculture after 21 days of differentiation
and magnifications thereof (D-G).
The red square in C indicates the
area magnified in D-G. Cells were
stained for the tight junction protein
ZO-1 (green, C and D), the tight junction protein Occludin (red, C and E),
the cytoskeletal protein F-Actin
(mangenta, C and F), and nuclei
(blue, C and G). Lines and numbers
in the schematic drawing of a cell
indicate on which z-level the images
were taken. Representative images
of three independent experiments
are shown.
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Even

in

more
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non-differentiated

Caco-2
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no

adverse

effect
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SIPERNAT® 22 S on cell viability was detected (Figure S 9.5E, F). In contrast, the chemical
positive control CdSO4 reduced cell viability of differentiated Caco-2 cultures significantly and
in a dose-dependent manner after 24 h as well as 48 h (supplementary figures S3 and S4,
respectively). The highest concentration (10 mM) reduced cell viability to 7.5 ± 0.9% after
48 h of treatment (Figure 3.2B). For the particle positive control PS-amine cell viability was
significantly reduced to 61.6 ± 12.3% after 48 h of exposure to 200 µg/ml (Figure 3.2B).
Particle interference reactions and therewith false-positive or false-negative results were excluded for both assays (DCF, resazurin) using a specific cell-free interference control setup
(Figure S 9.7 and Figure S 9.8).

Figure 3.2: Assessment of ROS formation and cell viability.
(A) The production of ROS in differentiated Caco-2 cells was measured by the H2-DCF assay after two hours of exposure to 50 µg/ml SAS. 3-Morpholinosydnonimine (Sin-1) at a concentration of 50 µM served as a chemical positive control. Multi-walled carbon nanotubes
(MWCNT) at a concentration of 20 µg/ml served as a particle positive control. (B) After incubation of differentiated Caco-2 cells with 50 µg/ml of the indicated SAS for 48 h cell viability
was assessed with the resazurin assay. Cadmium sulphate (CdSO4) at a concentration of
10 mM served as a chemical positive control. Amine modified polystyrene particles (PSamine) at a concentration of 200 µg/ml served as a particle positive control. Mean values and
corresponding standard deviations from three independent experiments with four technical
replicates each are shown. The dashed orange lines represent the mean values of untreated
control samples. *P=0.046, ****P<0.0001 compared to the untreated controls. Full doseresponse curves (0 – 50 µg/ml) for all 10 SAS materials can be found in supplementary figures S2 (ROS formation), S3 (viability after 24 h of treatment) and S4 (viability after 48 h of
treatment).
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3.3.5 Barrier integrity maintained after 48 h of SAS treatment
To investigate the potential effects of SAS materials on the barrier integrity of differentiated
Caco-2 cells, TEER values were measured after 48 h of exposure to a concentration of
50 µg/ml SAS. None of the SAS materials induced significant changes in TEER values compared to the solvent control (Figure 3.3). Only a one hour treatment with the tight junction
disruptor DSS (Gangwar et al., 2017) and the ROS generator Luperox® (Chamoto et al.,
2017) at concentrations of 5% and 12.5 to 50 µM, respectively, significantly reduced TEER
values below the fluctuation range of the untreated control sample (Figure 3.3A).
Sodium fluorescein translocation studies confirmed the TEER measurements indicating no
effect of SAS materials on Caco-2 barrier integrity. No significant changes in the Papp compared to the solvent control were measured after treatment with 50 µg/ml SAS for 48 h
(Figure 3.3D). In contrast, treatment with the particulate positive control PS-amine at a concentration of 200 µg/ml led to an increase in sodium fluorescein translocation (Papp
2.0 ± 1.8 x10-6 cm/s for PS-amine versus Papp of 0.3 ± 0.1 x10-6 cm/s for untreated controls).
However, at this concentration cell viability was already impaired (compaire Figure 3.2B).
Furthermore, microscopic inspection of the Caco-2 monolayer showed the presence of
cell-free areas. This indicates rather non-specific effects on barrier integrity due to cell death.
Treatment with the ROS generator Luperox® showed a slight and dose-dependent, though
not statistically significant, increase of sodium fluorescein translocation after one hour of
treatment compared to the untreated control (Figure 3.3C). DSS did not affect the translocation of sodium fluorescein. These results suggest that TEER measurements are a more sensitive indicator of barrier integrity impairment compared to sodium fluorescein translocation.
Cell-free interference measurements revealed neither auto-fluorescence, nor interference
with sodium fluorescein for all SAS materials analysed (Figure S 9.8).
To visualise barrier integrity the tight junction proteins ZO-1 and Occludin were immunofluorescently labelled in differentiated Caco-2 cultures. Additionally, the cytoskeletal protein
F-Actin as well as nuclei were counter stained to depict overall cell morphology. Representative images are shown in figure 4. Qualitatively, no changes in any of the markers could be
observed after 48 h of treatment with 50 µg/ml SAS. Representative images after
AEROSIL® 380 F and SIPERNAT® 22 S treatment are shown exemplarily in figure 4 (two
lower most rows). Besides the already mentioned cell-free areas in the cell monolayer upon
PS-amine treatment with 200 µg/ml for 48 h, no specific additional effects on ZO-1 and Occludin signals were noticed. This observation is in line with the non-specific effects on TEER
and sodium fluorescein translocation described above (figure 3). In contrast, treatment with
the tight junction disruptor DSS (2%) reduced ZO-1 signal intensity, confirming its effect on
TEER values at higher concentrations (5%; Figure 3.3A). While ZO-1 signals shown above
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or at the same z-level as Occludin in untreated differentiated Caco-2 cultures (Figure 3.1 and
Figure 3.4D, E), this order was reversed upon 1 h of Luperox® treatment (12.5 µM) (Figure
3.4 second row). F-Actin staining confirmed an otherwise unimpaired cell monolayer in all
samples.

Figure 3.3: Assessment of the barrier integrity after exposure to SAS.
TEER measurements (A, B) and sodium fluorescein translocation studies (C, D) were carried
out. After one hour of parallel incubation with sodium fluorescein and the indicated concentrations of the positive chemical controls Luperox® and dextran sulphate sodium salt (DSS)
TEER (A) as well as Papp (C) measurements were taken.
After 48 h of treatment with 50 µg/ml SAS and 200 µg/ml PS-amine TEER values were determined (B). After additional 5 h of sodium fluorescein application, Papp values were calculated (D). Mean values and corresponding standard deviations from four independent experiments with two technical replicates each are shown. The mean values of the solvent controls
(B, D) or the untreated control samples (A, C) are indicated by a dashed orange line in each
graph. Grey dotted lines (A, B) correspond to the standard deviations of the respective
means and indicate the range of variability. **P≤0.01; ***P≤0.001; ****P≤0.0001.
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Figure 3.4: Barrier integrity evaluations with immunocytochemistry (ICC).
Tight junction proteins, indicative of proper barrier formation, were detected by immunofluorescence staining after 1 h of exposure to 12.5 µM Luperox® and 2% dextran sulphate sodium salt (DSS) or after 48 h of exposure to 200 µg/ml PS-amine, 50 µg/ml SIPERNAT® 22 S
or AEROSIL® 380 F. The tight junction proteins ZO-1 (green) and Occludin (red), F-Actin
(magenta) and nuclei (blue) were stained. Representative images of three independent experiments are shown. Lines and numbers in the schematic drawing of a cell indicate on
which z-level the respective images were taken.
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Taken together all 10 SAS materials did not influence differentiated Caco-2 cells, neither
concerning endpoints of acute cytotoxicity (ROS production and cell viability) nor the epithelium specific endpoint barrier integrity. Therefore, the question arises whether SAS materials
are truly inert or "simply" do not get in contact with the cell monolayer.

3.3.6 Distinct sedimentation behaviour of different SAS in the dosimetry modelling
To get a first idea of the delivered dose of material and respective deposition rates over 48 h
of exposure we made use of the distorted grid (DG) model to simulate nanoparticle dosimetry
(Glen M DeLoid et al., 2017). Relevant model parameters are summarised in supplementary
Table S 9.1.
Dosimetry simulations revealed that different fractions of the initially applied mass of
50 µg/ml deposited on the cell surface over time (Figure 3.5). All AEROSIL® agglomerates
were smaller and less dense compared to the SIPERNAT® agglomerates (Table 3.1). Accordingly, deposition rates as well as the respective mass fractions that deposited over the
timeframe of 48 h were lower for AEROSIL® materials. More than 80% of the two largest
agglomerates, SIPERNAT® 22 S and SIPERNAT® 50 S, deposited within the first 3 h and
20 h, respectively. Nearly 90% of the initially applied mass dose of SIPERNAT® 22 S
reached the cell surface within the 48 h simulation time. In contrast, AEROSIL® 380 F deposition was slow and only 5.3% were deposited after 48 h (Figure 3.5A and Table S 9.2). For
experimental verification, these two extreme cases were investigated further using SEM/EDX
and ToF-SIMS techniques. Both methods conduct elemental surface analysis. While
SEM/EDX results are purely qualitative, ToF-SIMS allows for the estimation of surface-coverage in a semi-quantitative manner as described in more detail below. To be able to
compare in silico modelling data with ToF-SIMS results, the deposited fractions were also
plotted as "surface area deposited" (cm2/cm2; taking into consideration the theoretical surface
area of spherical SAS agglomerates) and "% well bottom occupied" (Figure 3.5B). According
to DG modelling results, deposited SIPERNAT® 22 S agglomerates cover approximately four
times more of the well bottom area compared to AEROSIL® 380 F agglomerates.
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Figure 3.5: Dosimetry simulations using the DG model.
(A) The deposited mass fraction is plotted against the incubation time in hours. (B) For
SIPERNAT® 22 S and AEROSIL® 380 F deposited fractions are also given as the deposited
surface area per area well bottom (cm2/cm2) and the resulting well bottom coverage in %.
Non-sticky bottom conditions and an applied SAS concentration of 50 µg/ml were used as
input parameters. Further details can be found in supplementary tables S1 and S2.
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3.3.7 SEM/EDX measurements confirm the deposition of SAS onto the cell monolayer
Differentiated Caco-2 cells were treated for 48 h with 50 µg/ml SIPERNAT® 22 S and
AEROSIL® 380 F. For both samples, SEM analysis revealed round shaped materials on the
cell monolayer on top of the microvilli (Figure 3.6D, G). By visual inspection, differences in
the

amount

and

agglomerate

size

of

the

deposited

material

were

detectable.

SIPERNAT® 22 S agglomerates were smaller but more frequently observed compared to
AEROSIL® 380 F of which only very few larger agglomerates were found. Subsequent EDX
analysis of the same samples confirmed the presence of silicon in the round shaped objects
(Figure 3.6E, F, H, I). No comparable round shaped materials were observed in the solvent
control (Figure 3.6A).

Figure 3.6: SAS detection on differentiated Caco-2 cells by SEM/EDX.
(A, D, G) SEM analysis of the apical surface of the differentiated Caco-2 cells after 48 h of
treatment with (A) the solvent control (ddH2O) (D) 50 µg/ml SIPERNAT® 22 S and (G)
50 µg/ml AEROSIL® 380 F. (B, C, E, F, H, I) The same samples were used for subsequent
EDX analysis. B, E and H depict the region where the spectra shown in C, F and I were taken, respectively.
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Accordingly, no silicon was detected in these samples (Figure 3.6B, C) indicating that all silicon peaks resulted from the treatment with SAS materials. Therewith, SEM/EDX confirmed a
certain deposition of both SAS samples over time. However, differences in the deposited
amount – even though qualitatively seen by visual inspection – cannot be quantified with this
method. The washing during the prepration of the SEM/EDX samples could also have lead
that the visual different amounts SAS cannot be quantified.

3.3.8 ToF-SIMS analysis confirms distinct deposition behaviour of AEROSIL® 380 F
and SIPERNAT ® 22 S
Silicon (Si+) spectra were acquired on the apical surface of differentiated Caco-2 cells after
48 h of SIPERNAT® 22 S, AEROSIL® 380 F or ddH2O treatment. For better statistics, spectra were recorded at five different positions within each sample. Figure 3.7A displays the full
spectrum of the solvent (ddH2O) treated control sample. Spectra around the nominal mass
28 u containing the fragments Si+, CO+ and CH2N+ are shown in figure 7B to D for ddH2O,
SIPERNAT® 22 S and AEROSIL® 380 F treated samples, respectively. A mean normalized
intensity for Si+ of 209.4 and 60.4 counts was observed for SIPERNAT® 22 S and
AEROSIL® 380 F treated samples, respectively, leading to an intensity ratio of 3.5 (Figure
3.7). The detected Si+ content in the solvent control sample did not exceed the noise level of
the measurement (Figure 3.7B), thus confirming that the detected Si+ fragments in the SAS
treated samples can be attributed to the presence of SAS.
ToF-SIMS is a qualitative measurement technique and the yield of the secondary ions depends on various parameters, but mainly on the amount of the material detected, the matrix
effect and charging. Taking into account that all samples had about the same cell coverage
on an identical substrate and were prepared in very similar conditions, the matrix effect and
charging are expected to be identical for all samples analysed. Consequently, the variation in
the count rate of the Si+ depends on the amount of silica in the sample.
A quantitative and exact comparison of the Si+ concentration in the here assessed samples is
difficult, as the CO+ fragment (Figure 3.7D and E) overlaps slightly with the Si+ one, due to
the limited mass resolution of the instrument. Regardless of the instrument limitations, the
ratio of the Si+ intensity of 3.5 is significant enough to show that the exposure to
SIPERNAT® 22 S resulted in the higher deposition of silica onto the surface of Caco-2 cells
compared to AEROSIL® 380 F exposure, thereby confirming the in silico dosimetry results.
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Figure 3.7: Silicon (Si+) detection
on differentiated Caco-2 cells by
ToF-SIMS analysis.
The deposition of SIPERNAT® 22 S
and AEROSIL® 380 F on differentiated Caco-2 cells was assessed after
48 h of incubation with 50 µg/ml.
(A) ToF-SIMS spectrum of one position in the solvent control (ddH2O).
(B, C, D) ToF-SIMS spectra around
the nominal mass 28 u (as indicated
by the green peak in A) showing the
masses of Si+, CO+ and CH2N+. Full
spectra are displayed as inset
graphs. Truncated y-axis plots are
enlarged to display the variations of
the Si+ count rates in the solvent control (B), the SIPERNAT® 22 S (C)
and the AEROSIL® 380 F (D) treated
samples, respectively. Each graph
contains 5 spectra from 5 different
positions on the same sample.
(E) Normalised Si+ counts. Box plots
comprise
values
from
8
(SIPERNAT® 22 S)
and
10
(AEROSIL® 380 F) individual positions, generated in two independent
experiments. The box covers the inner quartile range, whiskers the minimum and maximum values and the
centreline represents the median of
all values. The intensity ratio of
SIPERNAT® 22 S / AEROSIL® 380 F
is 3.5.
****P≤0.0001
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3.4

Discussion

Silica is not just silica. Even minor differences in physico-chemical material properties such
as primary and agglomerate sizes, crystal structure or surface chemistry and specific surface
area (to name only a few) can influence cellular responses (Napierska et al., 2010). Therefore, it is not astonishing, that still in 2018 the EFSA panel on food additives and nutrition
sources requested additional toxicity data with the use of "real food-grade E 551 SAS" as
well as an improved particle characterisation of the respective materials (EFSA, 2018a).
Consequently, the present study systematically assessed acute cytotoxic effects of a set of
10 food-grade SAS materials. SAS with low, middle and high specific surface area and from
two different production processes (wet and thermal) were used to be able to correlate potential biological effects to these particular material properties.
In a first screening approach, we made use of differentiated Caco-2 cells, which are a wellestablished in vitro model of the human intestinal tract. Caco-2 in their differentiated state
have been described to better reflect the in vivo situation of the human intestine compared to
undifferentiated cells (Pietroiusti et al., 2017). Even though this fact is known, so far only a
limited number of studies exists addressing nanomaterial induced effects on differentiated
intestinal cells (rather than undifferentiated ones) (Guo et al., 2018, 2017; Sieg et al., 2018;
Vila et al., 2018b, 2018a). In particular, the influence of real food-grade SAS materials on
differentiated Caco-2 cells, to the best of our knowledge, has so far not been thoroughly addressed. Published studies mostly used reference or self-synthesised SiO2 materials that do
not reflect E 551 characteristics (Farcal et al., 2015; Gerloff et al., 2013; Guo et al., 2018;
Tarantini et al., 2015; Tsugita et al., 2017; Ye et al., 2017; and summarised by Murugadoss et
al., 2017). Furthermore, many in vitro studies do not even report details on the particular
grade (food-grade or not) of the material used (summarised in Sohal et al., 2018c).
Besides characteristics of "as-produced" materials, effects of SAS dissolution during gastrointestinal digestion remains a topic of discussion and research. Recent investigations in
simulated gastrointestinal environments (i.e. buffer systems of different pH) revealed that
SAS dissolved to a maximum of 65.5% in the gastric phase and the majority of this reprecipitated into larger aggregates when transferred to the intestinal phase (Sohal et al.,
2018a) (Sohal et al., 2018a). This is in contrast to earlier studies indicating no morphological
changes and no degradation of SAS during the gastrointestinal passage (Maier et al., 2013).
Based on the latter analyses, which were performed in simulated gastric and fed-state simulated intestinal fluids, SAS materials in the present study were applied without pre-treatment.
In recent years, more complex in vitro intestinal models have been developed that include
also mucus producing goblet cells as well as uptake competent M-cell like cells (Antunes et
al., 2013; des Rieux et al., 2007; Gebert et al., 1996; Hilgendorf et al., 2000; Mahler et al.,
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2009; Schimpel et al., 2014). These models are considered to be even closer to the in vivo
situation due to the presence of mucus which has been described as a relevant barrier for
drugs (reviewed by Boegh and Nielsen, 2015) but also nanoparticles (e.g. Crater and Carrier,
2010; Liu et al., 2015). It therefore represents an important first barrier that is expected to
protect the underlying epithelial cells. The most obvious disadvantage, however, is the complexity of the systems that precludes the fast screening of numerous materials. Since the
mucus barrier is lacking in the differentiated Caco-2 mono-culture our study mimics a worstcase scenario in which the applied material gets in direct contact with the cell type of interest.
Therefore, our model perfectly combines the in vivo relevance of differentiated cells with reasonable sensitivity and throughput. Accordingly, with applied SAS concentrations of 3 to
50 µg/ml we aimed at physiologically relevant dose ranges. Assuming 100% deposition, this
corresponds to 1.6 µg/cm2 to 26.2 µg/cm2 and therewith indeed covers realistic doses (Sohal
et al., 2018c; and explanations in the introduction) up to a slight overdose situation at the
highest concentration analysed.
Taking further the in silico dosimetry results for the different materials into consideration
(Table S 9.2), even for the weakest “depositer” AEROSIL® 380 F we achieved a computed
realistic dose-range of 0.1 µg/cm2 to 1.4 µg/cm2. Although the deposited mass fraction of
SIPERNAT® 22 S was calculated to be about 16 times higher compared to the one of
AEROSIL® 380 F (Figure 3.5A and Table S 9.2), the cell surface area that is covered by these amounts differed only by a factor of ~4 (Figure 3.5B, Figure 3.7E and Table S 9.2). It can
only be speculated which parameter (weight % or surface area occupied) might have a
greater impact on cellular functionality. Moreover, the specific surface area of a material has
been reported to be a relevant characteristic in terms of toxicity (e.g. Oberdörster et al.,
2005; Schmid and Stoeger, 2016). With around 400 m2/g, AEROSIL® 380 F possesses an
approximately twice as large specific surface area compared to SIPERNAT® 22 S
(~200 m2/g). How is this perceived by the differentiated Caco-2 cell monolayer? Since no
biological effect could be observed for any of the SAS materials analysed, a conclusive direct
correlation of particular physico-chemical material properties and a specific biological response was not possible. Nevertheless, our results still imply that neither the production process, the specific surface area, nor aggregate and agglomerate size are of relevance for
in vitro toxicity in the differentiated Caco-2 model. Beyond that, the confirmed deposition of
SAS materials indicates that the absence of a measurable biological effect was due to the
inertness of the materials rather than a dosimetry artefact. Even for SIPERNAT® 22 S, which
showed the highest deposition of almost 90% of the applied dose, only a minor adverse effect on the viability (down to 83%) of differentiated Caco-2 cells at the highest concentration
was observed. According to ISO 10993-5 (INTERNATIONAL STANDARD, 2009), this is not
of biological relevance since only a reduction in cell viability down to 70% is considered a
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substantial cytotoxic effect. In addition, taking the above consumption patterns and calculations into consideration, the deposited dose of 23 µg/cm2 exceeds the worst-case exposure
scenario by a factor of two. Furthermore, since the same concentration of these particles did
not reduce the viability of more vulnerable undifferentiated Caco-2 cultures and did not induce ROS production or disrupt barrier integrity, we conclude that the observed reduction in
viability is not of considerable biological relevance.

3.5

Conclusion

Due to their anti-caking properties, SAS materials have been used in different food products
for more than half a century (Maynard, 2014). However, for regulatory purposes, comprehensive toxicological studies on real food-grade materials are still limited (EFSA, 2018a).
Here we presented a precautionary in vitro screening approach using a panel of 10 wellcharacterised food-grade SAS materials and differentiated Caco-2 cells. Verification of the
direct SAS-cell contact, the realistic and in vivo relevant dose range as well as thoroughly
implemented assay and nanomaterial controls confirm that the in vitro system is viable and
able to detect potential adverse effects. Nevertheless, independent of the production process
and the specific surface area, none of the 10 SAS materials induced a biological response.
Based on this first systematic screening approach and its reassuring outcome in terms of
consumer safety, further investigations in more sophisticated barrier models should be considered. These should not only include mucus, as an important additional barrier but also
take into consideration the potential bio-transformation of SAS materials under in vivo relevant digestion conditions. Furthermore, long-term studies should address chronic exposure
scenarios, taking into account also sublethal effects.
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Abstract
Hypothesis: For most of the registered food additives the amount of available data is insufficient to confirm the acceptable daily intake or the margin of safety. To approve or appoint
these and other risk assessment values more data is need, especially for the food additives
which comprise of nanostructured materials. Two examples for nano structured food additives are E 171 (TiO2) and E 551 (SAS). Different rodents studies have given contradictory
results about the amount of E 171 and E 551 which adhere to and/or are taken up by the
cells of the intestine. The present study attempts to reveal if E 551 or E 171 adhere on the
microvilli structure of cells in vitro or are even taken up by the differentiated Caco-2 cells
in vitro.
Experiment: To investigate if food additives adhere to the differentiated Caco-2 cells flow
cytometry (FACS) analysis, scanning electron microscopy (SEM) and time-of-flight secondary ion mass spectrometry (ToF-SIMS) was conducted. To identify the cellular uptake of the
materials transmission electron microscopy (TEM), dark field and hyperspectral imaging were performed. Also reflection imaging of the material using confocal reflection microscopy
(CRM) was performed.
Finding: The evaluation of a variety of widely used analytical techniques to assess the adhesion and uptake of realistic doses of E 171 and E 551 in differentiated Caco-2 cells showed that titanium is well traceable in a biological environment in all the investigated assays,
besides hyperspectral imaging. Methods that comprise of or are based on an elemental analysis, like SEM/EDX and ToF-SIMS, identified E 551 on the cell layer. Therefore, it can be
concluded that E 551, in the methods where they were clearly recognizable, only has been
identified at the cell surface.
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4.1

Introduction

During the last five years the European Food Safety Authority (EFSA) has re-evaluated a lot
of food additives (EFSA, 2018a, 2018c, 2017a, 2017b, 2016a, 2016b, 2016c, 2016d, 2015).
For some they found that there is too little data available to confirm the acceptable daily intake (ADI) or the margin of safety (MoS). This is for example the case for the food additives
E 171 as well as E 551 (EFSA, 2018a, 2016a). E 171 comprises food grade TiO2 which is
added to the food to create a clear white colour (EFSA, 2016a). E 551 is the e-number of the
food additive nanostructured silica, also known as synthetic amorphous silica (SAS), which
can be added to food and non-food products as an anti-caking agent, flow aid, clearing
agent, stabiliser and as a flavour carrier (EU, 2008; OECD, 2004; Van Kesteren et al., 2015).
For these two materials, their nano-form has been shown to be present in the food or digestion mixture (Faust et al., 2016; Peters et al., 2012; Sohal et al., 2018a; Weir et al., 2012).
Different attempts have been made to identify the amount of TiO2 and SiO2 which adheres to
and/or is taken up by the cells of the gastrointestinal tract (GIT) in vivo (Bettini et al., 2017;
Brun et al., 2014; Kreyling et al., 2017; J.-A. Lee et al., 2017; MacNicoll et al., 2015; Van der
Zande et al., 2014). The results between these rodent studies differed greatly regarding the
uptake of the materials in the GIT. A comparison is further complicated as not all studies investigated food grade materials.
For instance, Brun et al. (2014) saw that self-synthesised TiO2 crossed the ileum as well as
the follicle-associated epithelium and changed permeability in the ileum and colon of exposed rats. In another feeding study, no significant translocation to blood, urine or organs
has been observed after the treatment with 5 mg/kg TiO2 (MacNicoll et al., 2015). The TiO2
has been excreted over the faeces, therefore the group concluded that TiO2 is not likely to be
absorbed in the GIT after oral intake (MacNicoll et al., 2015). The incomplete particle characterisation in these reports does not allow for further speculation why these differences have
occurred. In a study on radiolabelled TiO2 nanomaterial only 0.6% of the radiolabelled nanomaterial was observed in the GIT 1 hour after gavage administration in rats (Bello and
Warheit, 2017; Kreyling et al., 2017). After 7 days, 0.05% of the TiO2 was found in the GIT
and 99.7% of TiO2 was excreted via the faeces (Bello and Warheit, 2017; Kreyling et al.,
2017). Bettini et al. (2017) have investigated the uptake of E 171 of E 171 compared to TiO2
nanomaterial (Joint Research Center (JRC) (NM-105)) in rats. They detected titanium in the
gut lumen, Peyer's Patches as well in the colon mucosa after feeding the rats via gavage
(Bettini et al., 2017).
Similar inconsistent results have been reported on the uptake of SiO2 nanomaterials in vivo.
Biodistribution of SAS upon oral exposure has been compared with reference material of the
JRC (NM-202) in a 28 and 84 days rat study. The group did not observe elevated silica content in different tissues (including spleen and liver) after 28 days of treatment (Van der Zande
et al., 2014). However, in a 84 day exposure study, an accumulation of SAS in the spleen
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has been found (Van der Zande et al., 2014). Another feeding study of SAS and bulk silica in
rats found that around 84% of the material was excreted via faeces and around 5% by urine
(J.-A. Lee et al., 2017). They concluded that most particles were directly eliminated via the
faeces and the overall absorption was lower than 4% for the SAS and bulk silicon (J.-A. Lee
et al., 2017). Both of these studies suggest that the absorption of SAS from the GIT is limited
(Dekkers et al., 2013). On the other hand, an in vivo study showed that orally administered
nanosilica is able to reach the systemic circulation (So et al., 2008). The analysis of the uptake of TiO2 or SiO2 have been conducted by employing different types of ICP-MS analysis
(MacNicoll et al., 2015; Van der Zande et al., 2014), γ-ray spectrometry (Kreyling et al.,
2017), confocal microscopy, micro X-ray fluorescence imaging and NanoSIMS imaging
(Bettini et al., 2017; Brun et al., 2014).
To get a better insight in the uptake mechanisms of food grade nanomaterials other groups
explored in vitro intestinal models, which are not as complex for mechanistic uptake studies
than animals. Again, the results for the same material type varied widely. In one study, TiO2
was present in vesicular bodies on the basal side of differentiated Caco-2 cells (Pedata et al.,
2019) while other research groups only found adhesion of TiO2 nanomaterials to the same
cells in vitro without evidence for internalisation (Brun et al., 2014). To our knowledge the
uptake of food grade SAS has been investigated only once in M-cell culture in vitro to verify
the in vivo uptake mechanism (J.-A. Lee et al., 2017).
The present study attempts to elucidate if food grade SAS and TiO2 adhere to the microvilli of
differentiated Caco-2 cells or are even taken up by the cells in vitro. To investigate if the materials adhere to the differentiated Caco-2 cells flow cytometry (FACS) analysis, scanning
electron microscopy (SEM) and time-of-flight secondary ion mass spectrometry (ToF-SIMS)
were conducted. To identify the cellular uptake of the materials transmission electron microscopy (TEM), dark field and hyperspectral imaging was performed. Also reflection imaging of
the material using confocal reflection microscopy (CRM) was performed, while simultaneously the cell (cell membrane, cell nucleus) was imaged in fluorescence mode using confocal
Laser Scanning Microscopy (CLSM).
The investigation showed that all analytical methods were able to detect food grade TiO2
(E 171) in differentiated Caco-2 cells. However, food grade SAS (E 551) could only be identified in a biological cell model by TEM imaging and with methods that also include elemental
analysis like SEM/EDX and TOF-SIMS.

4.2

Material and Methods

4.2.1 Particles and characterization
The food-grade SAS materials AEROSIL® 380 F and SIPERNAT® 22 S were kindly provided
by Evonik Resource Efficiency GmbH (Hanau, Germany). The food grade TiO2 material were
graciously provided by Venator Materials PLC (Pori, Finland). Commercial TiO2 P25 was ob70
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tained from Evonik Resource Efficiency GmbH (Hanau, Germany) within the EU-FP7
NANOMMUNE project (no 214281). P25 was advertised as “titanium dioxide without pigment
properties” (“Evonik Industries - Specialty Chemicals - Productfinder,” n.d.; Weir et al., 2012).
Today this statement got even more defined as “outstanding catalytic and photocatalytic efficiency” is emphasized on the company website (“Evonik Industries - Specialty Chemicals Productfinder,” n.d.; Weir et al., 2012). Nevertheless many toxicity, fate and transport studies
have used P25 for the investigation of GIT interaction. Particles have been extensively characterised in previous studies and their characteristics are summarised in Table 4.1. For further details on particle characterisation and preparation of the dispersion please refer to
(Buerki-Thurnherr et al., 2013; Franz, 2019; Hempt et al., submitted.; Retamal Marín et al.,
2018).

4.2.2 Cell culture
The human colorectal adenocarcinoma cell line Caco-2 was obtained from the German collection of microorganisms and cell cultures (DSMZ, Braunschweig, Germany). Cells were
maintained in minimum essential medium (MEM) (Sigma), supplemented with 10% fetal calf
serum (FCS), 2 mM L-glutamine, 1% (v/v) penicillin, streptomycin, neomycin (all from Sigma)
and 1% (v/v) non-essential amino acids (PAN™Biotech) (hereafter called "complete cell culture medium") at 37°C, 5% CO2 and 95% humidity, hereafter called "standard growth conditions". Caco-2 cells were grown in 75 cm2 cell culture flasks (TPP) until reaching 80% confluence and subcultured using trypsin-EDTA (Sigma).

4.2.3 Caco-2 cell differentiation
To generate enterocytic cells representative for the small intestine Caco-2 can be differentiated (Jumarie and Malo, 1991). Therefore, Caco-2 cells, they were seeded at a concentration of 2 x 104 cells/mm2 onto microporous polyester (PET) membrane inserts (1 µm pore;
12-well inserts: ThinCertTM (Greiner); 96-well high throughput screening (HTS) inserts: Corning® HTS Transwell®-96, (Corning)) in complete cell culture medium. The basolateral compartment was filled with complete cell culture medium as well. The cells were allowed to differentiate for 21 days under standard growth conditions and the medium was changed every
other day. All experiments, besides FACS analysis, were conducted on differentiated Caco-2
cells.
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Material

Production

Primary

Specific

Agglomerate

Agglomerate size

Zeta

process

structure

surface

effective density

(nm)IV

potential

size (nm)I

area

(g/cm3)III

(mV)V

(m2/g)II
P25

fumed

29.2

E 171

± 9.8
n.a.

SIPERNAT® 22 S

precipitated

AEROSIL® 380 F

fumed

n.a.

n.a.

302

±

0.2

-14.6

6.8

1.60

358.2

±

7.75

n.a.

10

± 2.6

185

1.20

743

±

38

n.a.

8

± 2.7

390

1.09

318

±

15

-10.6

Table 4.1:Properties of P25 and food grade materials.
I

Analysed by TEM. The arithmetic mean and corresponding standard deviations from 2000 and 1000 items are given for primary structure and
aggregate sizes, respectively. ECD: equivalent circular diameter. IIAssessed by N2-BET. IIIAssessed by gas displacement pycnometry.
IV
Assessed by volumetric centrifugation method from 0.1 mg/ml suspensions in ddH2O. VZ-average values as assessed by DLS from
0.05 mg/ml suspension in ddH2O. The mean and corresponding standard deviations from two independent measurements with three technical
replicates each are given.
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4.2.4 Treatment of differentiated Caco-2 cells
Treatment volumes in the apical compartment of the inserts or well of the cell culture plate
were calculated to match a calculated medium height of 5.2 mm in all well sizes to achieve
identical dosing conditions. For more detailed information please refer to (Hempt et al.,
submitted). Cells were treated in complete cell culture medium made from phenol red free
MEM (Gibco).

4.2.5 Cell viability
To test the cell viability, the culture medium was removed from the undifferentiated and differentiated Caco-2 cells in HTS 96-well inserts or 96-well plates. The cells were treated with
concentrations of 0, 3.125, 6.25, 12.5, 25 and 50 µg/ml for all investigated food grade materials and P25 for 24 and 48 h in 75 µl fresh complete phenol red free cell culture medium.
CdSO4 (Sigma) was used in concentrations of 0, 1, 10, 100, 1000, and 10000 µM and served
as a chemical positive control. Amine modified polystyrene nanoparticles (PS-amine) (Bangs
Laboratories, PA02N, Indiana, USA) have been characterised before and reduced the cell
viability in vitro in a dose-dependent manner (Elliott et al., 2017; Hempt et al., submitted).
Therefore, these particles served as the particle positive control at concentrations of 0, 12.5,
25, 50, 100, and 200 µg/ml. All control samples received an equivalent volume of ddH2O in
medium as solvent control. The resazurin stock solution (1 mg/ml in ddH2O) was prepared
freshly for every experiment. For the differentiated Caco-2 cells 10 µl of a 21.27 µg/ml
pre-dilution resazurin stock in phosphate buffered saline (PBS) were added directly to each
well resulting in a final concentration of 2.5 µg/ml resazurin in complete phenol red free cell
culture medium 24 and 48 h after the exposure. The cells were incubated for 2 h at standard
growth conditions and the fluorescence was measured. The undifferentiated Caco-2 were
seeded two days prior to the viability assessment with 8000 cells per well in 96-well plate.
They were treated with 169 µl of the same concentration for all substances as the differentiated Caco-2 for 24 and 48 h. After the treatment they received 22.5 µl of a 127.7 µg/ml
pre-dilution of resazurin stock in PBS per well. The cells were incubated for 3 h at standard
growth conditions and the fluorescence was measured with a multi-well plate reader at
530/585 nm (excitation/emission). Data shown represent the mean and corresponding
standard deviations of one/two/three independent experiments with four technical replicates
each.
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4.2.6 FACS
48 h prior to the treatment, the Caco-2 cells were seeded at a density of 150000 cells per
well in 6-well plate in complete cell culture medium. After the attachment the cells were treated with 50 µg/ml of each food grade material and P25 for 48 h. Post-treatment the supernatant was removed and the cells were detached with Accutase® Solution (Sigma Aldrich;
A6964). The supernatant and the detached cell layer were collected in the same tube. After
centrifugation at 200 g for 3 min and a PBS-wash, the cell pellet was suspended in 1% bovine serum albumin (BSA) in PBS. For further information please refer to (Bohmer et al.,
2018). FACS measurements were conducted using a Gallios (Beckman Coulter).

4.2.7 Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDX)
Differentiated Caco-2 cells were exposed to 50 µg/ml AEROSIL® 380 F, SIPERNAT® 22 S,
P25, E 171 or the solvent control (ddH2O) for 48 h. Next, the cells were washed twice in
pre-warmed PBS and fixed with modified Karnovsky fixation solution (4 g paraformaldehyde,
50 ml ddH2O, 5 ml glutaraldehyde 50%, 45 ml PBS without glucose and pH 7.4) for 1 h at RT
(for more infromation please refer to Kucki et al. 2017). After fixation, the cells were washed
in PBS, dehydrated by ascending ethanol series (50–100% ethanol) and treated with hexamethyldisilazane (HMDS) for 30 min. The samples were then dried overnight in a fume hood.
The next day, they were transferred to SEM sample holders with conductive adhesive tapes
and sputter-coated (Sputter Coater Leica EM ACE600) with gold-palladium (ratio Au/Pd:
80/20, 10 nm thickness). SEM analysis was performed with a Hitachi S-4800 SEM operating
at 2 kV and EDX analysis was performed with an INCA X-Sight EDS (Oxford Instruments)
detector operating at 20 kV.

4.2.8 ToF-SIMS
Differentiated Caco-2 cells were exposed to 50 µg/ml AEROSIL® 380 F, SIPERNAT® 22 S,
P25, E 171 or the solvent control (ddH2O) for 48 h. Thereafter, cells were fixed with 4% paraformaldehyde in ddH2O for 1 h at RT and dehydrated by an ascending ethanol series (50 –
100% ethanol).
ToF-SIMS was performed on a "ToF-SIMS.5" instrument from ION-TOF GmbH. Measurements were performed with a Bismuth (Bi) primary ion beam (25 keV) and a target current of
0.35 pA (cycle time: 50 µs). Images were recorded in fast imaging mode using Bi₁⁺ with a
delay extraction of 1.2 µs on randomly selected 200×200 µm² areas with a 256×256 px² resolution.
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4.2.9 TEM
For the investigation of the uptake of the materials by undifferentiated Caco-2, cells were
seeded into 75 cm2 flask at a density of 3x105 cells in a total volume of 20 ml complete cell
culture medium for 48 h. Thereafter, cells were treated with 50 µg/ml of food grade material
or 50 µg/ml of P25 in 10 ml phenol red free complete cell culture medium for 48 h. Afterwards
the cells were washed twice with warm PBS and were detached from the flask using 0.5%
Trypsin-EDTA, pelleted by centrifugation (200 g, 3 min) and sucked up into a capillary tube
(Leica-Microsystems). Therein cells were fixed in 3% glutaraldehyde in 0.1 M sodium cacodylate buffer and washed in 0.2 M sodium cacodylate puffer. After a post-fixation step in 2%
osmium tetroxide in 0.1 M sodium cacodylate buffer, cells were dehydrated through a graded
ethanol series followed by acetone and finally embedded in Epon resin (Sigma-Aldrich). Ultrathin sections were contrasted with 2% uranyl acetate and lead citrate (Reynolds 1963)
before imaged in a Zeiss EM 900 (Carl Zeiss Microscopy, GmbH, Germany) at 80 kV.
Differentiated Caco-2 cells were treated for 48 h as previously described and afterwards
washed twice with warm PBS. Transwells were fixed in 3% glutaraldehyde in 0.1 M sodium
cacodylate puffer and washed in 0.2 M sodium cacodylate puffer. After a post-fixation step in
2% osmium tetroxide in 0.1 M sodium cacodylate puffer and dehydrated through a graded
ethanol series followed by acetone and finally embedded in Epon resin (Sigma-Aldrich). Ultrathin sections were contrasted with 2% uranyl acetate and lead citrate (Reynolds 1963)
before imaged in a Zeiss EM 900 (Carl Zeiss Microscopy, GmbH, Germany) at 80 kV.

4.2.10 Confocal Reflection Microscopy
Caco-2 cells were differentiated on a thin layer of ECM (human (VitroCol; 5007) or bovine
(FibriCol; 5133); both from Advanced BioMatrix) on transwell insert. A pre-experiment has
shown that the membrane of the insert itself showed a very high reflection. Therefore the cell
layer was separated from the membrane of the transwell insert prior to staining. Differentiated Caco-2 cells were exposed to 50 µg/ml SIPERNAT® 22 S, P25, E 171 or the solvent control (ddH2O) for 48 h. The cells were washed twice with pre-warmed PBS and fixed with 4%
paraformaldehyde for 1 h at RT. After fixation, the cells were washed again with PBS and
incubated with 30% sucrose at 4 °C overnight. The next day, the cell layer was separated
from the insert and 15 µm thick cryosections were prepared from the cell layer using a cryostat (MNT; SLEE Medical; Germany). The sections were permeabilised with 0.1% Triton
X-100 for 15 min at RT. Cells were incubated with biotin conjugated wheat germ agglutinin
(WGA) (Vector Laboratories; B-1024; 1:50) in 1% BSA in PBS at RT for 30 min. Thereafter,
the sections were incubated with a Streptavidin Alexa Fluor 488 (Invitrogen; A21428; 1:400)
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in 1% BSA in PBS for 30 min. After each step three PBS washing steps followed. Nuclei were
counterstained with 1 µg/ml 4′,6-diamidino-2-phenylindole in PBS (DAPI, Sigma Aldrich;
D9542) for 10 min at RT. The sections were mounted with Mowiol® 4-88 (Sigma Aldrich;
81381) and covered with glass coverslips, which was sealed with nail polish. A confocal laser scanning microscope Leica TCS-SP5 STED (Leica Microsystems, Wetzlar, Germany)
with a Leica HCX PLAN APO 63x/1.4 oil immersion objective was used for fluorescence (cell
membrane stained with WGA-Alexa Fluor 488; cell nucleus stained with DAPI) and reflection
(nanoparticles) imaging. Alexa Fluor 488 was imaged using an argon laser line with 488 nm
excitation laser line and detected using photomultiplier detector at 510-530 nm. DAPI was
imaged using an infrared laser (MaiTai; Spectra-Physics, Santa Clara, CA, USA) running at
750 nm for two-photon excitation and using internal analog photomultiplier detectors. Reflection of the nanomaterial was detected at 550-570 nm after excitation with 561 nm laser line.
Images were processed by addition of the scale bar using the image processing software
ImageJ.

4.2.11 Dark field microscopy and Hyperspectral imaging
The hyperspectral imaging technique was employed to assess uptake of SIPERNAT® 22 S
and E 171 by differentiated Caco-2 cells. Samples were prepared for dark field and hyperspectral imaging as described above. Hyperspectral imaging (HSI) is based on an enhanced
darkfield (DF) microscope that is also equipped with an imaging spectrograph and a cooled
digital camera. Embedded samples are illuminated with a strong halogen light source
through a liquid light guide and an enhanced darkfield condenser, allowing precise and direct
illumination. Scattered light from the sample is resolved spatially and spectrally. Therefore,
each pixel acquired comprises information on the scatter spectrum (400-1000 nm). All samples were imaged in dark field mode for orientation and subsequently area of interest were
imaged in HSI mode.
In a first attempt, cells that were spiked with the material of interest were imaged in HSI
mode and used to create a spectral library that contains material specific spectra that serve
as reference. Then, cell samples with and without nanoparticles were imaged. For all HSI
images an exposure time that did not result in saturation was chosen. All HSI images were
corrected for the lamp spectrum, normalised and resized (450-750 nm) to eliminate noise
signal. The corrected spectral library file was then filtered against a control cell image to eliminate any spectra that are similar to cellular material, thereby avoiding false positive identification. However, filtering a spectral library from spiked cells did not leave any material specific spectra in the reference library. This means that the materials signals are detected but
cannot be identified clearly using this approach. In a second attempt a reference library was
created from an image with only nanoparticle suspension. The resulting library was pro76
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cessed as described above. The filtered spectral library containing the reference spectra was
then fed to the spectral angel mapping tool that calculates the similarity between reference
spectra and spectra from sample images. Results are given as colour coded images that
mark pixels with a predefined similarity (maximum angle = 0.1) to the reference spectra
(Manolakis et al., 2003; Roth et al., 2015). The HSI microscope was acquired from Cytoviva
Inc. (Auburn, USA). HSI data processing was performed with ENVI 4.8 (Harris Geospatial
Solutions, Inc., Broomfield, USA).

4.3

Results and Discussion

4.3.1 No influence on cell viability after 48 h of treatment
Cell viability in undifferentiated and differentiated Caco-2 cells after 24 h and 48 h of treatment with the food grade materials was ascertained using the resazurin assay. None of the
investigated food grade materials (SIPERNAT® 22 S, AEROSIL® 380 F, E 171) and P25
TiO2 induced considerable changes in the viability of undifferentiated and differentiated Caco-2 cells up to a concentration of 50 µg/ml and 48 h of treatment (Figure S 9.10). As expected, the chemical positive control CdSO4 reduced the cell viability in a dose-dependent
manner ( Figure S 9.9 and Figure S 9.10). Also, the particle positive control PS-amine reduced the cell viability down to 8.72 ± 0.39% (undifferentiated) and 75.47 ± 6.59% (differentiated) after exposure to 200 µg/ml for 48 h (Figure S 9.10).
Particle interference reactions and therewith false-positive or false-negative results for
resazurin were excluded using a specific cell-free interference control setup as descript in
Hempt et al., submitted.
Evaluation of the cellular adhesion

4.3.2 FACS analysis revealed adhesion/uptake of E 171 and precipitated E 551 but
not fumed E 551
To identify if TiO2 materials or SAS were sticking to the cell surface and/or were internalized
by the cells, FACS analysis was performed on undifferentiated Caco-2 cells. The analysis
had only be performed on undifferentiated Caco-2 cells do to the fact that it was not possible
to separated the differentiated Caco-2 to a single cell suspension without disrupting the cells
immensely. The treatment of cells with nanomaterials can result in a shift of the cell population in the side scatter of the FACS analysis (Ibuki and Toyooka, 2012; Zucker et al., 2010).
Additionally it has been shown for TiO2 nanomaterials that the shift is concentration dependent (Zucker et al., 2010).
The analysis of the adherence of nanomaterials to the cell surface of undifferentiated Caco-2
showed that the treatment with TiO2 materials resulted in a shift in the side scatter (Figure 4.1
77

Chapter II
first and second row). The treatment with P25 led to the biggest shift in the side scatter
(Figure 4.1 first row). This shift got even more pronounced with increasing concentrations
from 50 µg/ml to 200 µg/ml (Figure 4.1 first row). Interestingly, the size range of the cells FS
area 50-400 appeared to be different compared to the other treatments or untreated undifferentiated Caco-2 cells, where the cell size ranged from FS area 50-1000, in the FACS assessment (Figure 4.1).These indicates that the treatment with the small sized P25 results in
the possibility to separate undifferentiated Caco-2 cells even better to a single cell suspension.
The adhesion/internalisation of both TiO2 revealed a much higher shift in the side scatter
where 50-87% of all events were found in the engineered nanomaterial (ENM) gate. This
prominent shift in the side scatter has also been identified in other cells after treatment for
non food grade TiO2 materials (Moosavi et al., 2016; Vales et al., 2015).
In comparison for the SAS treated cells only 1-12% of all events could be found in the ENM
gate after treatment.
The treatment with SIPERNAT® 22 S did not result in an increase of the cells in the side
scatter, neither for 50 µg/ml nor for 200 µg/ml (Figure 4.1 third row). On the other hand, the
treatment with 200 µg/ml AEROSIL® 380 F resulted in a slight increase of around ≈12% in
the side scatter in the ENM gate (Figure 4.1 fourth row). A small shift of ≈8% in the side scatter was also evident after the 48 h treatment with 50 µg/ml. The observation that the cell viability was not impaired by both investigated E 551 materials, indicate that observed changed
in the side scatter for AEROSIL® 380 F would result form the adhesion/uptake by the undifferentiated Caco-2.
Even the untreated undifferentiated Caco-2 showed to be very different in the size of the cells
with a FS area ranging from 50-1000 and also some of the cells showed a higher granularity
which resulted in an increase in the side scatter of ≈5% compared to establishing the gates
in the untreated dead control. In another study using dendritic cells, it was shown that identification of the adhesion via FACS can be achieved with AEROSIL® material (Winkler et al.,
2017). However, we did not observe any shift in the scattering properties of Caco-2 cells after
AEROSIL ® 380 F or high shift for SIPERNAT® 22 S treatment, probably due to the use of
distinct cell types, slightly different E 551 materials and a lower treatment dose (Winkler et
al., 2017). Possibly, detection of particle adhesion via changes in scattering properties of the
cells via FACS is not sensitive enough for this type of material. Our results reveal that adhesion/uptake identified via FACS analysis by undifferentiated Caco-2 cells is different for the
two differently produced SAS and different for other cell types.
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Figure 4.1: FACS analysis of the undifferentiated Caco-2 cells
Unstained untreated Caco-2 cells were used to set the gates for the ENM analysis (left). Caco-2 cells were either exposed to 50 µg/ml (center) or 200 µg/ml (right) P25 or food additives
for 48 h. Caco-2 cells were dissociated with Accutase®, washed in 1% BSA and immediately
10,000 events have been analyzed by flow cytometry.

4.3.3 SEM/EDX measurements verified the deposition of E 551 and E 171 onto the
cell layer
Another possibility to study particle deposition on the cell surface is SEM/EDX measurements. For the analysis of E 551 and E 171 deposition differentiated Caco-2 cells, they were
treated for 48 h with 50 µg/ml SIPERNAT® 22 S, AEROSIL® 380 F, P25 or E 171. For all
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samples, SEM analysis showed round shaped objects on the microvilli layer of the cells after
the treatment that likely represent deposited particles (Figure 4.2). No round shaped objects
were identified in solvent control samples. Visually these objects were different in shape and
size for the different food grade materials and P25. For the different TiO2 nanomaterials, the
observed objects on the cell surface were relatively large with a clearly marked off round
shape for E 171, while they displayed a more diffuse/frayed shape for P25 (Figure 4.2D and
G).

SIPERNAT® 22 S

materials

were

smaller

but

more

abundant

compared

to

AEROSIL® 380 F (Figure 4.2I and L). Subsequent EDX analysis of these materials confirmed the presence of silicon or titanium for the E 551 and E 171 materials, respectively
(Figure 4.2 E, F, H, I, K, L, N and O). No titanium or silicon was detected in solvent samples
indicating that silicon and titanium peaks originated from the treatment with food grade materials (Figure 4.2C). To conclude, all investigated materials adhered to differentiated Caco-2
cells after 48 h of exposure, and SEM/EDX analysis is a suitable method to detect the presence of E 551 and E 171 food grade materials and P25 on a cell layer. This method can also
only gives the possibility to gain a qualitative results but not a quantitative one.
Similar and in agreement with our findings, non-food grade silicon dioxide and titanium dioxide materials have been recently detected via SEM analysis on the apical surface of a
co-culture of Caco-2 and HT-29 cells (Guo et al., 2018, 2017). Also, E 171 isolated from gum
was shown to be present on the apical surface of a differentiated Caco-2 cells (Faust et al.,
2014).
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Figure 4.2: P25 and food additive detection on differentiated Caco 2 cells by
SEM/EDX.
(A, D, G, J, M) SEM analysis of the apical surface of the differentiated Caco 2 cells after 48 h
of treatment with (A) the solvent control (ddH2O) (D) 50 µg/ml P25 (G) 50 µg/ml E 171 (J) 50
µg/ml SIPERNAT® 22 S and (M) 50 µg/ml AEROSIL® 380 F. (B, C, E, F, H, I, K, L, N, O) The
same samples were used for subsequent EDX analysis. B, E, H, K and N depict the region
where the spectra shown in C, F, I, L and O were taken, respectively.

4.3.4 ToF-SIMs analysis confirmed deposition of E 551 and E 171 on the apical cell
layer
To further verify the deposition of TiO2 materials or SAS to the cell surface, ToF-SIMs analysis was executed on differentiated Caco-2 cells. Images of silicon (Si+) and titanium (Ti4+)
were acquired on the apical surface of differentiated Caco-2 cells after 48 h of treatment.
Figure 4.3 shows the images for the Ti4+ and Si⁺ channel recorded on the apical surface of
differentiated Caco-2 cells after the P25, E 171, SIPERNAT® 22 S and AEROSIL® 380 F
treatments. A clear increase of the Si⁺ content is visible for sample SIPERNAT® 22 S in
comparison to sample AEROSIL® 380 F (Figure 4.3, right column).
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Figure 4.3: ToF-SIMS peak area images
Left column m/z=48. Right column m/z= 28. All images are 200 micron x 200 micron. Titanium or Silicon is shown to separate the deposition (positive score- bright regions) from the cell
surface (negative scores- darker regions).
The detected Si+ and Ti4+ content in the solvent control sample did not exceed the noise level
of the measurement (data not shown). This confirms that the detected Si+ fragments and Ti4+
in the treated samples can be accredited to the presence of SAS or P25 and E 171 materials
on the cell surface, respectively.
We have already shown that the ToF-SIMS technique could be valuable in the future to quantify the deposited amount of food grade materials on the apical cell surface (Hempt et al.,
submitted).
Evaluation of the cellular uptake

4.3.5 TEM analysis demonstrated the uptake of E 551 and E 171 in undifferentiated
Caco-2 cells
To understand if SAS and titanium dioxide particles were internalised by Caco-2 cells, transmission electronic microscopy was performed initially on undifferentiated Caco-2 cells since
higher particle uptake was expected due to the absence of a brush boarder. TEM analysis
revealed that after 48 h of incubation with 50 µg/ml food grade SAS, food grade titanium dioxide materials as well as P25, materials were found in and outside of the undifferentiated
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Caco-2 cells (Figure 4.4, Figure 4.5, Figure 4.6, Figure 4.7). No difference was identified between AEROSIL® 380 F or SIPERNAT® 22 S treated cells, suggesting that the different production processes of SAS did not affect uptake behaviour in undifferentiated Caco-2 cells.
Both materials are present free in the cytoplasm, only some remains of endocytic uptake are
stll observable (Figure 4.6B’’’). The images (Figure 4.6) exemplarily show engulfment of SAS
materials in the process of uptake by the undifferentiated Caco-2 cells. The investigation of
the uptake of SAS in differentiated Caco-2 revealed that no uptake of aggregate synthetic
amorphous silica could be observed (Figure 4.8). Nevertheless, only a small amount of images has been investigated, therefore this can only be stated for the investigated images.
Additionally the presence of primary SAS structures cannot be excluded in the differentiated
Caco-2, do to their small size they could not be identified as single materials. It appears that
the microvilli hinder the uptake of the SAS material in the differentiated Caco-2. The prevented uptake of nanomaterials in differentiated Caco-2, when comparing undifferentiated and
differentiated Caco-2 cells, have already been shown for other materials e.g. quantum dots,
graphene or cerium oxide nanoparticles (Kucki et al., 2017; Peuschel et al., 2016; Vila et al.,
2018b).
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Figure 4.4: TEM micrographs show the presence of P25 agglomerates in and outside of the undifferentiated Caco-2 cells
Overview TEM micrographs showing differently sized structures of agglomerated P25 within,
as well as outside of the undifferentiated Caco-2 cells after 48 h exposure with 50 µg/ml.
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Figure 4.5: TEM micrographs show the presence of E 171 agglomerates inside of
the undifferentiated Caco-2 cells
Overview TEM micrographs showing differently sized structures of agglomerated E 171 within of the undifferentiated Caco-2 cells after 48 h treatment with 50 µg/ml.
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Figure 4.6: TEM micrographs show the presence of SIPERNAT® 22 S agglomerates
in and outside of the undifferentiated Caco-2 cells
Overview TEM micrographs showing differently sized structures of agglomerated
SIPERNAT® 22 S within, as well as outside of the undifferentiated Caco-2 cells after 48 h
exposure to 50 µg/ml.
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Figure 4.7: TEM micrographs show the presence of AEROSIL® 380 F agglomerates
inside of the undifferentiated Caco-2 cells
Overview TEM micrographs showing structures of agglomerated AEROSIL® 380 F within, of
the undifferentiated Caco-2 cells after 48 h exposure to 50 µg/ml.
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Figure 4.8: TEM micrographs show the absence of SIPERNAT® 22 S and
AEROSIL® 380 F agglomerates in differentiated Caco-2 cells.
TEM micrographs of the untreated control (A), 50 µg/ml SIPERNAT® 22 S (C) and 50 µg/ml
AEROSIL® 380 F show no agglomerated structures within the differentiated Caco-2 cells
after 48 h exposure.

4.3.6 Confocal reflection microscopy detected uptake of E 171 but not E 551 into
the cells
The cellular uptake of SAS and food grade material titanium dioxide was evaluated by confocal reflection microscopy.
As an example for food grade SAS SIPERNAT® 22 S was investigated. In case of
SIPERNAT® 22 S no reflection signal was visible in the histology section (Figure 4.9). Additionally, we observed a very high reflection signal, which is due to the human ECM that was
utilised for this analysis. A similar high reflection expressed by the human ECM has been
observed in the untreated sample (data not shown).
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Figure 4.9: Adhesion to and uptake into differentiated Caco-2 cells following food
additive treatment.
Confocal reflection images of cross sections of differentiated Caco-2 cells treated with (top
row) solvent control (ddH2O), (middle row) 50 µg/ml E 171 and (bottom row) 50 µg/ml
SIPERNAT® 22 S for 48 h. After treatmentthe samples were fixed, stained with WGA (green)
and images were acquired with a CLSM. The first and the middle row were culture on bovine
ECM, the last row was cultured on human ECM. The different sources of the ECM resulted in
a different phenotyp.
The investigation of the solvent control did not exhibit a high reflection in the differentiated
Caco-2 cells cultured on bovine ECM (Figure 4.9 first row). For the treatment with TiO2 a bovine ECM has been used as well. The reflection mode of the food grade TiO2 material
showed a very high reflection compared to the solvent control (Figure 4.9). Due to staining of
the cell membrane, the cell boundary could be clearly identified and therefore localisation of
E 171 was evaluated. Interestingly, in some cases E 171 was detected inside the differentiated Caco-2 cells. Beside that E 171 was also cell-associated that means located at the cell
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membrane. This reflection signal appeared to be closer to the basolateral side of the cells
than to the apical side where we can find the microvilli.
The intensity of the exposing light had to be reduced otherwise the reflection signal would
have voided every other signal. The strong signals indicate that the materials are present as
aggregates or agglomerates and these results in the high reflection of the material. This observed reflection signal show a similar material size as it has been observed in the TEM micrographs.
Unexpected is, that the use of a different kind of ECM (bovine; Figure 4.9 third row) changes
the reflection and appearance of the ECM in these sections completely. The ECM generated
out of human material showed a very high reflection and with a needle like shape (Figure 4.9
third row) while the bovine ECM showed a low reflection and specific shape (Figure 4.9 first
and second row).
The detection of TiO2 in biological samples by using confocal reflection microscopy is already
described. The light scatting properties of TiO2 have been known for long time, for that reason TiO2 is used in reflective pigments and coatings (Kumar et al., 2012). Bettini et al. (2017)
studied rat intestinal tissue after a 7 days exposure with E 171 and successfully identify
E 171 by using confocal reflection microscopy.

4.3.7 Hyperspectral imaging did not identify E 551 and E 171 in differentiated Caco-2 cells
The unstained samples of the reflection assessment have been investigated moreover by
hyperspectral dark-field microscopy.
Imaging the prepared samples in darkfield mode revealed an accumulation of nanomaterial
(both SIPERNAT® 22 S and E 171) in the spikes samples at the cell layer. Similar accumulations could not be found in untreated controls (Figure 4.10). However, E 171 shows very
bright scattering that easily outshines cellular scattering (Figure 4.10). Therefore, subcellular
localisation of E 171 with this type of sample preparation is not possible by darkfield imaging
alone (data not shown). SIPERNAT® 22 S posed a contrary problem: Its scattering is not
sufficiently intense and easily drowns within the cellular scattering (data not shown). One
explanation could be higher scattering of the human ECM which has been used for the preparation of the SIPERNAT® 22 S samples. As the confocal reflection microscopy had revealed the selection of low scattering ECM could be an additional attempt for the identification of SAS materials in differentiated Caco-2 cells.
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Acquiring additional hyperspectral data was a promising attempt to better identify the nanomaterials within the cellular matrix. However, within these samples neither E 171 nor
SIPERNAT® 22 S particles scattered sufficiently specific to differentiate between nanomaterial and cellular or ECM structures.

Figure 4.10: Adhesion to and uptake of food additives into differentiated Caco-2
cells following a 48 h incubation.
Hyperspectral images of cross sections of differentiated Caco-2 cells treated with (top row)
solvent control (ddH2O), (middle row) spiked E 171 (left) and SIPERNAT® 22 S (right) and
(bottom row) treated with 50 µg/ml E 171 (left) and SIPERNAT® 22 S (right).
However, other groups have used this method successfully to identify TiO2 in different ambient environments. For human buccal mucosa tissue in vitro it was shown already that
nano-TiO2 are able to penetrate the barrier and can be identified with ultrahigh-resolution
imaging microscopy (Konstantinova et al., 2017). This study, too, identified a very bright signal for TiO2 with darkfield microscopy on the mucosa barrier (Konstantinova et al., 2017). In
another study darkfield and hyperspectral imaging were able to identify aggregated and agglomerated nano-TiO2 in lung tissue of mice one day as well as 28 days after exposure
(Husain et al., 2013). They were even able to identify a dose depended increase of aggre91
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gated and agglomerated TiO2 material in lung tissue (Husain et al., 2013). This may indicate
that also for TiO2 the specifics of the materials are determining the possibility to identify them
in the biological environment.

4.3.8 Other methods for the identification of E 171 and E 551
The assessment of particle adhesion/uptake via Raman spectroscopy or inductively coupled
plasma mass spectrometry (ICP-MS) was dismissed because the amount of SiO2 in the
samples would have been too low compared to the background silicon content of the specimen cups and the background silicon in the biological specimen. In Raman spectroscopy Si
can be identified but apparently not SiO2, due to the fact that SiO2 shows a very indistinctive
background pattern (Borowicz et al., 2012; Gellini et al., 2018; Xiong et al., 2017; Zhang et
al., 2014).

4.4

Conclusion

The comparison of the results gained in this study shows that TiO2 can be detected by FACS
analysis, TEM, SEM/EDX, ToF-SIMs, darkfield imaging and the confocal refection microscopy (Table 4.2). The FACS and TEM investigations point out that TiO2 are taken up by undifferentiated Caco-2 cells. The uptake of the E 171 materials was also shown in the differentiated Caco-2 with confocal reflection mode. On the basis to the high scattering of E 171 in the
hyperspectral images a categorical answer if the material has been taken up or only adhere
at the cell surface cannot be done. Therefore, to verify the uptake of E 171 observed in confocal reflection mode additional TEM analyses should be conducted on differentiated Caco-2
cells treated with E 171, too. Both analyses as well as FACS, and darkfield imaging indicate
a high scattering of the titanium dioxide material itself.
The investigation of food grade synthetic amorphous silica had pointed out that the scattering
properties of this material are not sufficiently distinct to detect these materials in analyses
that are based on the identification via scattering (hyperspectral imaging, confocal reflection
microscopy, FACS). On the other hand, in TEM analysis both SAS materials have been seen
in the TEM micrographs. The undifferentiated Caco-2 have take up SAS, whereas SAS can
only be identified outside of the cell in the differentiated Caco-2. Methods that comprises of
or are based on an elemental analysis, like SEM/EDX and ToF-SIMS, identified the SAS materials on the cell layer. Therefore, it can be concluded that the SAS materials, in the methods where they were clearly recognizable, only have been identified at the cell surface.
The evaluation of a variety of widely used analytical techniques to assess the adhesion and
uptake of realistic doses of food grade E 171 and SAS (E 551) in differentiated Caco-2 cells
showed that titanium is well traceable in a biological environment in all the investigated assays. Silicon dioxide on the other hand was only detectable by methods with a subsequent
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elemental analysis as well as TEM analysis (Table 4.2). In summary, it can be said that the
different production routes and material properties of the different SAS determine the limits of
detection.
These analyses have shown that the detection methods and detection limits have to be redefined. Until now the analysis of silicon dioxide still cannot distinguish between silicon dioxide
from the food additives, silicon dioxide from other sources or natural occurring silicon (EFSA,
2018a). Therefore, the technical progress has to be pushed further for a more precise analysis. Maybe micro X-ray fluorescence imaging and NanoSIMS imaging could be exploited in
the future to identify E 551. Other possibilities to identify the uptake of SAS in a biological
environment would be serial histological sectioning with a subsequent elemental analysis like
EDX or ToF-SIMS. Therewith, in the future it will be possible to identify small amounts of food
grade SAS in general and specifically in a biological environment.

Table 4.2: Summary of all results
Summary of all results. Shown are: detectable results (green), inconclusive results (light
green), not detectable (red) and not analysed samples (grey).
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Abstract
Hypothesis: The development of advanced oral delivery systems for bioactive compounds
requires the fundamental understanding of the digestion process within the gastrointestinal
tract (GIT). Towards this goal, dynamic in vitro digestion models capable of characterising the
molecular as well as colloidal aspects of food, together with their biological interactions with
relevant in vitro cell culture models, are essential.
Experiments: In this study, we demonstrate a novel digestion model that combines flowthrough time resolved small angle X-ray scattering (SAXS) with an advanced in vitro Caco-2/HT-29 cell co-culture model for dynamic in situ characterisation of colloidal structure
formation and interactions with the cells.
Findings: An integrated online SAXS – in vitro cell co-culture model was developed and applied to study the digestion of milk. The impact of the in vitro cell culture on the kinetics of
colloidal structure formation during the digestion of nature’s own food emulsion, milk, is
demonstrated. Reported is also the crucial role of the mucus layer on top of the cell layer,
protecting the cells from degradation from digestive juice components such as lipases. The
novel model can open unique possibilities for the investigation of nanostructure-cell interactions their effects on availability and uptake of bioactive compounds such as nutrients or ingested drugs.

Keywords: Lipid digestion; in-situ SAXS; Caco-2/HT-29 co-culture; milk; mucus; lipase.
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5.1

Introduction

There is a growing interest to understand, control, and manipulate the process of lipid digestion within the gastrointestinal tract (GIT) with functional food materials, particularly in regards to the development of emulsion-based systems for delivery of bioactive compounds
(McClements et al., 2008; Pafumi et al., 2002; Porter et al., 2008, 2007). However, the conduct of human or animal feeding studies to assess the impact of the wide range of food matrix components and their colloidal structures is unrealistic not only due to ethical concerns
but also for economical and practical reasons (Dupont et al., 2019; McClements and Li,
2010). Further, a comprehensive understanding of the food-digestion interactions that ultimately allows the rational design of functional food materials requires a knowledge of the
effect of individual digestion parameters such as bile salt concentration, pH, lipases and interactions with cells on the process. This is only possible with in vitro models that offer the
flexibility to modify such parameters individually, within and even beyond the physiologically
relevant range. To address this, numerous in vitro digestion models have been introduced
over the last two decades, designed to mimic the in vivo situation of the GIT (Brodkorb et al.,
2019; Dupont et al., 2019). Most of the dynamic in vitro models were not successful in recreating the physiological conditions as the interaction and absorption of water, nutrients and
metabolites cannot be routinely simulated (Dupont et al., 2019).
To date, the majority of published studies focused on the changes in the chemical composition during digestion using in vitro models that mimic gastric and small intestinal digestion
consecutively, or in vitro cell culture models evaluate epithelial permeability. The analysis of
the digestion components and their interactions with epithelial cells was mostly carried out
separately, by first performing the digestion ex situ in a bioreactor and subsequently introducing the digestion mixture to an in vitro intestinal cell model and/or porcine tissue grafts (Déat
et al., 2009; Haraldsson et al., 2005; Lv et al., 2018; Westerhout et al., 2014). A predictive
digestion model for real time evaluation of lipid digestions under physiologically relevant conditions in presence of intestinal cells has only been recently described (Keemink et al., 2019).
Contrary to the analytical chemistry aspects, the colloidal aspects of the digestion processes,
such as self-assembled structure formation of food emulsions from micrometer down to the
nanometer range, are mostly unstudied. These colloidal processes that may play a crucial
role in the digestion process were first discovered during the in vitro digestion of olive oil
emulsions using light microscopy (Patton and Carey, 1979). The structures and their transformations inside a digesting triolein-in-water emulsion droplets were then assigned using an
in vitro digestion model that was coupled with in situ flow-through small angle X-ray scattering and cryo-TEM (Salentinig et al., 2011). The lipid digestion products monoacylglycerols
and free fatty acids (FFAs) self-assemble inside the oil droplet to form highly geometrically
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ordered lyotropic liquid crystalline structures. The type of formed nanostructure depends
largely on the ratio between fatty acid / monoglyceride / diglyceride / triglyceride inside the
emulsion droplets, that is gradually modified during digestion. The formation of these
self-assembled nanostructures is in good agreement with the consideration from the critical
packing parameter (CPP, see the SI for definition) theory (Israelachvili et al., 1977, 1976).
Bile salts have also been shown to participate to the self-assembly process (Long et al.,
1994; Salentinig et al., 2011). Recently, lyotropic liquid crystalline structures together with
vesicles and micelles were also detected during the in vitro digestion of bovine and human
breast milk, and the triglyceride-based food product mayonnaise in a digestion model simulating the small intestine that was coupled with in situ SAXS (Salentinig et al., 2017, 2015a,
2013).
The formation of nanostructured lipid emulsions during digestion has been recently discussed to influence the enzymatic lipolysis and interactions of the digestion products with the
cells in the small intestine (Salentinig, 2019). Lipolysis is a process which occurs at the lipid
water interface, and as a consequence, the nanostructural transformation within the emulsion
droplets can play a role in this process and has to be considered in in vitro digestion models
(Bohn et al., 2018). Considering this knowledge gap, the studies of digestion processes
could benefit from more sophisticated in vitro digestion models coupled with flow-through
time-resolved online SAXS for nanostructure determination in real-time. Together with in vitro
cell culture models that mimic the intestinal epithelia, such models would allow a systematic
study of interactions between digestion components and cells. These advanced models
combining biophysical approaches with relevant cell culture models will eventually lead to a
fundamental understanding of the process that is necessary for the rational design of functional food and drug delivery materials.
The challenge in simulating the lipid digestion lies in the complexity of the diverse processes
occuring in vivo. The first step of any digestion in humans is the mouth, where the lipid droplets interact with the saliva, tongue and oral cavity (McClements and Li, 2010). The mixture of
the food matrix with saliva is then passed through the stomach where the emulsion droplets
are further fragmented under the exposure to low pH conditions (typically around 2-3), salts,
enzymes, and mechanical forces (McClements and Li, 2010; Salentinig et al., 2011;
Scheuble et al., 2017). Upon leaving the gastric compartment and entering the intestine, the
pH is increased to 6-8, and enzymes such as pancreatic lipase and biologic surfactants such
as bile and phospholipids are introduced (Golding and Wooster, 2010; McClements and Li,
2010). These components are required for the lipid digestion and absorption in the small intestine (Greenwood-Van Meerveld et al., 2017). Bile salts and phospholipids help stabilize
the emulsion droplets and optimize their surface for the adsorption of the surface active pancreatic lipase-colipase complex (Campbell et al., 2019; Hofmann, 1999; Parker et al., 2014;
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Sarkar et al., 2016; Wickham et al., 1998). After adsorption, the pancreatic lipase stereospecifically hydrolyzes the two outer ester bonds of the triglyceride oils (sn-1 and s-3) inside the
emulsion droplet, resulting in the generation of the sn-2 monoglyceride and the corresponding free fatty acids (Salentinig et al., 2015b). The products of digestion form a range of
self-assembled lipid nanostructures, which may target interaction with the brush border of the
intestinal epithelia cells where they are ultimately absorbed (Campbell et al., 2019). From
there, the epithelia cells release the long chain fatty lipis in form of packed lipoproteins, also
knows as chylomicrons to the basolateral side, with whom they are transported via the lymphatic system to other tissues (Bauer et al., 2005; Favé et al., 2004).
One of the most widely used experimental models to characterise the lipid digestion in the
small intestine under simulated conditions is the pH-stat method (Armand et al., 1992; CalvoLerma et al., 2019; Dahan and Hoffman, 2006). In this cell-free method, the pH is kept constant by titrating the pH change from the release of FFAs during the hydrolysis of triglycerides with NaOH. The quantity of released FFA can then be estimated by the moles of NaOH
required to maintain the pH constant (Hu et al., 2010; McClements and Li, 2010). Studies
which combine current in vitro digestion models suitable for the study of nanostructure formation in food emulsions, using techniques such as online SAXS, have not been executed
under the involvement of in vitro intestinal cells models that simulate in vivo situation in the
small intestine. A more comprehensive understanding of the digestion-triggered nanostructure formation and its implications on nutrient uptake by the cells requires the integration of
physiologically relevant cell culture models and advanced analytical tools for the chemical
and colloidal scale into the current pH stat model. Here, the cell culture models should resemble the structure of the intestinal epithelium more closely than current Caco-2 models, for
instance with co-culture of Caco-2 and mucus secreting cells (Artursson et al., 2012; Ensign
et al., 2012; Folmer et al., 2009; Hilgendorf et al., 2000; Mahler et al., 2009).
In this study a new platform to investigate the nanostructural transformation within lipid emulsions during the digestion of milk in presence of an intestinal co-culture is demonstrated.
First, the viability of in vitro intestinal cell layer models in presence of pancreatin extract and
milk were studied. Second, the optimized cell culture model was coupled to a flow-through
digestion model with pH stat and synchrotron SAXS to investigate the nanostructural transformation during the milk digestion in real time

5.2

Materials and Methods

5.2.1 Materials
Pancreatin from porcine pancreas (8 x USP grade pancreatin activity) was purchased from
Sigma Aldrich (St. Louis, MO, USA). It is a mixture of digestive enzymes produced by the
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exocrine cells of the porcine pancreas and contains enzymes such as lipase, amylase, trypsin, ribonuclease and protease. Acidic Acid (≥99.7%), Alcian Blue 8GX Chloroform (≥99.8%),
Crystal Violet (Dye content ≥90 %), Hydrochloric acid (37%), Maleic acid (≥98.0%), Nuclear
Fast Red (for microscopy), Paraformaldehyde (95-100.5%), Sodium dodecyl sulphate solution (BioUltra, for molecular biology, 20% in H2O), Thiazolyl Blue Tetrazolium Bromide (98%),
Tris Base/ Tris (hydroxymethyl) aminomethane (for fish-farming, pH 8.3; 93367), NaCl
(≥99.5%) all from Sigma Aldrich (Buchs, Switzerland). CaCl2 (or analysis EMSURE®) from
Merck was purchased from Merck (Darmstadt, Germany) and Ethanol (≥99.8%) from Honeywell (Bucharest, Romania).
Standardized unskimmed milk with 3.5% milk fat was bought from a local shop (Switzerland).
0.2M NaOH and 0.2M HCl (p.a. grade, Sigma Aldrich, St. Louis, MO, USA) were used for pH
adjustment. Ultra-pure water (R > 18 MΩ) was used for the preparation of all samples. The
digestion buffer contained 50 mM maleic acid, 50 mM Tris Base, 5 mM CaCl2 and 150 mM
NaCl. The initial pH was 6.0 and was adjusted to 6.5 for the digestion experiments.

5.2.2 Cell culture
The human colorectal adenocarcinoma cell line Caco-2 was obtained from the German collection of microorganisms and cell cultures (DSMZ, Braunschweig, Germany). Cells were
maintained in Minimum Essential Medium (MEM, Sigma, M2279) at a physiological pH of
7.4, supplemented with 10% fetal calf serum (FCS; F9665), 2 mM L-glutamine (G7513), 1%
(v/v) penicillin, streptomycin, neomycin (P4083) (all from Sigma Aldrich, Buchs Switzerland)
and 1% (v/v) non-essential amino acids (PAN, Aidenbach, Germany; P08-32100) (hereafter
called "complete MEM") at 37°C, 5% CO2 and 95% humidity, hereafter called "standard
growth conditions". Caco-2 cells were grown in 75 cm2 cell culture flasks (TPP, Trasadingen,
Switzerland) until reaching 80% confluence and subcultured using trypsin-EDTA (Sigma Aldrich, T3924).
The human colon cell line HT29-MTX-E12 (hereafter called "HT-29") was obtained from the
European Collection of Authenticated Cell Cultures (ECACC, England). Cells were maintained in Dulbecco's Modified Eagle Medium (DMEM, obtained from Sigma, D5796) at pH
7.4, supplemented with 10% fetal calf serum (FCS), 2 mM L-glutamine, 1% (v/v) penicillin,
streptomycin, neomycin (all from Sigma Aldrich, Buchs Switzerland) and 1% (v/v)
non-essential amino acids (PAN, Aidenbach, Germany) (hereafter called "complete DMEM”)
at standard growth conditions. HT-29 cells were grown in 75 cm2 cell culture flasks (TPP)
until reaching 80% confluence and subcultured using trypsin-EDTA (Sigma).
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5.2.3 Caco-2 monocultures
Caco-2 cells were initially used as an in vitro digestion model for the digestions experiments.
To obtain a differentiated Caco-2 monolayer, cells were seeded at a concentration of
2 x 104 cells/mm2 into the apical compartment of microporous polyester (PET) membrane
inserts (Corning® HTS Transwell®-96 Tissue Culture Systems (pore size: 1 µm) (Corning,
Kaiserslautern, Germany) or ThinCert™ Tissue Culture Inserts 6 Well Greiner Bio-One (pore
size: 3 µm) (Greiner Bio-One, St. Gallen, Switzerland). The basolateral compartment was
filled with complete MEM and cells were allowed to differentiate under standard growth conditions for 18 days. Medium was changed every 48 h. All monoculture experiments, were
conducted on Caco-2 cells in differentiated state.

5.2.4 Caco-2/HT-29 co-cultures
Intestinal co-cultures are based on the co-culturing of Caco-2 and HT-29 cells with a predefined seeding ratio of 75:25 to achieve a confluent mucus layer. An overall cell seeding concentration of 2 x 104 cells/mm2 for the apical compartment of microporous membrane inserts
(Corning® HTS Transwell®-96 Tissue Culture Systems (pore size: 3 µm) or Corning® 75 mm
Transwell® Permeable Supports, (pore size: 3 µm)) was maintained (Corning, Kaiserslautern, Germany). The basolateral compartment was filled with complete DMEM and cells were
allowed to differentiate under standard growth conditions for 16-18 days. Medium was
changed every 48 h. All co-culture experiments were conducted on differentiated Caco-2/HT-29 co-cultures.

5.2.5 Lipase preparation and treatment
For each experiment, 2 g of the porcine pancreatin was diluted in 5 ml of digestion buffer
(50 mM maleic acid, 50 mM Tris Base, 5 mM CaCl2 and 150 mM NaCl) and stirred for 20 min
at 4°C. The enzyme suspension was centrifuged at 4°C at 4000 rpm for 15 min. The supernatant was recovered and kept on ice until further use in the viability or in vitro digestion
studies. For the further dilutions for the toxicity experiments, the pH was adjusted to 6.5. For
the milk digestion experiments, 1 ml of the pancreatin solution was added to 20 ml of 50%
digestion buffer 50% milk suspension for the final concentration of 19 mg/ml.

5.2.6 Cell viability (MTT assay)
The culture medium was removed from differentiated Caco-2 monocultures or differentiated
Caco-2/HT-29 co-cultures in HTS 96-well inserts and Caco-2 monocultures were treated with
concentrations of 0, 0.005, 0.01, 0.02, 0.04, 0.06 and 0.1 g/ml Lipase and co-cultures with 0,
0.005 g/ml, 0.02 g/ml, 0.04 g/ml lipase for 30 min and 2 h apical. The basolateral compartment was filled with complete cell culture medium made from phenol red free medium (Gib103
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co). All 0 µg/ml samples received an equivalent volume of digestion buffer and milk without
lipase and served as solvent control. The untreated sample received 100% complete cell
culture medium, and to understand the impact of milk or digestion buffer on cell viability, additional controls were included with 100% milk or 100% digestion buffer. The MTT stock solution (5 mg/ml in PBS) was diluted freshly for every experiment in complete cell culture medium made from phenol red free medium. 30 min and 2 h post-exposure the wells were
washed 2 times with warm PBS before 0.5 mg/ml MTT, in complete cell culture medium
made from phenol red free medium, was added. On the apical side a volume of 75 µl/well
was added and on the basolateral side it was 235 µl. The cells were incubated for 1.5 h at
standard growth conditions. Afterwards 37.5 µl of 10% SDS in 0.01 M HCl was added apically while the basal compartment was exchanged to an empty one. After efficient lysis of the
cell layer the lysis solution was replaced into a new plate to measure the absorbance with a
multi-well plate reader (Mithras2 LB943, Berthold Technologies) at 590 nm. Data shown represent the mean and corresponding standard deviations of two independent experiments
with six technical replicates for the monoculture experiments and the co-culture experiments
show three independent experiments with four technical replicates each.
Statistical analysis was conducted with GraphPad Prism 6 software using a one-way analysis
of variance (ANOVA; 95% confidence interval) followed by the Dunnett`s multiple comparisons test.

5.2.7 Measurement of transepithelial electrical resistance (TEER)
The differentiation process of the Caco-2 monolayers grown in 6-well inserts and the
co-cultures grown in the 75 mm Transwell® was controlled by TEER measurements after 7,
14 and 18 days using an Epithelia Voltohmmeter (EVOM) with sterilised STX2 electrodes
(World precision, Instruments, Sarasota Florida, US). Only Caco-2 cell monolayers with
TEER values higher than 750 Ωcm2 and co-cultures with TEER values higher than
2800 Ωcm2 were used for experiments.

5.2.8 Stainings
Crystal violet
For the Caco-2 monoculture 6-well inserts the apical treatment volumes were 4 ml/well and
the cells were treated basal in complete cell culture medium made from phenol red free medium.
After the experiment the 6-well Transwell® inserts were fixed with 4% PFA for 1 h to preserve
the cell layer. For long-term storage the cells were immersed in 50% EtOH and kept at 4°C.
The crystal violet staining was conducted after a protocol described in (May et al., 2018). In

104

Chapter III
brief the samples were additionally fixed in 20% ice cold MeOH for 5 min and stained with
0.5% crystal violet in 20% MeOH for 10 min, before they were washed and dried.
Alcian blue
For the investigation of the mucus layer an alcian staining has been conducted. The 6-well
Transwell® inserts were fixed for 2 h with modified Carnoy solution (60% EtOH, 30% choloroform; 10% acetic acid) to preserve the mucin layer. For long-term storage the cells were
immersed in 50% EtOH and kept at 4°C. For more information please refer to (“Alcian Blue
Staining Protocol,” n.d.). In brief the samples were stained with alican blue for 30 min before
they were dehydrated and mounted.

5.2.9 Coupling synchrotron SAXS and pH-stat with an in vitro cell culture model
In vitro digestion was conducted in large transwell plates with surface area of 75 cm2 that
was seeded with co-cultured Caco-2 and HT-29 cells at 37 °C (Figure 5.1). 20 mL of 1/1
vol/vol mixture of milk and digestion buffer was filled onto the apical side of the plate, onto
the cell layer. The basolateral side of the transwell plate received 60 mL complete cell culture
medium, DMEM. The pH on the apical side was recorded with a LL Biotrode pH meter
(Metrohm AG, Herisau, Switzerland) on a Titrando 906 titrator (pH-stat, Metrohm AG, Herisau, Switzerland). The pH-stat titrated the digestion mixture on the apical side with 0.5 M
NaOH solution (Titrosol, Merck KGaA, Darmstadt, Germany) to maintain pH at defined values during the digestion reaction. The pH electrode and titrator tube were attached to a
shaker plate (Heidolph Titramax 101, Schwabach, Germany), to gently stired the digestion
mixture on the transwell plate at 300 rpm. The basolateral side of the transwell was mixed
with a magnetic stirrer. To improve cell viability and mimic body temperature, the whole cell
set up was placed in a 37 °C water bath.
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Figure 5.1: Experimental setup used for the digestion of the milk solution in presence of a Caco-2/HT-29 co-culture.
For the in situ SAXS study of structure formation on both, the apical and basolateral site of
the transwell plate, two flow-through borosilicate capillaries (1.5 mm thick, Hilgenberg GmbH,
Malsfeld, Germany) were fixed on a movable sample stage in front of the synchrotron X-ray
source. The digestion mixture and culture media from the apical and basolateral side of the
cell monolayer, respectively, were circulated in separate tubings connected to separate capillaries. PTFE tubing (0.5 mm inner diameter, BOLA, Bohlender GmbH, Grünsfeld, Germany)
and a peristaltic pump (Alitea MIDI-D U1, Alitea AB, Stockholm, Sweden) were connected to
the transwell plate and flow-through capillaries. The flow rate was approximately 10 ml/min,
to avoid beam damage. The digestion reaction was started with a syringe pump (neMesys,
centoni GmbH, Korbußen, Germany) for remotely adding 1ml of the prepared pancreatin
solution with a speed of approximately 0.2 ml/s to the buffer/milk mixture on the apical side of
the transwell plate.
On-line SAXS patterns of the two capillaries were collected during the lipolysis by frequently
moving the capillaries in and out of the X-ray beam by using the sample stage. The measurements were performed on the cSAXS beamline at the Swiss Light Source, Paul Scherrer
Institute (PSI) (Villigen, Switzerland) with an X-ray beam having a wavelength of 1.0 Å at
X-ray energy of 12.4 keV. With the sample-to-detector distance of 2157.7 mm, the scattering
vector, q, covered the range of 0.06-5.0 nm-1 (q = 4π/λ sinθ, where λ is the wavelength and
2θ is the scattering angle). Beamsize was 100 x 100 µm2. The SAXS patterns were acquired
over at least 70 min with an exposure time of 1 s with a 9 s delay between the frames, using
a Pliatus 2M detector (in-house prototype) with an active area of 254 x 289 mm2 and a pixel
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size of 172 x 172 µm2. The two dimensional (2D) scattering frames were radially integrated
into 1D curves and plotted as a function of scattering intensity I(q) vs q. Afterwards, the scattering from PBS was subtracted as background. For clarity, only one frame every minute of
digestion is presented. Bragg peaks in the scattering curves were fitted by Lorentzian distributions to estimate their q-positions. The lattice parameters of inverse cubic (!!"!! ) and inverse hexagonal (!!! ), as well as the d-spacing of lamellar phase were calculated from the
q-values of the respective Bragg reflections as described below:

!!! =

4!

ℎ! + ℎ! + ! !

(eq. 1)

2!
ℎ! + ! ! + ! !
!!!"

(eq. 2)

!!!" 3

!!"!! =

!=

2!ℎ
!!

(eq. 3)

where qhkl is the q-value of the Bragg peak corresponding to the reflection with the h, k and l
Miller indices, and !! is the q-value of the h-th order Bragg peaks.

5.3

Results and Discussion

5.3.1 Design of an advanced SAXS setup for the investigation of in situ digestion in
an in vitro intestinal model
5.3.1.1 Design and optimisation of the in vitro cell culture model
The most widely used intestinal in vitro cell culture model is differentiated Caco-2 monolayers
which represents the main epithelial cell type of the intestinal barrier (Jumarie and Malo,
1991; Lea, 2015). When cultivated on Transwell® inserts, these cells get highly polarized
and express an extensive microvilli brush border similar to the physiological situation making
them more resistant to toxicity from nano materials (Kucki et al., 2017; Lea, 2015; Vila et al.,
2018b) However, differentiated Caco-2 monolayers do not express a mucus layer, an additional protective physical-chemical barrier of the intestine (Lea, 2015). Treatment of Caco-2
cell monolayers on 6-well transwell inserts with 50% milk/ 50% digestion buffer or 100% digestion buffer for 2 h did not show any considerable cell death as visualized by the presence
of an almost intact monolayer (Figure 5.2A and B). However, incubation with 0.04 g/ml lipase
in 50% milk/ 50% digestion buffer resulted in the loss of large parts of the cell layer (Figure
5.2C, D) with approximately 45-50% loss of coverage for the digestion mixture required for
emulsion digestion experiments. In this context, the intestinal digestion of milk takes at least
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30 min (Salentinig et al., 2013) and mice experiments have shown that the in vivo uptake of
FFA’s takes between 30 to 60 min (Henkin et al., 2012).
Therefore, at least 1 h of digestion should be sufficient to investigate milk digestion, the impact of cells on the digestion process as well as the interaction of monoacylglycerols and
FFA with the cells. Due to the observed toxicity mainly due to the presence of lipase, we investigated if a shorter exposure time of 30 min or lower lipase concentrations would be better
tolerated by the Caco-2 cells. However, even with a lipase concentration of 0.02 g/ml, less
than 75% of the cells were viable after 30 min (Figure 5.2F). It appears that the enzyme activity of the lipase resulted in the digestion of the differentiated Caco-2 monolayer after
30 min at 37°C.

Figure 5.2: Assessment of the cell viability of differentiated Caco-2 monocultures.
Cristal violet staining shows the intactness of the Caco-2 cell monolayer after 2 h of treatment with (A) 50% milk/ 50% digestion buffer (B) 100% digestion buffer (C) 0.04 g/ml lipase
in 100% digestion buffer (D) 0.04 g/ml lipase in 50% milk/ 50% digestion buffer. Cell viability
was assessed with the MTT assay after 0.5 h of cultivation in (E) different buffers and in
presence of (F) increasing concentrations of lipase in 50% milk/ 50% digestion buffer, which
also acts as the solvent control in this experiment. Mean values and corresponding standard
deviations are shown. The mean values of the untreated control samples (E) or of the solvent
controls (F) are indicated by a dashed orange line in each graph. Grey dotted lines (E,F) correspond to 80% viability. (One-Way ANOVA with Dunnett Post Test: p≤0.05)
To prevent digestion of the enterocyte cell layer and ensure an adequate lipid uptake, a more
sophisticated co-culture model with enterocyte (Caco-2) and mucus-producing goblet cells
(HT-29-MTX) was investigated. The co-cultivation of Caco-2 and HT-29 cells provides adequate mucus coverage for the cell monolayer as previously reported in the literature
(Antunes et al., 2013; Brun et al., 2014; Guo et al., 2017; Mahler et al., 2012, 2009; Navabi et
al., 2013; Schimpel et al., 2014). Staining of the co-culture used in this study with alcian blue
confirmed the formation of a confluent mucus layer (Figure S 9.12A). Cell viability of the
108

Chapter III
co-culture after 30 min and 2 h of incubation with lipase was determined using the MTT assay. The incubation of the co-culture in cell culture medium, 50% milk/ 50% digestion buffer,
100% milk or 100% digestion buffer induced no considerable changes in cell viability up to
the 2 h of cultivation (Figure 5.3A, B). After 30 min as well as 2 h incubation, the viability after
lipase treatment (0-0.1 g/ml) was still above 80% compared to the solvent control, except for
the highest lipase concentration (0.1 mg/ml) at 2 h of cultivation (Figure 5.3C). The improved
viability of Caco-2/HT-29 co-cultures compared to Caco-2 monocultures indicates that the
mucus layer forms a protective barrier against the digestive activity of lipases. The high
standard deviation between the different experiments at both time points could be due to
differences in the thickness of the mucus layer produced by individual cultures. A thinner mucus layer could be less efficient in preventing digestion of the cells. The alcian blue staining
showed that the height of the mucus layer in vitro (few tenth of micrometers) is not comparable to the 123 µm high mucus layer found in the rat jejunum (Atuma et al., 2001; Sigurdsson
et al., 2013). Nevertheless, the in vitro formed mucus layer was sufficient to protect cells for
2 h from the cytotoxic effects of lipases and thus, Caco-2/HT-29 co-cultures can be used for
short-term digestion experiments.
The group of Lv et al. (Lv et al., 2018) did overcome lipase digestion of the cell layer by performing the digestion reaction separate from the in vitro intestinal model and sequential
transfer of the digestive residues to the cell surface after a heat inactivation step. However,
this has the disadvantage that a potential impact of the cells towards the formation and structure of lipid droplets during digestion could not be covered. Keemink and Bergström
(Keemink and Bergström, 2018) have chosen to work with immobilized lipase form Candida
antarctica to prevent the Caco-2 cell layer from lipase digestion. But the usage of immobilized lipase will result that the lipase will be isolated from the sounding liquid and hydrophobic
substrate can barely react with the enzyme, causing for a nearly impossible activation of the
lipase (Ortiz et al., 2019). In contrast, our newly developed digestion platform allows for the
direct investigation of milk digestion in presence of a viable intestinal co-culture model simulating the human intestine by the usage of pancreatin, which includes a complex mixture of
digestive enzymes (McClements and Li, 2010). Additional refinements of the digestion platform could be achieved by further optimizing the digestion buffer to also include biological
surfactant (e.g. bile salts and phospholipids) or mimic physiological osmolarity (McClements
and Li, 2010). Since in vivo relevant values of bile salts and osmolarity can be cytotoxic to
intestinal cells in vitro (Glen M. DeLoid et al., 2017), similar cell compatibility assays as performed in this study would be needed.
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Figure 5.3: Assessment of the cell viability of Caco-2/HT-29 co-cultures.
Cell viability was assessed by MTT assay after (A) 0.5 h or (B) 2 h of cultivation in different
buffers and in presence of (C) increasing concentrations of lipase in 50% milk/ 50% digestion
buffer, which also acts as the solvent control in this experiment. Mean values and corresponding standard deviations are shown. The mean values of the untreated control samples
(A, B) or the solvent controls (C) are indicated by a dashed orange line in each graph. Grey
dotted lines (A-C) correspond to 80% viability.
McClements and Li proposed, based on data by des Rieux et al. (des Rieux et al., 2006),
that lipid droplets may be trapped by the mucins of the mucus layer (McClements and Li,
2010). To verify that lipids can be taken up by intestinal co-cultures expressing a mucus layer, we performed a lipid uptake assay with a fluorescent model lipid. The transport across the
mucus and subsequent cellular uptake of the lipid by the cell layer was observed within 1 h
(Figure S 9.12B).

5.3.2 Nanostructure formation during milk digestion in presence of Caco-2/HT-29
cell co-cultures
Figure 5.4a shows the evolution of the SAXS patterns collected during the lipolysis of the
50% milk/ 50% digestion buffer mixture on the apical side of the Caco-2/HT-29 co-culture.
Prior to the addition of the lipase on the apical side, the milk mixture displayed a SAXS curve
with a low-q upturn in intensity (Figure S 9.13) characteristic of scattering from particles with
dimensions larger than the resolution of the SAXS setup, such as large triglyceride emulsion
droplets. Two diffusive correlation peaks at q ≈ 0.7 and 1.5 nm-1 were observed in the same
curve (Figure 5.5), indicating presence of coexisting smaller nano-objects. The addition of
the lipase was immediately followed by NaOH titration (Figure S 9.14). Within 4 min of lipase
addition, a broad correlation peak with its maximum around q = 1.36 nm-1 was observed,
indicating the formation of inverse micellar (L2) phase inside the emulsion droplets (emulsi110
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fied microemulsions (EME)) (Figure 5.5). Additionally, two weaker correlation peaks were
also observed at around q ≈ 2.7 nm-1 and 4.1 nm-1. Together with the peak at q = 1.36 nm-1,
these three equidistant reflections correspond to the scattering from lamellar phase with the
interlamellar distance, d, of 4.62 nm. The intensity of these reflections was increasing over
the course of the lipolysis, whereas no discernible change in peak positions was detected
(Figure 5.5). About 7 min after the start of lipolysis Bragg reflections with relative spacing of
1: 3: 4 were observed, indicating the formation of inverse hexagonal (H2) phase inside the
emulsion droplets (Figure 5.5). The H2 phase peaks had highest intensity after around 10 min
of digestion and were no longer present after 18 min of digestion (Figure 5.5). The calculated
lattice parameter !!! was gradually increasing from 6.19 to 6.41 nm (7 to 17 min) as the digestion progressed after the addition of lipase. Additionally, Bragg reflections with relative
spacing of 2: 4: 6 were detected in the scattering curves 11 to 46 min after the addition of
lipase, indicating the formation of a coexisting inverse bicontinuous cubic phase with Im3m
symmetry (Figure 5.5). The calculated !!"!! was observed to gradually increase from 17.8
to 22.6 nm. The evolution of the lattice parameters throughout the in vitro digestion is summarized in Figure S 9.14. After 47 min and until the end of the in vitro digestion, the SAXS
curve showed only the 3 equidistant peaks Figure 5.5) and a q-2 dependence of I(q) in the
low-q range (Figure S 9.13), indicating the presence of mostly lamellar structures i.e. in form
of vesicles. The transformations of the self-assembled nanostructures observed during the
in vitro digestion in the co-culture model are in agreement with previous reports on the digestion of cow and human breast milk with pH stat in absence of cells (Salentinig et al., 2015a,
2013). Interestingly, the pH on the apical side of the cell monolayer was observed to gradually increase above 6,5 after around 37 min of digestion (Figure S 9.14). Even though no
NaOH was titrated after 37 min (Figure S 9.13) the pH reached 6.8 after 70 min of digestion.
The increase in the pH of the digestion mixture in the apical compartment could potentially
be caused by two factors: the response of the cell layer, or compromised agitation of the milk
buffer mixture causing over-titration of NaOH in certain regions of the digestion mixture.
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Figure 5.4: Online SAXS measurements of milk digestion in the new digestion platform/setup in presence of Caco-2/HT-29 co-cultures at pH=6.5.
SAXS curves collected from the a) apical and b) basolateral side of the Caco-2/HT-29
co-cultures during in vitro digestion. Lipase was added to a 50% milk / 50% digestion buffer
mixture on the apical side of the cell layer, while the basolateral side contained complete cell
culture medium.

Figure 5.5: SAXS curves collected from the milk mixture on the apical side of the
Caco-2/HT-29 co-culture.
The SAXS curves before addition of lipase, and at selected time points after lipase addition
are shown, highlighting the self-assembled nanostructure assignment. The first three peaks
of the Im3m, H2, and Lα phases are marked with red, green, and black arrows, respectively,
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and indexed with their Miller indices. Blue and black asterisks indicate the diffusive correlation peaks corresponding to coexisting nanoobjects and L2 phase, respectively.
The SAXS curves of the complete culture medium on the basolateral side of the cell layer
during milk lipolysis are presented in Figure 5.4. The diffusive scattering patterns were observed, most likely corresponding to the proteins in the complete culture medium. These
curves did not change throughout the duration of the in vitro lipolysis experiment. As Figure
5.4b indicates, there is no measurable transport of lipid structures to the basolateral side of
the cell layer during 70 min of digestion on the apical side and no mixing occurs between the
solutions on either side of the cell layer. The absence of mixing indicates the presence of an
intact barrier for over 1 h and confirms our previous viability measurements which did not
show considerable cell death.
The SAXS curves collected for the control lipolysis experiment at pH 6.5 without the presence of cells are presented in Figure 5.6. Before the addition of lipase, the milk mixture displayed a scattering pattern similar to the one in presence of cells Figure 5.6b. Notably, the
observed diffusive correlation peaks at q ≈ 0.7 and 1.5 nm-1 were less pronounced in absence of cells, potentially due to absence of mucus or other cell secretions. Upon lipase introduction, the correlation peak of the L2 phase and the Bragg reflections of the lamellar
phase were observed within 2 min (Figure 5.6b). The calculated interlamellar distance was
4.6 nm throughout the experiment, similar to the in vitro digestion in presence of cells. Already 5 min after lipase addition, Bragg reflections corresponding to H2 phase with !!! = 6.23
nm were observed. Growing in intensity, the H2 phase Bragg peaks were observed to also
shift to lower q values over time, indicating an increase in !!! to 6.43 nm after 7 min of lipolysis, but were no longer detected at the 8th min time point. Similar to the digestion experiment
in presence of cells, the Bragg peaks of the Im3m phase were also observed in the control
digestion experiment without cells. Initially appearing at the 6th min after lipase addition, the
intensity of the Im3m Bragg peaks was steadily increasing over the course of lipolysis (Figure
5.6a). Starting with !!"!! = 18.1 nm after 6 min, the Im3m phase was initially observed to
gradually swell up to !!"!! = 21.1 nm at 15 min of digestion. After 15 min, the cubic structure
was observed to gradually shrink as the digestion progressed, reaching !!!!! = 17.4 nm
after 105 min of digestion. Furthermore, about 55 min after the digestion process began, the
Bragg peaks of the H2 phase were once again observed and continued to grow in intensity
(Figure 5.6b). The calculated !!! slight decreased from 6.74 nm at 55 min to 6.61 nm at 105
min. The nanostructural changes over the course of lipolysis in the control experiment without cells at pH 6.5 are summarized in Figure S 9.15. Majority of the lipolysis (>70 %) occurred in the first 8 min of the reaction, as evident from the amount of NaOH titrated (Figure
S 9.13) and the temporary decrease in the dispersion’s pH down to 6.25 due to the rapid
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release of free fatty acids. It should also be noted that the nanostructural changes in the first
5-10 min of the digestion, including the appearance of H2 phase, may also be impacted by
this pH decrease. After 6 min equilibration, the pH was maintained at 6.5 as the digestion
mixture could be efficiently mixed in absence of cells.

Figure 5.6: SAXS curves for the digestion of milk solution with lipase at pH 6.5 in
absence of cells.
Selected SAXS curves highlighting the self-assembled nanostructure assignment are presented in b), with the first three peaks of the Im3m, H2, and Lα phases marked with red,
green, and black arrows, respectively, and indexed with their Miller indices. Blue and black
asterisks indicate the diffusive correlation peaks corresponding to coexisting nano-objects
and L2 phase, respectively.
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To evaluate the effect of pH on the self-assembled nanostructures during milk digestion, a
control experiment without cells was also performed at elevated pH of 7.0 (Figure 5.7). Similar to the previous observations for this reaction at pH 6.5, the SAXS curves for the digestion
performed at pH 7.0 demonstrated presences of large emulsion droplets coexisting with
nano-sized nano-objects (i.e. proteins) before the addition lipase and indicated nanostructural transitions to L2 and lamellar phases within just 2 min after addition of the pancretin extract
contining the lipase. Bragg peaks of H2 phase are briefly observed 3-5 min after addition of
lipase, with the calculated !!! slightly increasing from 6.33 to 6.35 nm over the duration. The
formation of the H2 phase may be influenced by the temporary fluctuations in the measured
pH within the first 6 min of this digestion experiment (Figure S 9.16), within which period the
majority (> 60%) of FFA were cleaved from the triglycerides (Figure S 9.14). Only the Bragg
reflections of the lamellar phase are observed after the 6 min of lipolysis at pH 7.0. It should
be noted that the rate of digestion is closely similar at both pH 6.5 and 7.0 (Figure S 9.14).
The formation of predominantly flat lipid-water interfaces of the lamellar phase during milk
digestion at pH 7.0 and presence of inverse-type non-lamellar phases such as H2 and Im3m
when digestion occurs at pH 6.5, is most likely attributed to the differences in the protonation
state of the FFA at different pH (Cistola et al., 1988; Negrini and Mezzenga, 2011; Salonen et
al., 2010). Intriguingly, the SAXS curve observed after 55 min of digestion in absence of cells
at pH 7.0 closely represents the scattering pattern observed at the same time point in the
digestion experiment in presence of Caco-2/HT-29 cells (Figure S 9.17). The measured pH in
the presence of the cells was 6.7 at that time point (Figure S 9.14).
The formation of a H2 phase in the first minutes after the addition of lipase was observed in
all of the SAXS digestion experiments. It should be noted that the self-assembly into the H2
nanostructure was delayed in presence of cells by several minutes. This could be caused by
the transport of components into the cells. However, secondary effects such as modified
concentration of calcium ions could also play a role. The presence of calcium ions has been
reported to influence lipid digestion and calcium is required for proper pancreatic lipase function (Kimura et al., 1982; McClements and Li, 2010; Mukherjee, 2003; Whayne and Felts,
1971). It was suggested by McClements and Li, (2010) that also other natural components of
the GIT, like mucins from the mucus or specific proteins, could be able to trap calcium ions
and which could have influenced the lipase activity. It has been shown that in the presences
of food, some food components are able to bind calcium, like EDTA or alginate, as a result
the lipase activity was drastically reduced (Hu et al., 2010).
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Figure 5.7: SAXS curves for the digestion of milk mixture with lipase at pH 7.0 in
absence of cells.

5.4

Conclusion and Outlook

To the best of our knowledge, this is the first demonstration of a digestion platform with an
integrated co-culture model for online in situ investigation of lipid digestion and transport with
synchrotron SAXS. The study further shows that differentiated Caco-2 monolayers are not a
suitable model for the in situ study of lipid digestion as these cells do not survive the presence of pancreatin extract. An advanced co-culture model of Caco-2/HT-29-MTX-E12 cells,
that additionally form a protective mucus layer on top of the cells, has been demonstrated to
retain cell viability for more than 1 h of simulated digestion. The new platform was successfully applied to study the digestion of bovine milk. The formation and transformation of geometrically ordered nanostructures was observed in presence of the co-cultures similar to the
ones observed in absence of the co-cultures. The synchrotron SAXS – co-culture digestion
platform presented in this study is highly flexible and modular. Additional analytical methods
to monitor the composition of lipids and their transport through the cell layer can be integrated on the apical and basolateral side of the cell film. This model ultimately allows to study the
molecular as well as the colloidal length scale together with the biological function in situ during the digestion. The fundamental understanding of lipid digestion with this multi-structural
and interdisciplinalry appraoch is indispensable for the rational design of advanced emulsion-based delivery systems for bioactive compounds, nutrients or drugs.
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Abstract
E 551 also known as synthesis amorphous silica (SAS) is the second most produced food
additive. According to the re-evaluation of E 551 by the European Food Safety Authority
(EFSA) in 2018 the amount of available data is still insufficient. To close this gap the study
aimed to investigate 6 SAS with different physiochemical properties, to identify structural
activity relationships on their interaction with an advanced in vitro intestinal co-culture model.
The Caco-2/HT-29/Raji co-culture was treated with 50 µg/ml SAS for 48 h and no influence
on cell viability, barrier integrity, microvilli function, lipid uptake or the release of inflammatory
cytokine was detected. A significant increase of certain SAS in mucus production or a decrease in iron uptake was observed, by alcian blue staining or ferritin uptake assays. Both
findings could not be confirmed by corresponding gene expression changes. Due to these
discoveries further studies would be needed to verify a possible relationship between low
specific surface area and reduced iron uptake. Overall, we did not distinguish a single characteristic or combination of properties of the SAS that would pose any risk in regards of intestinal impairment in vitro.
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6.1

Introduction

Over the last years, the European Food Safety Authority (EFSA) has re-evaluated many food
additives (EFSA, 2018a, 2018c, 2017a, 2017b, 2016a, 2016b, 2016c, 2016d, 2015). One of
these materials are nanostructured materials like synthetic amorphous silica (SAS), which
are registered in the European Union under E 551 (European Commission, 2008a). They are
processing agents which can be added to food and non food products as an anti-caking
agent, flow aid, clearing agent, stabiliser and as a flavour carrier (EU, 2008; OECD, 2004;
Van Kesteren et al., 2015).
A considerable amount of toxicity assessments of silica materials have already been performed in in vitro as well as in animal models with slightly varying outcomes (Fruijtier-Pölloth,
2016). A in vivo study in rodents indicated that oral exposure to food grade SAS (E 551) did
not induce systemic toxicity or immunotoxicity (Van der Zande et al., 2014).In contrast, fumed
silica induced cytotoxic responses in bronchial epithelial cells and macrophages in vitro
(Zhang et al., 2012). It is often difficult to compare different studies and to draw firm conclusions on the safety of food grade SAS as many of these toxicity studies do not specify what
type of silica has been used, and even silica materials that are not authorized as E 551 were
included in the evaluation (Fruijtier-Pölloth, 2016; Sohal et al., 2018). It has been pointed out
by the European Food Safety Authority (EFSA) as well as Maynard (2014) that more data is
needed to fully evaluate SAS (EFSA, 2018a). The EFSA hinted that the unique characteristics of the different SAS forms (precipitated, gel, pyrogenic and colloidal, while the colloidal is
not authorized as E 551) may alter their behavior (EFSA, 2018a). For instance, Zhang et al.,
(2012) found a higher toxicity for fumed compared to colloidal silica and postulated that this
was due the presence of siloxane rings in fumed silica. Therefore, the use of food grade SAS
and a comprehensive characterisation of the used materials is pivotal to identify structure-activity relationships. Moreover, Sohal et al., (2020) suggested to perform a full toxicity
evaluation of SAS in vitro in advanced intestinal co-culture models and should not only cover
conventional toxicity endpoints (e.g. cell viability, oxidatives stress and pro-inflammatory responses) but also address potential functional changes of the intestinal barrier. Endpoints to
assess physiological functions of the intestine in vitro have recently started to be investigated
for TiO2 and SiO2 nanomaterials such as the uptake of iron, glucose or lipids (Guo et al.,
2018, 2017).
A prevalent 2D model to study toxicity at the intestinal barrier is the human colorectal adenocarcinoma Caco-2 cells. Caco-2 cells can be cultivated on a semipermeable membrane for
21 days to achieve a polarised epithelial monolayer covered with a dense layer of microvilli
(brush border) (Jumarie and Malo, 1991). Differentiated Caco-2 monolayer cultures are well
established, well characterised, cost-effective, easy to handle and can be adapted to a high
throughput format (Lea, 2015; Lv et al., 2018). However, they poorly represent the complex
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anatomical and physiological situation of the intestine and lack many key cell types and the
mucus barrier (Chopra et al., 2010).
One possibility to better mimic the in vivo situation of the intestine is the use of ex vivo human intestinal tissue slices. They retain the native multicellularity, architecture, and physiology of the intestine to a much greater extent than 2D monocultures (Wick et al., 2015). On the
other hand such tissue slices exhibit a limited viability ex vivo of around 24 h (Li et al., 2016),
and penetration of nanomaterials into lung tissue slices has been shown to be highly limited
(Hirn et al., 2014). Other advanced in vitro models developed to obtain a more tissue-like
anatomy and/or recreate the dynamic microenvironment include co-culture inserts, organoids, scaffolds or gut on a chip models (Kim et al., 2012; Madden et al., 2018; Sato et al.,
2011a; Wang et al., 2017). Disadvantages associated with some of these advanced models
include poor reproducibility, limited throughput, incompatibility with established readouts and
assays or restricted access to the inner lumen, among others (Costa and Ahluwalia, 2019;
Fang and Eglen, 2017; Kim et al., 2007).
Therefore, refinement of differentiated Caco-2 monocultures to include relevant human intestinal cell types and a confluent mucus layer presents a promising approach towards a more
predictive in vitro toxicity screening of food relevant materials. In the recent years, highly advanced co-cultures that express a mucus barrier and contain most common cell types of the
intestine (e.g. enterocytes, goblet cells, M-cells) have been successfully developed (Antunes
et al., 2013; García-Rodríguez et al., 2018a; Schimpel et al., 2014). They have been mostly
investigated with regards to their usefulness to evaluate the uptake of nanomaterials in the
intestinal epithelium. Indeed, incorporation of M-cells has been proven to be critical to
achieve predictive results for nanomaterial uptake since the fate of nanomaterials in the gastro intestinal tract (GIT) is very much driven by these cells (Powell et al., 2010). These advanced intestinal co-cultures could also be very useful to assess the toxicity of food compounds and additives on viability, integrity and physiological function of the intestinal barrier.
However, suitable assays need to be identified that are compatible with these advanced
co-cultures, in particular since the presence of a dense mucus layer could interfere with conventional toxicity assays.
In a previous study, we have investigated the deposition dose and acute toxicity of 10 food
grade SAS materials of commercial relevance in differentiated Caco-2 cells (Hempt et al.,
submitted). We did not observe any considerable acute toxicity of the different SAS materials, independent of the production process and the specific surface area. This type of studies
including relatively simple monoculture models and few acute toxicity endpoints are interesting for a first screening of a large variety of (nano)materials. However, the use of more advanced intestinal co-culture models and inclusion of sensitive functional cellular assays is
pivotal to achieve a more comprehensive understanding of (nano)material interactions at the
intestinal

barrier.

Here,

we

applied

an

advanced
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co-2/HT-29-MTX-E12/Raji B) with a confluent mucus layer and M-cells to investigate the impact of six food grade SAS materials to identify potential structure-activity relationships. These six nanostructured materials differ in aggregate size, surface area and production route.
This study especially focused on the evaluation of intestine-specific functional effects like
mucus coverage, microvilli function, lipid uptake, iron uptake and barrier integrity besides
more conventional viability and inflammatory responses.

6.2

Material and Methods

6.2.1 Particle synthesis, dispersion and characterisation
Six food grade SAS materials were kindly provided by Evonik Resource Efficiency GmbH
(Hanau, Germany). These

included

precipitated

silica

produced

by

wet process

(SIPERNAT® materials) as well as fumed silica produced by flame hydrolysis (AEROSIL®
materials) (EFSA, 2018a; IPTS/EC, 2007). An extensive characterisation of these SAS has
been performed in our previous publication (Hempt et al., submitted)and a summary of the
particle characteristics is provided in Table 6.1. No acid pre-treatment was performed since it
has been shown that it did not alter the characteristics of the SAS materials (Maier et al.,
2013).
Stock suspensions of SAS (10 mg/ml) were prepared as previously described (Hempt et al.,
submitted) in double distilled water (ddH2O) using an ULTRA-TURRAX® T25 (IKA, Staufen,
Germany) at 14600 rpm for 1 min, which results in a particle size distribution found in food
matrix (Contado et al., 2013; Maier et al., 2015 as cited in EFSA et al., 2018). Stock dispersions were stored at room temperature (RT) for up to 12 weeks and treated again with
ULTRA-TURRAX® prior to any SAS treatment.

6.2.2 Cell culture
The human colorectal adenocarcinoma cell line Caco-2 was obtained from the German collection of microorganisms and cell cultures (DSMZ, Braunschweig, Germany). Cells were
maintained in Minimum essential medium (MEM) (Sigma) supplemented with 10% fetal calf
serum (FCS), 2 mM L-glutamine, 1% (v/v) penicillin, streptomycin, neomycin (PSN) and 1%
(v/v) non-essential amino acids (all from Sigma) (hereafter called "complete MEM") at 37°C,
5% CO2 and 95% humidity, hereafter called "standard growth conditions". Caco-2 cells were
grown in 75 cm2 cell culture flasks (TPP) until reaching 80% confluence and subcultured using trypsin-EDTA (Sigma).
The human colon cell line HT-29-MTX-E12 (hereafter called "HT-29") was obtained from the
European Collection of Authenticated Cell Cultures (ECACC, England). Cells were maintained in Dulbecco's Modified Eagle Medium (DMEM) (Sigma), supplemented with 10% FCS,
2 mM L-glutamine, 1% (v/v) PSN and 1% (v/v) non-essential amino acids (all from Sigma)
(hereafter called "complete DMEM”) at standard growth conditions.
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Material

Production
process

Primary structure size/ nm

I

Aggregate size
(ECD)/
nm

SIPERNAT®

II

Specific
surface
area/
2

(m /g)

Material
density/
3 IV

(g/cm )

Agglomerate
effective densi-

Agglomerate
size/ nm

VI

3 V

ty/ (g/cm )

Point of

Zeta po-

zero

tential/

charge/

III

pH

mV

VIII

VII

precipitated

30.3

± 6.8

276.3

55

2.15

1.33

623

± 15

1.7

n.a.

precipitated

10

± 2.6

82.2

185

2.14

1.20

743

± 38

2.0

n.a.

precipitated

12.2

± 2.7

58.3

180

2.16

1.18

555

± 32

1.7

-41.2

precipitated

3.1

± 0.7

59.8

460

2.12

1.16

747

± 86

1.7

n.a.

fumed

41.4

± 18.3

233.7

45

2.32

1.25

299

± 6

2.3

-34.0

fumed

8

± 2.7

101.9

390

2.29

1.09

318

± 15

2.4

-10.6

350
SIPERNAT®
22 S
SIPERNAT®
160
SIPERNAT® 50
S
AEROSIL®
OX50
AEROSIL®
380 F

Table 6.1: SAS characterisation
The materials were characterised and used in a previous study (Hempt et al., submitted) and a summary is provided here. (I/II) Primary structure size and aggregate size as assessed by TEM, arithmetic average (DN) + SD; ECD: equivalent circular diameter. (III) Specific surface area
assessed by N2-BET. (IV) Material density assessed by gas displacement pycnometry. (V) Agglomerate effective density assessed by volumetric centrifugation method from 0.1 mg/ml dispersion in ddH2O, (VI) Agglomerate size assessed by dynamic light scattering after Ultra Turrax T25
dispersion in ddH2O. (VII/VIII) point of zero charge and zeta potential measured with an electroacoustic sensor at a solid density of 2.1 g/ml.
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HT-29 cells were grown in 75 cm2 cell culture flasks (TPP) until reaching 80% confluence
and subcultured using trypsin-EDTA (Sigma).
The human B lymphocyte cell line Raji (ATCC® CCL-86™) was obtained from ATCC (LGC
Standards GmbH, Wesel, Germany). Cells were maintained in RPMI-1640 (Seroglob), supplemented with 10% FCS and 1% (v/v) PSN (all from Sigma) (hereafter called "complete
RPMI") at standard growth conditions. Raji cells were grown in 75 cm2 cell culture flasks
(TPP) for 4 days and subcultured according to the cell bank protocol.

6.2.3 Establishment of advanced intestinal co-cultures
The advanced intestinal co-culture model is based on co-culturing Caco-2 and HT-29 cells
with a predefined seeding ratio of 75:25 to achieve a confluent mucus layer. An overall cell
seeding concentration of 2 x 104 cells/mm2 for the apical compartment of different microporous membrane inserts (Corning® HTS Transwell®-96 Tissue Culture Systems (pore
size: 3 µm), ThinCert™ Tissue Culture Inserts 12-Well Greiner Bio-One (pore size: 3 µm) or
ThinCert™ Tissue Culture Inserts 6-Well Greiner Bio-One (pore size: 3 µm)) was maintained.
The apical and the basolateral compartment were filled with complete DMEM and cells were
allowed to differentiate under standard growth conditions for 14 days (Figure 6.1). Medium
was changed every other day. The addition of Raji B lymphocytes to Caco-2 cells allows differentiation of Caco-2 cells to M-cells (des Rieux et al., 2007). At day 14 5x105 Raji cells per
transwell area of 113.1 mm2 were seeded in complete RPMI in the basolateral compartment.
Similar to previous protocols Raji B lymphocytes were added to the basolateral compartment
for 48 h (Antunes et al., 2013; Brun et al., 2014; Hilgendorf et al., 2000; J.-A. Lee et al., 2017;
Mahler et al., 2012, 2009).
At day 16 the Raji B lymphocytes were taken out of the basolateral compartment and advanced co-cultures were cultured for additional 5 days (total differentiation period: 21 days).
Medium (apical: complete DMEM, basolateral: complete RPMI) was changed every other
day.

Figure 6.1: Schematic of the cultivation of the advanced intestinal co-culture model
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6.2.4 Treatment of advanced intestinal co-cultures with SAS
Treatment volumes in the apical compartments of 6-, 12- and 96-well inserts were calculated
to match medium heights of 5.2 mm in all well sizes in order to achieve identical dosing conditions. Therefore, the volume of SAS supsensions added to the apical side was 2.38 ml for
6-well inserts, 590 µl for 12-well inserts and 75 µl for HTS 96-well inserts. Basolateral volumes were 2 ml for 6-well inserts, 1.5 ml for 12-well inserts and 235 µl for HTS 96-well inserts. Cells were treated in complete cell culture medium made from phenol red free DMEM
(Gibco).

6.2.5 Cell viability (MTT assay)
Advanced intestinal co-culture HTS 96-well inserts were treated in the apical compartment
with 0, 3.125, 6.25,12.5, 25 or 50 µg/ml of SAS (for SIPERNAT® 22 S a higher concentration
of 200 µg/ml was included) for 24 h and 48 h. Amine modified polystyrene nanoparticles
(PS-amine) (Bangs Laboratories, PA02N, Indiana, USA) were used as a particle positive
control (Xia et al., 2008, 2006) at concentrations of 0,12.5, 25, 50, 100 and 200 µg/ml and
added apically for 24 h and 48 h. The chemical positive control cadmium sulphate (CdSO4,
Sigma) was added to the cells from the basolateral side in a concentration range from 0, 1,
10, 100, 1000 and 10000 mM. The basolateral compartment for all other treatment was filled
with complete DMEM medium made from phenol red free medium (Gibco). All 0 µg/ml samples received an equivalent volume of water and served as solvent control. The MTT stock
solution (5 mg/ml in PBS; Sigma, M5655) was diluted in complete DMEM made from phenol
red free medium. 24 h and 48 h post-exposure the wells were washed twice with warm PBS
before adding 0.5 mg/ml MTT. In the apical compartment a volume of 75 µl/well and in the
basal compartment of 235 µl/well was added. The cells were incubated for 1.5 h at standard
growth conditions. Afterwards cells in the apical compartment were lysed with 10% SDS in
0.01 M HCl, the basal compartment was exchanged to an empty one. After over night efficient lysis of the cell layer the absorbance was measured with a multi-well plate reader (Mithras2 LB943, Berthold Technologies) at 590 nm.

6.2.6 Measurement of transepithelial electrical resistance (TEER)
The differentiation process of the advanced intestinal co-cultures grown in 12- and 6-well
inserts was evaluated by TEER measurements after 7, 14, 16 and 21 days using an Epithelia
Voltohmmeter (EVOM) with sterilised STX2 electrodes (World precision, Instruments, Sarasota Florida, US). Only co-cultures with TEER values higher than 350 Ωcm2 and were used
for further experiments. The influence of the treatment of the six SAS materials and
PS-amine nanomaterials has been evaluated after 48 h of treatment before the 12-transwell
inserts were proceeded in subsequent analysis.
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6.2.7 Stainings
Alcian blue staining
For the investigation of the mucus layer, an alcian staining has been conducted. The 12-well
inserts were fixed for 2 h with Carnoy solution (60% EtOH, 30% chloroform; 10% acetic acid)
to preserve the mucin layer after 48 h of treatment of the advanced co-cultures with 50 µg/ml
SAS. For long term storage the inserts were immersed in 50% EtOH and kept at 4°C. The
inserts were stained with Alcian Blue 8GX (Sigma, 05500) for 30 min before they were dehydrated and dryed. For measurement in the plate reader the inserts were cut out of the insert
holder and placed into a 24-well plate. Finally, absorbance was measured for 25 areas
(5x5 µm each) per insert at 595 nm wavelength in a multi well plate reader (ELx800, BioTEX).
Immunocytochemistry
Advanced intestinal co-cultures in 12-well inserts after 21 d of culture were washed twice
with PBS and fixed with 4% paraformaldehyde for 1 h at RT. The cells were washed with
PBS and incubated with 30% sucrose at 4 °C overnight. Thereafter, cells were permeabilised
with 0.1% Triton X-100 for 15 min, washed three times with PBS and non-specific binding
sites were blocked for 30 min with 5% bovine serum albumin (BSA) in PBS. Cells were incubated with Alexa Fluor® 488 conjugated mouse anti-ZO 1 antibody (Invitrogen 339188;
1:50), rabbit anti-Occludin antibody (Invitrogen 40-4700; 1:100), mouse anti-MUC5AC antibody (Sigma; M5293; 1:100), rat anti-NKM 16-2-4 antibody (Miltenyi Biotec; 130-096-148;
1:100) in 1% BSA in PBS at 4 °C overnight. After three washing steps in PBS, cells were
incubated for 1 h with goat anti-rabbit Alexa Fluor® 555 (Invitrogen; A21428; 1:400), goat
anti-mouse Alexa Fluor® 488 (Invitrogen; A11029; 1:400), goat anti-rat Alexa Fluor® 555
(Invitrogen; A21434; 1:400) or phalloidin Alexa Fluor 633 (Invitrogen A22284; 1:50) in 1%
BSA in PBS. After additional three washing steps in PBS, nuclei were counterstained with
1 µg/ml 4′,6-diamidino-2-phenylindole (DAPI, Sigma D9542) in PBS for 10 min at RT. Inserts
were carefully mounted with Mowiol® 4-88 (Sigma, 81381) and covered with a glass coverslips. A confocal laser scanning microscope (Zeiss microscopes, Jena, Germany) with a
C-Apochromat 40x/1.2 W Corr M27 objective was used to obtain z-stack images. The confocal pinhole was set to 1 AU to optimise the z-sectioning in the confocal mode.

6.2.8 Scanning electron microscopy (SEM)
Advanced intestinal co-cultures cultivated for 21 d in 12-well inserts were washed twice in
pre-warmed PBS and fixed with modified Karnovsky fixation solution (4 g paraformaldehyde,
50 ml ddH2O, 5 ml glutaraldehyde 50%, 45 ml PBS without glucose and pH 7.4) for 1 h at RT
(Kucki et al. 2017). Inserts were washed in PBS and dehydrated by ascending ethanol series
(50–100% ethanol) followed by 30 min treatment with hexamethyldisilazane (HMDS). The
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cells were dried overnight in a fume hood and transferred to SEM sample holders with conductive adhesive tapes on the next day. Samples were sputter-coated (Sputter Coater Leica
EM ACE600) with gold-palladium (ratio Au/Pd: 80/20, 10 nm thickness). SEM analysis was
performed with a Hitachi S-4800 SEM operating at 2 kV.

6.2.9 Alkaline phosphatase (ALP) activity assay
For ALP activity assays, advanced intestinal co-cultures were treated with 50 µg/ml SAS for
48 h in 6-well inserts. Aspirin (10 µM) and trifluroperazine (100 µM) were explored as potential positive controls. After the treatments, the inserts were washed with ice cold PBS and
600 µl/insert lysis buffer was added to the apical side (Cosín-Roger et al., 2013). The inserts
were stored until further processing at -20°C. To investigate the activity of the alkaline phosphatase the plates were thawed for 15 min at 600 rpm at a shaker plate (Heidolph Titramax
101). The cell layer was detached with the help of a cell scraper and homogenised for 2 min
in a sonification bath (Bandelin Sonorex Super RK 156 BH). The homogenate was centrifuged at 16366 g at 4°C for 30 min. A p-nitrophenol (Sigma, 1048) standard curve was prepared with 0 and 4, 8,12, 16, 20, 30, 50 nmol/well.
The supernatants of the homogenates were diluted 1:40 in diethanolamine buffer and 80 µl
of this mixture was added to the wells of a 96-well plate. Additionally 50 µl of 5 mM
p-nitrophenylphosphate (Sigma, 71768) was added to all sample wells. The reaction was
incubated for 30 min in the dark and stopped with 20 µl 3 M NaOH. Absorbance was measured with a multi-well plate reader (Mithras2 LB943, Berthold Technologies) at 405 nm. The
total protein was determined with the Pierce™ BCA Protein Assay Kit (Thermo Fischer,
23225) according to the manufacturer’s protocol.

6.2.10 Lipid uptake
To assess potential effects of SAS on lipid uptake, advanced intestinal co-cultures were
treated with 50 µg/ml SAS for 48 h. For the positive control investigations, 22 d differentiated
co-cultures were treated with 50 µg/ml of the fatty acid synthase inhibitor C75 for 24 h
(Accioly et al., 2008). After the treatment the medium was removed and the cultures were
washed with PBS. Inserts were incubated for 10 min with 250 µl of 20 µM BODIPY™
500/510 C1, C12 (Thermo Fischer, D3823) in 0.1% BSA in PBS according to the manufacturer’s protocol. Then inserts were washed with 500 µl of ice cold 0.1% BSA in PBS and
complete DMEM made from phenol red free medium was added to the apical (590 µl) and
basal (1.5 ml) compartment. The cells were incubated for 1 h at standard growth conditions
and the fluorescence was measured with a multi-well plate reader at 485/528 nm (excitation/emission).
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6.2.11 Iron uptake
72 hours before the treatment of advanced intestinal co-cultures with SAS, 1 mg/ml SAS was
preincubated in 5% BSA under standard growth conditions to establish a protein corona on
the particles. Then the co-cultures were treated for 48 h with 50 µg/ml BSA precoated SAS in
iron free medium ((phenol red free DMEM (Gibco) supplemented with 10 mM PIPES, 11 µM
hydrocortison, 50 µg/ml insulin, 0.02 µM sodium selenite, 0.05 µM triiodothyronine, 0.2 µg/ml
EGF and 1% (v/v) PSN (all from Sigma besides EGF which was ordered from Thermo Fischer)) (Christides et al., 2018; Perfecto et al., 2018).
All inserts besides the background controls additionally received 30 µM ferric ammonium
citrate after the 48 h treatment with SAS. 2.5 mM CaCl2 or 600 µM vitamin C in iron free medium were used as positive controls and were added to untreated co-cultures during the final
24 h (Perfecto et al., 2018).
After incubation for another 24 h at standard growth conditions the inserts were washed with
PBS, lysed with 200 µl Cell Lytic M buffer (Sigma, C2978) and centrifuged at 14000 g for
15 min at 4°C. The ferritin amount was measured with human Ferritin ELISA (Sigma,
RAB0197) according to the manufacturer’s protocol. In brief, the supernatant was diluted 1:2
in sample buffer and 100 µl/well were added. After a 2.5 h incubation at RT the provided
plate was washed and incubated for 1 h with detection antibody. The HRP-Streptavidin antibody was added for additional 45 min. Incubate for 30 minutes ELISA Colorimetric TMB Reagent the reaction was stopped with the stop solution. Absorbance was measured after
30 min in a multi-well plate reader (Mithras2, Berthold Technologies) at 450 nm.

6.2.12 RNA extraction and gene expression analysis by qPCR
Total RNA was extracted from the 6-well inserts of advanced co-cultures, which have been
exposed to 50 µg/ml SAS, 200 µg/ml PS-amine, 10 ng/ml IL-1β, 2.5 mM CaCl2, 50 µg/ml C75
or H2O as the solvent control for 24 h, using RNeasy® Mini (QIAGEN, 74104) according to
the manufacturer’s protocol. DNase digestion has been performed either by RNase-Free
DNase Set (QIAGEN, 79254) or DNA-free™ DNA Removal Kit (Invitrogen, AM1906) to discard residual DNA contamination. The iScript™ cDNA Synthesis Kit (BIORAD, 1708891) was
used to obtain cDNA from 1000 ng of total RNA. The resulting cDNA was subjected to real-time PCR analysis on a CFX96 Dx (BIORAD). The relative expression of the brush border
enzyme alkaline phosphatase (ALP), divalent metal transporter 1 (DMT1), mucin 1 (MUC1),
a receptor for omega 3 fatty acids (GPR120) and IL-8 was evaluated. Gene expression levels were normalised to the housekeeping gene RLPL0. The primer sequences are listed in
the Table S 9.3. Each reaction volume contained 50 ng cDNA, iQ™ SYBR® Green Supermix
(BIORAD, 1708880), distilled H2O and each primer pair was added at a final concentration of
10 µM. The cycling parameters were the following: an initial step of 95°C for 3 min, then 40
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cycles of 95°C for 15 s, 60°C for 30 s and 72°C for 30 s. The qPCR data were analysed using the relative gene expression (ΔΔCT) method (Livak and Schmittgen, 2001).

6.2.13 Detection of cytokine release by ELISA
After 24 h exposure to 50 µg/ml SAS, 200 µg/ml PS-amine or 10 ng/ml IL-1β, the release of
IL-8 and CCL2 was quantified in cell-free supernatants by ELISA. The cytokine amount was
measured with human IL-8 ELISA (Invitrogen, 88-8086) and CCL2 ELISA (Invitrogen, 887399) according to the manufacturer’s protocol. In brief the supernatant was diluted 1:5 (IL-8)
or 1:2 (CCL2) in phenol red free complete medium and 100 µl/well were added. After a 2 h
incubation at RT the plate was washed and incubated for 1 h with detection antibody. The
avidin-HPR antibody was added for additional 30 min and then the reaction was developed
with the substrate solution for another 15 min before it was stopped with 2 N H2SO4. Absorbance was measured immediately in a multi-well plate reader (Mithras2, Berthold Technologies) at 450 nm.

6.2.14 Statistics
Results are presented as mean ± standard deviations of three independent experiments,
which were run with at least two technical replicates each. Statistical analysis was conducted
with GraphPad Prism 8 software using a one-way analysis of variance (ANOVA; 95% confidence interval) followed by the Dunnett`s or Bonferroni's multiple comparisons test or Kruskal Wallis with Dunn`s multiple comparisons test for the evaluation of the qPCR results.

6.3

Results

6.3.1 Characterisation of advanced intestinal co-cultures
To assess the influence of SAS materials on the intestinal barrier in vitro, an advanced human intestinal co-culture model containing Caco-2/HT-29 as well as Raji B cells was established (Figure 6.1). The differentiation status of the co-cultures was assessed by repeated
TEER measurements over the time course of 21 days (Figure S 9.25). The TEER value
gradually increased until day 14. After the addition of Raji B lymphocytes in the basolateral
compartment the TEER values further increased until day 16, when the Raji B lymphocytes
were removed from the basal compartment. In the period between 16-21 days of cultivation
the TEER values reached a plateau of approximately 375 Ohm*cm2 (Figure S 9.25). The
steady increase of the TEER values indicates that intestinal co-cultures developed a tight
epithelial barrier over the time course of 21 days. Only advanced co-cultures that reached at
least 350 Ohm*cm2 were used for experiments. Formation of a confluent barrier was further
confirmed by CLSM micrographs showing the formation of close cell-cell contacts as visualised by staining for tight junction proteins ZO-1 and Occludin. SEM micrographs showed a
homogeneous cell monolayer, including cells with or without microvilli structures on the apical
surface (Figure S 9.25). Microvilli are a typical feature of intestinal epithelial cells and there132
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fore confirm the polarisation of Caco-2 cells (Lea, 2015). M-cells on the other hand have
been described to not develop microvilli (Mabbott et al., 2013). Mucus balls, a mucus artefact
due to the fixation method, were also observed by SEM of intestinal co-cultures (Figure S
9.25). The formation of a confluent mucus layer covering the entire apical surface was verified by alcian blue staining (Figure S 9.25). Finally, immunostainings for cell type specific
markers confirmed the presence of all key cell types including mucus producing goblet cells
(MUC5AC positive), M-cells (NKM 16-2-4 positive) and enterocytes (Figure S 9.25).

6.3.2 SAS did not induce acute cytotoxicity in advanced intestinal co-cultures
The viability of the advanced intestinal co-cultures was determined after 24 h and 48 h of
treatment with SAS using the MTT assay. All six SAS materials did not induce any decrease
in cell viability below 86% after 48 h (Figure 6.2 and Figure S 9.26). Four of the SAS materials (SIPERNAT® 350, SIPERNAT® 160, SIPERNAT® 50 S and AEROSIL® 380) even
demonstrated a slight concentration-dependent increase in cell viability after 48 h of treatment, which was already apparent for two of the materials (SIPERNAT® 350 and
SIPERNAT® 50 S)

at

24 h

of

exposure

(Figure

6.2

and

Figure

S

9.26).

For

SIPERNAT® 22 S, a higher concentration of 200 µg/ml was included since we previously
observed a significant decrease in the viability of differentiated Caco-2 cultures to 83% after
48 h exposure to 50 µg/ml (Hempt et al., submitted). Even at this high concentration,
SIPERNAT® 22 S did not considerably decrease cell viability (91 ± 6.7%) in the advanced
co-cultures after 48 h. In contrast, CdSO4 significantly reduced cell viability in the co-cultures
in a dose-dependent manner after 24 h and 48 h of exposure (Figure 6.2 and Figure S 9.26).
PS-amine particles were chosen due to previous reports that cationic amine-functionalised
PS-particles are linked to cell death in other cell types (Xia et al. 2008, 2006; Hempt et al.,
submitted). However, in the advanced co-cultures containing a mucus barrier, no significant
decrease in cell viability was detected up to a concentration of 200 µg/ml and 48 h of treatment with PS-amine.

133

Chapter IV

Figure 6.2: Impact of SAS on cell viability of advanced intestinal co-cultures after
48 h of exposure.
Following incubation of the advanced co-culture model with various concentrations of different SAS for 48 h cell viability was assessed with the MTT assay. (A) CdSO4 served as a
chemical positive control. (B) PS-amine was used as a particle positive control. (C)
SIPERNAT® 350. (D) SIPERNAT® 22 S. Here also a higher concentration of 200 µg/ml (hollow symbol). (E) SIPERNAT® 160. (F) SIPERNAT® 50 S (G) AEROSIL® OX50. (H)
AEROSIL® 380 F. Mean values and corresponding standard deviations from three independent experiments with four technical replicates each are shown. The orange dashed line
and the grey dotted lines resemble the mean value of the solvent control sample and twice
the corresponding standard deviations, respectively.
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6.3.3 SAS did influence functional endpoints in advanced intestinal co-cultures
6.3.3.1 Barrier integrity
To examine the potential effect of the SAS materials on the barrier integrity of advanced intestinal co-cultures, TEER values were determined after 48 h of exposure to 50 µg/ml SAS.
None of the six SAS materials induced significant changes in the TEER values compared to
the solvent control (Figure 6.3). In contrast, 200 µg/ml PS-amine particles diminished TEER
values by -271.2 ± 17.2 Ohm*cm2 as compared to solvent control H2O (N=2).
6.3.3.2 Mucus coverage
The effect of SAS on mucus coverage of advanced intestinal co-cultures was evaluated by
alcian blue staining and adsorption measurements. On a first glance, no disruption of the
mucus layer or considerable differences in the stainings were apparent from visual inspection
between inserts treated with 50 µg/ml SAS for 48 h or untreated controls. However, the intensity of the staining was not uniform across the entire inserts, which made a comparison
difficult. For a quantitative readout, we therefore measured the optical absorbance of
25 areas per each insert in a plate reader. This analysis confirmed the broad distribution of
local staining intensities but revealed some slight but significant increase in the mean absorption values for four of the six SAS materials compared to the solvent control, namely
SIPERNAT® 350, SIPERNAT® 160, AEROSIL® OX50 and AEROSIL® 380 F (Figure 6.3). In
addition to mucus coverage, we also assessed the impact of SAS on mucin production.
MUC1 is one of the most studied membrane-associated mucin and is upregulated in the inflamed intestine (McAuley et al., 2007) and in ulcerative colitis in humans (Longman et al.,
2006). The expression of the MUC1 gene was significantly downregulated after treatment
with 200 µg/ml PS-amine for 24 h (Figure 6.4). For the SAS materials, a decrease in MUC1
expression was only observed after treatment with 50 µg/ml SIPERNAT® 160 (Figure 6.4).
However, these effects were small with mean expression values compared to the solvent
control, for PS-amine the value was -1.72±1.56 and for SIPERNAT® 160 -1.30±0.44.
6.3.3.3 Alkaline phosphatase activity
Alkaline phosphatase is present in the brush border of enterocytes and its activity has been
exploited as a marker to confirm microvilli function and potential disruption of the microvilli
layer (Fan et al., 1999; Miura et al., 1982). ALP activity was assessed after 48 h of exposure
to 50 µg/ml SAS by measuring the turnover of p-nitrophenylphosphate to p-nitrophenol by
alkaline phosphatase. None of the six SAS materials induced any significant changes in the
alkaline phosphatase activity compared to the solvent control water or the untreated control
(Figure 6.3). The values for all treatment varied considerably. The ALP activity assay has
already been applied in previous studies, however, without including any positive controls in
the Caco-2/HT-29 co-culture (Guo et al., 2018, 2017). Here, we explored the non-steroidal
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anti-inflammatory drug (NSAID) aspirin (10 µM) and trifluroperazine (100 µM) as potential
controls since NSAID have been described to induduse the ALP activity in rats (Sood et al.,
2008) trifluroperazine has been shown to decrease ALP activity in the rat intestine (Wang
and Gilles-Baillien, 1992). Both, aspirin and trifluoroperazine did not affect ALP activity in the
advanced co-culture and a suitable positive control still remains to be identified.
The gene expression of the ALP was decreased below the detection limit of the qPCR and
therefore could not be analysed.
6.3.3.4 Lipid uptake
The uptake of lipid components at the brush border of the enterocytes is an essential physiological function the small intestine (Campbell et al., 2019). A lipid uptake assay, that is exploiting the fluorescent fatty acid analog BODIPY™ 500/510 C1, C12 as a traceable model
lipid, was performed to assess a potential impact of SAS on lipid uptake in advanced intestinal co-cultures.
The fatty acid synthase inhibitor C75 has been described as a positive control in Caco-2
monocultures (Accioly et al., 2008). Treatment of advanced co-cultures with 50 µg/ml C75 for
24 h significantly reduced lipid uptake, confirming C75 as a positive control, also in mucus-expressing co-cultures (Figure 6.3).
In contrast, the six SAS materials as well as PS-amine did not induce any significant differences in the uptake of the fluorescent lipid after 48 h (Figure 6.3).
To further confirm the absence of adverse effects on lipid uptake, we measured the gene
expression levels of GPR120, a receptor for omega 3 fatty acids that is involved in anti-inflammatory effects (Oh et al., 2010). GPR120 expression was significant increased after
24 h of treatment with 50 µg/ml SIPERNAT® 350 but downregulated for the untreated control
compared to the solvent control (Figure 6.3). The treatment with fatty acid synthase inhibitor
C75 and the other SAS did not result in a gene expression change of the GPR120 gene.
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Figure 6.3: Impact of SAS on physiological functions of the advanced intestinal
co-cultures after 48 h exposure including intestinal barrier integrity, mucus coverage, microvilli function as well as lipid and iron uptake.
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(A) After 48 h of treatment with 50 µg/ml SAS and 200 µg/ml PS-amine TEER values were
determined. Mean values and corresponding standard deviations from five independent experiments with two technical replicates each are shown. The dashed orange lines and the
grey dotted lines resemble the mean value of the solvent control sample and twice the corresponding standard deviations, respectively. (B) After incubation of the advanced co-culture
with 50 µg/ml of the indicated SAS the mucus coverage was analysed by staining inserts
with alcian blue and measuring absorption for 25 areas (5x5 µm each) per insert. Median
values and corresponding standard deviations from three independent experiments with two
technical replicates each are shown in the violin plot. (C) The activity of alkaline phosphatase
(ALP) was assessed after the treatment of co-cultures with 50 µg/ml SAS for 48 h by measuring the conversion of pNPP. 10 µM aspirin and 100 µM trifluoroperazine and 200 µ/ml
PS-amine were included as potential positive controls. Mean values and corresponding
standard deviations from three independent experiments with two technical replicates each
are shown. (D) The fatty acid synthase inhibitor C75 added at a concentration of 50 µg/ml for
24 h served as a chemical positive control for the investigation of lipid uptake. (E) After 48 h
incubation of the advanced co-culture with the indicated SAS the lipid uptake was determined. Mean values and corresponding standard deviations from three independent experiments with two technical replicates each are shown (D and E). (F) After a 24 h incubation of
the advanced co-culture with 2.5 mM CaCl2 (iron uptake reducer) or 600 µM vitamin C (iron
uptake enhancer) the ferritin content in the cells was analysed. (G) After treatment with
50 µg/ml SAS for 48 h the amount of ferritin in the cells was measured. Mean values and
corresponding standard deviations from three independent experiments with two technical
replicates each are shown (F and G). The dashed orange lines represent the mean values of
solvent control samples or untreated control samples. *P≤0.05, ****P≤0.0001 compared to
the solvent controls or untreated control samples.
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Figure 6.4: Impact of SAS on gene expression of MUC1, GPR120, DMT1 and IL-8 in
advanced intestinal co-cultures after 24 h of exposure.
After 24 h incubation of advanced co-cultures with SAS, PS-amine or controls, the MUC1
(A), GRP120 (B), DMT1 (C) and IL-8 (D) gene expression was determined. The fold change
of the gene expression has been compared to the solvent control. Shown are the normalised
values to the solvent control and the housekeeping gene RLPLO of three independent experiments with three technical replicates. The red dashed line represents gene expression of ±2.
*P≤0.05, ****P≤0.0001 compared to the solvent control.

6.3.3.5 Iron uptake
Ferritin uptake is a key physiological function exhibited by enterocytes in vivo (Campbell et
al., 2019). The treatment with 2.5 mM calcium chloride, an iron uptake inhibitor (Perfecto et
al., 2018), showed a significant decrease in ferritin uptake in advanced intestinal co-cultures
(Figure 6.3). The iron uptake enhancer vitamin C (Perfecto et al., 2018) significantly increased ferritin uptake in advanced co-cultures (Figure 6.3). Similarly, 100 µg/ml PS-amine
induced a significant reduction in ferritin uptake compared to the solvent control 0.25% BSA.
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The

treatment

with

the

six

SAS

materials

showed

that

SIPERNAT® 350

and

SIPERNAT® 22 S reduce the ferritin uptake significantly in the advanced co-culture (Figure
6.3).
To investigate if the changes of ferritin uptake after the treatment with the two SAS were also
detectable with another pathway, the gene expression of the divalent metal transporter 1
(DMT1) was investigated. The divalent metal transporter DMT1 has been previously investigated to identify shifts in intestinal iron absorption (Zoller et al., 2001). The treatment of advanced co-cultures with 50 µg/ml SAS materials did not result in a change in the gene expression of the DMT1 gene in comparison to the solvent control (Figure 6.4). Only for the
treatment with 200 µg/ml PS-amine a significant reduction in DMT1 gene expression was
observed. No complementary effect in the gene expression of DMT1 for SIPERNAT® 350
and SIPERNAT® 22 S can indicated that the significant reduction in the ferritin uptake compares to the effect CaCl2 has on the ferritin uptake.

6.3.4 SAS did not induce the release of the cytokines IL-8 and CCL2 in advanced
intestinal co-cultures
The release of these chemotactic and pro-inflammatory cytokines was detected in the apical
compartment after 24 h of treatment with the different SAS materials. None of the six SAS
materials affected the release of the inflammatory cytokines IL-8 and CCL2 compared to the
solvent control H2O (Figure 6.5). The treatment with the positive control IL-1β resulted in a
significant increase in the secretion of both cytokines (Figure 6.5). Only after exposure of
advanced co-cultures with 200 µg/ml PS-amine, a sight tendency for decreased CCL levels
was observed, which was however not statistically significant.
Similarly, gene expression levels of IL-8 were not altered after the treatment with the SAS
materials for 24 h (Figure 6.4). Stimulation with 10 ng/ml IL-1β resulted in a significantly increased in the gene expression of IL-8. Collectively, these data indicate that SAS do not
have an acute effect on pro-inflammatory cytokine expression and secretion in advance intestinal co-cultures.
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Figure 6.5: Impact of SAS on the release of the inflammatory cytokines IL-8 and
CCL2 in advanced intestinal co-cultures after 24 h of exposure.
After 24 h incubation of the advanced co-culture with the indicated SAS the cytokine of IL-8
(A) and CCL2 (B) release was determined. The cytokine IL-1β at a concentration of 10 µg/ml
for 24 h served as a chemical positive control. Mean values and corresponding standard deviations from two independent experiments with two technical replicates each are shown.
The dashed orange lines resemble the mean value of the solvent control sample. *P≤0.05,
****P≤0.0001 compared to the solvent control.

6.4

Discussion

There is increasing evidence that advanced intestinal co-culture models are more physiologically relevant compared to monoculture system and thus suggested to be superior for toxicity
assessment of ingested (nano)materials (García-Rodríguez et al., 2018b; Saez-Tenorio et
al., 2019; Sohal et al., 2020; Ude et al., 2019, 2017; Vila et al., 2018a). For silver, CuO and
CeO2 nanomaterials it has been shown that co-culture models were less vulnerable to nanomaterials than the individual monocultures in regards of cell viability and barrier integrity
(Saez-Tenorio et al., 2019; Ude et al., 2019, 2017; Vila et al., 2018a). Also for food-relevant
materials (food grade variants of TiO2, SAS and ZnO), barrier integrity was less affected by
nanomaterials exposures in co-cultures but for other investigated endpoints (i.e. brush border
epithelium integrity, viability or cytokine release), the co-cultures exhibited a higher sensitivity
than monocultures (Sohal et al., 2020). The question arises if the observed higher sensibility
in the co-culture could have occured due to the different culture conditions and culture time
points for the mono- and the co-culture. The fact that our particle control PS-amine did not
induce any cytotoxicity in co-cultures while being slightly cytotoxic in differentiated Caco-2
monocultures (Hempt et al., submitted) further supports the use of advanced co-cultures for
safety assessment of ingested materials.
Here we applied a mucus-secreting intestinal co-culture model composed of Caco-2, HT-29
and Raji B cells as it was first reported by Schimpel et al., (2014). We confirmed the for141
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mation of a tight barrier, the presence of enterocytes, M-cells and goblet cells in and the
presence of a confluent mucus layer after 21 d of cultivation. This confluent mucus layer has
been shown to constitute an essential physical-chemical barrier for many nanomaterials
(Huck et al., 2019; Liu et al., 2014; Schneider et al., 2017) and should therefore be included
in the evaluation of transport and effects of ingested food additives at the intestinal barrier.
However, our results show the mucus layer can be sometimes problematic when transferring
some of the established assays from mucus-free monocultures to the co-cultures due to limited penetration of reagents from or to the cells. For instance, we were not able to transfer
the resazurin viability assay to co-cultures most likely due to inefficient penetration and release of the resazurin/resorufin across the mucus layer (own unpublished data). Moreover,
several of the positive controls that worked in the Caco-2 monocultures showed less pronounced effects (e.g. C75 or PS-amine) or did not work at all (aspirin or trifluoroperazine) in
the co-cultures (Hempt et al., submitted and own unpublished data). However, the following
assays were compatible with mucus-secreting intestinal co-cultures including a positive
chemical or particle control: MTT assay, TEER, lipid and iron uptake assays and cytokine
release. For mucus coverage (alcian blue staining) and ALP activity, we did not yet succeed
to identify a suitable positive control.
To achieve a comprehensive understanding of the impact of food grade SAS on advanced
intestinal co-cultures, we did not only evaluate acute toxicity endpoints but also investigated
intestinal-specific functional assays such as microvilli function, mucus coverage or iron and
lipid uptake. In order to identify potential structure-activity relationships, we investigated six
food grade SAS that were carefully characterised (Hempt et al., submitted) and exhibited
differences in their specific surface area, amount of silanol groups and the production route
(fumed versus precipitated). Moreover, realistic in vitro dose ranges comparable to in vivo
human exposures should be applied by integrating available human uptake data, knowledge
of GIT physiology and computational in vitro dosimetry models (Sohal et al., 2018c). In our
previous study, we modelled the delivered dose for all the SAS materials (Hempt et al.,
submitted; table S2) and also estimated that 0.02-11 µg/cm2 per person per day could represent realistic exposure concentrations based on the exposure data by (Dekkers et al. 2011;
Hempt et al., submitted). For viability studies we treated the co-cultures in a dose range from
3-50 µg/ml SAS, all functional studies were performed with the highest concentration of
50 µg/ml. These corresponds to a deposited dose of 11.8 µg/cm2 for SIPERNAT® 350,
10.3 µg/cm2

for

SIPERNAT® 22 S,

7.6 µg/cm2

2

for

SIPERNAT® 160,
2

10 µg/cm2

for

SIPERNAT® 50 S, 6.1 µg/cm for AEROSIL® OX50 and 1.5 µg/cm for AEROSIL® 380 F
(Hempt et al., submitted).
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The investigated SAS materials did not affect cell viability/metabolic activity of the intestinal
co-cultures after exposure up to 50 µg/ml for 48 h. These findings appear to be in line with
most of the previously published studies for other various nanomaterials in Caco-2/HT-29
co-cultures (García-Rodríguez et al., 2018b; Saez-Tenorio et al., 2019; Ude et al., 2019).
Only in a recent study, a considerable dose-dependent decrease in the viability/metabolic
activity (PrestoBlueTM viability assay) in intestinal co-cultures treated with a food grade SAS
material

(AEROSIL® 200 F)

has

been

observed

(Sohal

et

al.,

2020).

However,

AEROSIL® 200 F appeared to be quite different from the SAS investigated here, since it
showed a very slow settling rate (only 0.3% of the administered dose being delivered to the
cells after 24 h) (Sohal et al., 2020). Deposition was much higher for all of the six SAS materials investigated in this study, with deposited fractions between 5 and 63% (Hempt et al.,
submitted).
Despite the absence of adverse effects on cell viability and barrier integrity, some effects of
the investigated SAS materials became apparent when investigating functional assays. Mucus coverage assessments revealed a slight increase in absorption of the alcian blue staining for SIPERNAT® 350, SIPERNAT® 160, AEROSIL® OX50 and AEROSIL® 380 F after
48 h. However, these did not correlate with increased gene expression levels of MUC1,
which were not altered for most of the SAS materials after 24 h, expect for SIPERNAT® 350
that even showed a decrease in MUC1 expression. A study on the effects of silver nanoparticles on Caco-2/HT-29 co-cultures reported a transient reduction in MUC1 gene expression
after 24 h of exposure (Saez-Tenorio et al., 2019). Such a transient effect may explain an
initial decrease in MUC1 expression and delayed increase in mucus coverage after 48 h of
exposure to SIPERNAT® 350. Alternatively, downregulation of MUC1 expression may not
affect overall mucus coverage since mucus contains a large variety of different mucins that
could compensate for this decrease. Further studies are needed to understand if such subtle
effects on the mucus barrier might result in long-term biological changes on the intestinal
barrier function.
Additional functional endpoints included alkaline phosphatase activity as a marker for microvilli disruption, lipid uptake and iron uptake. None of the SAS materials affected the activity of
ALP, suggesting that they do not affect microvilli layer integrity. However, since a suitable
positive control is still lacking, it is unclear how sensitive this assay is to detect microvilli disruptions. In other studies, a significant increase in ALP activity has been detected for acute
and chronic exposure of Caco-2/HT-29 co-cultures with TiO2 nanoparticles (Guo et al., 2017)
or for chronic exposures with SiO2 nanoparticles (Guo et al., 2018). However, the latter work
used non food grade 20-30 nm SiO2 nanoparticles, which have highly distinct properties from
the here studied SAS materials.
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For iron uptake, we found that two of the SAS materials (SIPERNAT® 350 and
SIPERNAT® 22 S) reduced ferritin uptake but did not change the expression of divalent
metal transporter 1 (DMT1) after 24 h treatment with 50 µg/ml of the materials. In contrast,
the particle control PS-amine reduced both, ferritin uptake and DMT1 expression. Adverse
effects were also reported for TiO2 and SiO2 nanoparticles, which induced a significant decrease in iron transport but no change in iron uptake after 5 d chronic exposure in Caco-2/HT-29 co-cultures (Guo et al., 2018, 2017). It appears that iron uptake and/or translocation is prone to disturbance from different types of materials, however, there is no clear
pattern as to which material properties could be responsible for these effects. For the SAS,
the two types of materials that significantly reduced ferritin uptake had a relatively low specific surface area and were produced by precipitation, but two other SAS with equally low specific surface area (SIPERNAT® 160 and AEROXIL® OX50) only showed a tendency for reduced ferritin uptake. It remains to be further investigated if these moderate effects of some
SAS on ferritin uptake persist and eventually induce long-term consequences or if the cells
develop adaptive responses. For CaCl2, it has been shown that the effects on iron uptake
were short-term and that Caco-2 monocultures did adapt to the stimulus possibly by increasing the iron absorption efficiency (Lönnerdal, 2010; Thompson et al., 2010). Also in one
month randomised control trails, the administration of calcium supplements did not affect iron
bioavailability in women (Ríos-Castillo et al., 2014).
While we observed effects for some SAS on iron uptake, none of the investigated SAS materials affected lipid uptake in advanced co-cultures treated after treatment with 50 µg/ml for
48 h. Effects of nanomaterials with lipid uptake have been reported by Guo et al., (2018),
which described that 30 nm SiO2 nanoparticles reduced the uptake of lipids after long-term
exposure (5 d) but not acute exposure (4 h) in Caco-2/HT-29 co-cultures We further studied
potential effects with lipid uptake on the gene expression level. Expression of the receptor for
middle and long chain fatty acids GPR120 was upregulated only after exposure to
SIPERNAT® 350. SIPERNAT® 350 is a precipitated form of SAS, which displayed the lowest specific surface area of all investigated precipitated SAS materials. GPR120 is know to
influence glucose uptake or inflammation (Oh et al., 2010; Song et al., 2017; Zhang and
Leung, 2014). However, we did not detect any significant changes in the release of the
pro-inflammatory cytokines IL-8 and CCL2 after treatment with SIPERNAT® 350 or any other
SAS. In general, the induction of cytokines in intestinal cells has been reported for a variety
of nanomaterials such as for Ag and CeO nanoparticles (Georgantzopoulou et al., 2016;
Susewind et al., 2015; Ude et al., 2019). On the other hand Au nanoparticles or another type
of Ag nanoparticles did not affect cytokine release (Kämpfer et al., 2020; Susewind et al.,
2015). These findings indicate that the release of cytokines depends highly on the exact type
of nanomaterial used and its specific properties.
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The six SAS material investigated in this study have been chosen to represent different production routes (wet and thermal), different specific surface area (low, middle, large) and different amounts of silanol groups (low, high). Pairs of SAS materials which vary in only one
property are represented in this selection to investigate potential structure-activity relationships (SAR). These SAR are in regards to specific surface area (e.g. SIPERNAT® 350 and
SIPERNAT® 50 S or AEROSIL® OX50 and AEROSIL® 380 F), production route (e.g.
SIPERNAT® 350 and AEROSIL® OX50) or silanol content (e.g. SIPERNAT® 22 S and
AEROSIL® 380 F). A table summarising the biological effects of the different SAS has been
compiled in Table 6.2 to aid the identification of potential SAR.

Table 6.2: Summary of the results of the physiological function the different SAS
introduce in the adavanced triple culture
Summary of all results. Shown are: significant increase (green), in the range of the solvent
control (light green), inconclusive results (grey), significant decrease (red) and not analysed
samples (n.a.) (grey).
One hypothesis of a structure-activity relationships for SAS has been previously put forward
by Zhang et al., (2012), who suggested that toxicity observed for fumed but not colloidal SAS
was due to the presence of siloxane rings in fumed SAS. We might have observed a similar
potential correlation in regards to the amount of silanol (Si-OH) groups. A SAS with a high
silanol content SIPERNAT® 22 S reduced the ferritin uptake significantly but we did not observe any impact of the high-silanol SAS on other endpoints, further studies would be needed to substantiate a potential role of silanol groups in SAS toxicity. Also, differences in specific surface areas of the investigated SAS materials did not seem to influence acute toxicity or
functional endpoints in the intestine in vitro. Finally, there was a significant impact of two SAS
(SIPERNAT® 350 and SIPERNAT® 22 S) on ferritin uptake, and the low specific surface
area distinguished these two materials from the other SAS. Again, further studies would be
needed to corroborate a possible relationship between low specific surface area and silanol
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groups with reduced iron uptake. Overall, we did not identify a single characteristic or a specific combination of properties that would be highly critical in regard to intestinal barrier impairment in vitro, and most of the tested SAS did not induce any adverse effects at all even
on the various functional endpoints.

6.5

Conclusion

No effects on acute cytotoxicity or barrier integrity have been observed but our observations
revealed some physiological effects of certain SAS materials on intestinal-specific functions
in a mucus-secreting advanced co-culture. These included potential impacts of some SAS on
mucus coverage and iron uptake, which should be further addressed in future studies to understand whether these changes persist and could have a lasting impact on human health.
For the particle control PS-amine we observed a slightly different cell viability response between Caco-2 monocultures and the advanced co-culture model, with a lower sensitivity towards the co-cultures. This observations is most likely due to the presence of a mucus layer,
which limits the exposure to the otherwise toxic particles. This highlights that mucus-secreting co-cultures are highly valuable for a more realistic toxicity assessment of ingested materials. As for some SAS materials, we also observed specific effects of PS-amine
on functional endpoints such as on barrier integrity, iron uptake and mucin or iron receptor
gene expression. Therefore, intestine-specific functional assays deserve increasing attention
and should be a central part of any future safety assessment of ingested materials at the
intestinal barrier in vitro.
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7 Discussion
This thesis investigates potential harmful effects of food additives on the intestinal epithelium
in differentiated enterocyte monoculture and an advanced in vitro co-culture model.
The enterocyte monoculture model has opened the possibility to screen for physiological and
toxic effects that food additives could induce upon interaction with the gastrointestinal tract
(GIT). This model was also used to evaluate the uptake of food additives in enterocytes. To
evaluate food additives in a biological environment, in their native state, different methods
have been implemented allowing the detection of unlabelled materials. Following the initial
assessment in a simplified model, the influence of one type of food additives on the physiological function of the small intestine was evaluated in vitro with an advanced co-culture
model established in house.
Food additives in particular nano structured and nano-sized food additives have been criticised more and more for undesired side effects on human health. Several studies indicate
potential effects on human health so that the EFSA has seen need to re-evaluation certain
food additives (EFSA, 2018a, 2018c, 2017a, 2017b, 2016a, 2016b, 2016c, 2016d, 2015).
Among the ones that need to be re-evaluated are also titanium dioxide (E 171) and synthetic
amorphous silica (E 551) (EFSA, 2018a, 2016a). The characterisation of both materials has
shown that they contain primary particles which are in the nano-size range (Dekkers et al.,
2011; Faust et al., 2016; Peters et al., 2012; Weir et al., 2012). However, the current literature remains contradictory due to the assessments of different materials which most of times
do not even have food grade. These findings have lead to safety concerns and have resulted
in an increased interest in their safety evaluation. A systematic approach to understand the
structural-activity relationship of nanostructured food additives is needed. A special emphasise should be taken for SAS materials due to their different production routes, specific surface area or aggregate size. Most of the in vitro studies conducted in the last years have
been done with the commonly known Caco-2 cells. This cell line, although isolated from colorectal adenocarcinoma (Fogh and Trempe, 1975), is often used to represent the small intestine (Lea, 2015). The culture of this cell line on a semipermeable membrane has shown the
induction of an enterocytic phenotype (Jumarie and Malo, 1991). In this thesis, a two step
approach has been chosen: first a screening of ten SAS materials in an enterocytic monoculture, secondly the in depth investigation of six SAS materials in a model in which the common enterocyte cell line has been combined with a mucus-producing cell line as well as a
human lymphocytic cell line, in order to establish a more realistic model for the intestinal barrier (Antunes et al., 2013; García-Rodríguez et al., 2018a; Schimpel et al., 2014). The in vitro
co-culture of enterocytes and lymphocytes has shown that some of the enterocytes differen151
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tiate even further to M-cells (des Rieux et al., 2007), which increases the validity of the suggested model.
The future of food additive investigation and development requires an accurate forecast of
the potential adverse effects on the GIT, otherwise the product will not be suitable for the
consumer market. Currently this evaluation is conducted using animal models, which opposes the general tendency for their reduction and replacement. The advanced model investigated in this thesis offers the potential to reduce the number of animals needed to evaluate
new food products, food additives or ingested drugs in regards of their impact on the proper
GIT function. This advanced in vitro model can further be employed to gain information for
the establishment of physiologically based pharmacokinetic modelling.

7.1

Comparison of the advanced co-culture model with other in vitro models

The use of rodents or other animal models to investigate the complex interactions occurring
in the GIT is critical due to species-specific differences as well as to the restrictive legislation
by the European Union (European Commission, 2006; Nguyen et al., 2015; Sciascia et al.,
2016). Therefore, the establishment of a more predictive in vitro model has been pushed
over the last 10-20 years to investigate the interaction of potential harmful substances or the
transport of drugs through the intestine (Gordon et al., 2015). But all these models need to
be fit for the purpose of the investigation. Albert Einstein stated “A model should be as simple
as it can be but no simpler” (“Albert Einstein - Wikiquote,” n.d.). Having these two things in
mind the right in vitro model should be chosen.
The Caco-2 cell line is the simplest in vitro intestine model. The comparison of undifferentiated and differentiated Caco-2 cells has shown that differentiated Caco-2 cells better represent
the in vivo situation of the small intestine (Lea, 2015). As a matter of fact, undifferentiated
Caco-2 cells have reacted more sensitively to the toxins than differentiated Caco-2 cells,
therefore overestimating the potential effects of the toxins on the small intestine (Gerloff et
al., 2013; Pietroiusti et al., 2017; Song et al., 2015).
Due to the shortcomings in appropriately representing the in vivo situation, the Caco-2 model
should be further improved. One possibility would be the use of a new Caco-2 clone like
C2BBe1, which has been described to have more homogeneous brush border expression
(ATCC, n.d.). In parallel, the investigation of mitochondrial connectivity could be improved by
the substitution of galactose with glucose in the medium (JanssenDuijghuijsen et al., 2017).
Additionally, it has been shown that Caco-2 cells under flow differentiate into additional cell
types such as absorptive, goblet, enteroendocrine and paneth cells (Kim and Ingber, 2013).
Therefore, it can be assumed that the shaking of the whole culture would result in further
differentiation and in similar cell types. However, all the cells that have been shown to differ152
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entiate from the Caco-2 cells under flow, besides the goblet cells, are not relevant for the
study of harmful effects on the proper gut nutrient function. As a consequence, this approach
has been discarded as not in line with the goals of this thesis.
The use of primary cells in an intestinal model could also represent an advantage. However,
primary cells are only used as organoids, regardless if they are derived from human pluripotent stem cells (PSC) or from primary cells of the crypt of the small intestine (Sato et al.,
2009; Spence et al., 2011). These isolated cells are further employed to create intestinal organoids, which comprise Paneth cells, goblet cells, epithelia transporting cells, enteroendocrine cells and mesenchymal cells (In et al., 2016).
These culture setups have mostly been used to investigate diseases for personalised medicine and for the investigation of bacterial infection (Dotti et al., 2017; Schlaermann et al.,
2016; van de Wetering et al., 2015). The organoids have two drawbacks in regards of the
evaluation of noxiousness in the intestine. The first one being the intestinal lumen facing the
inside in the organoid (Costa and Ahluwalia, 2019). The second drawback is the challenging
organoid size reproducibility (Huch et al., 2017). Even though some groups have attempted
to improve the reproducibility of the organoids by plating them on a plate or Transwell® after
generating 3D organoids in a Matrigel matrix (van der Hee et al., 2018; van der Wielen et al.,
2016). This approach is relevant when employing Paneth cells or one of the other cell types,
which are hardly available as cell lines. Hence, organoids represent a useful tool to investigate disease progression only when employing patient-derived human intestinal stem cells.
However, due to the mentioned drawbacks, they are not suitable as an in vitro model to investigate toxicity or the GIT barrier integrity.
Another more advanced model is represented by the usage of scaffolds seeded with intestinal cells (Chen et al., 2015; Wang et al., 2017). Even though scaffolds better represent the
small intestine anatomically, they are not compatible with high throughput readouts or with
high content imaging. Therefore, the application of scaffolds is still limited to basic research.
Over the years, a lot of possibilities for co-culture have been evaluated. Cell models that enable to investigate the uptake of drugs, compounds and materials by the small intestine have
been established, by employing the same cells that are known to exhibit this function in vivo
(des Rieux et al., 2007; Powell et al., 2010). Also a co-culture model of Caco-2 cells and goblet cells (HT-29) that permits to investigate whether certain drugs are able to pass the mucus
barrier has been established (Sigurdsson et al., 2013). Furthermore, the first models allowing
the investigation of the inflammatory potential of the small intestine have been described
(Kämpfer et al., 2017; Leonard et al., 2010; Susewind et al., 2015). All these models are simple, easy to handle and reproducible, but they all have been designed to fit a specific applica153
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tion, and contain no more than two different cell types. All these models have one additional
advantage in the investigation of nanomaterials, they are grown in a Transwell® system. The
cultivation of culture models on a Transwell® allows the investigation of cell responses in the
presence of a uniform material distribution, as the system enables to add the same volume
height in all settings.
The above-mentioned models were combined in order to establish an advanced in vitro
co-culture model which has been introduced by Antunes et al., (2013), García-Rodríguez et
al., (2018) and Schimpel et al., (2014). The established model in this thesis described studies
include the most important properties of the intestinal defence, as well as incorporating the
cells previously described to be able to uptake nanomaterials in vitro (for more information
please refer to 1.3.1 and 1.5.2). The establishment and validation of such a model in regards
of mucus coverage, brush border expression, expression of tight junctions and the presence
of the different cell types after 21 days of culture has been verified (Figure S 9.25). The 100%
mucus coverage was achieved by employing a seeding ratio of Caco-2 to HT-29 of 75 to 25
(Figure S 9.25). Other groups have described that they were already able to achieve a complete mucus coverage at the in vivo relevant ratio of the small intestine of 9:1 (Hilgendorf et
al., 2000; Liu et al., 2014; Madara and Trier, 1994; Schimpel et al., 2014), as well as at the
same seeding ratio we have chosen (Antunes et al., 2013; Hilgendorf et al., 2000; Ude et al.,
2019; Xavier et al., 2019). Nevertheless, the complete mucus coverage was not evident from
the presented alcian stainings in the above mentioned publications (Antunes et al., 2013;
Hilgendorf et al., 2000; Ude et al., 2019; Xavier et al., 2019). The discrepancy between these
and our findings could be due to the use of a different mucus conserving fixation solution,
different media composition, as well as different time points selected for the toxicity investigations. Similar consideration could be done for a different size and distribution of microvilli between the cultures from the different groups. We observed a less distribution of microvilli on
the HT-29 cells then to the Caco-2 cells. In comparison to the here presented results, Ude et
al., (2019) reported a higher number of microvilli present on the HT-29-MTX cells, than in this
study, through SEM analyses (Figure S 9.25, Figure S 9.21). At the same time, they also observed differences in the microvilli distribution by co-culturing Caco-2 and HT-29 cells (Ude et
al., 2019). In the untreated control of the co-culture of Caco-2 and HT-29 seeded in a ratio of
9:1 by Guo et al., (2018, 2017), no optical differences between the microvilli of the Caco-2
and HT-29 cells could be observed. Even though in vivo there is a difference in the brush
border distribution between enterocytes and goblet cells (Shearman and Muir, 1960) . Therefore, SEM analysis of the cultures in this thesis point to the fact that both cell types are present after 21 d of culture.
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Furthermore, the study of this thesis was able to show that the tight junction proteins are present in the advanced co-culture. The detection of tight junction proteins has been reported by
the majority of the studies found in literature, either by fluorescent staining of the proteins or
by SEM analysis (Brun et al., 2014; Guo et al., 2018, 2017; Lechanteur et al., 2018; Ude et
al., 2019; Xavier et al., 2019).
After the implementation of Raji cells in the co-culture model the observed TEER values were
similar to the ones reported by other groups for a Caco-2 and Raji co-culture (Figure S 9.25).
In the co-cultivation of Caco-2 with Raji cells, a decrease of the TEER values has been observed, due to the reorganisation of the cell layer (Antunes et al., 2013; Cabellos et al., 2017;
des Rieux et al., 2007; Schimpel et al., 2014). The recovery of the TEER which was observed in the analysis, has also been observed by Cabellos et al., (2017) three to four days
after the co-cultivation. The immunohistochemistry stainings with the cell-specific markers
MUC5AC for the goblet cells and NKM 16-2-4 for the M-cells have proven that the cells were
present after 21 days of culture (Figure S 9.25).
As illustrated in more detail earlier, ideally a model is as complex as possible, at the same
time fitting the purpose of the investigation. Therefore, in the initial screening to check for
acute toxicity the differentiated Caco-2 monoculture was sufficient enough. But as the early
death of the differentiated Caco-2 monoculture in the milk digestion experiments has shown,
a second step with a more advanced model needs to follow. The model which was established in this thesis was focusing on the inclusion of all barriers that are important for the intestinal epithelium, verifying their presence and functionality (for more information please
also see 1.3.1). Hence, the influence of the compounds under investigation on the intestinal
barrier or even its disruption would only be due to the interaction with the in vitro intestinal
model. Additionally, all the cells that are involved in the nutrient interaction of the intestine are
present in this model (for more information please also see 1.3.1) which could also be used
for future investigations to deeper understand the mechanisms in nutrient or drug uptake in
the intestine (as shown in 5). Additionally, the established advanced co-culture model presented in this thesis gives the opportunity to investigate the influence of food products, food
components and food additives on the physiological function of the intestine through the
analysis of cell viability, the induction of inflammatory pathways as well as the possibility to
control a uniform material distribution. The results presented here show that this model could
be a valid tool for the future investigation of novel drugs with oral administration or for the
re-evaluation of other food additives. Ultimately, the here described model has proven to be
suitable for investigating the uptake of food products and additives.
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7.2

Toxicity assessment of the SAS materials

7.2.1 In vitro digestion pre-incubation considerations
Before food and food components reach the small intestine they pass through other parts of
the digestive tract and their digestion has already initiated by saliva and gastric fluids.
(McClements and Li, 2010). Having this in mind, pre-experiments with the SAS in an acidic
environment and simulated intestinal fluids have been conducted. There were no structural
changes observed of SAS materials in the acidic environment, in the fed-state simulated intestinal fluid and in the presence of carbohydrates (Meier at al., 2013, 2014, 2015 as cited in
EFSA, 2018a). Therefore, it was that no acidic pre-treatment for the SAS materials would be
needed to investigate their influence on the small intestine.
Another group has investigated the changes that SAS materials contained in food products
undergo in in vitro digestion solutions (Peters et al., 2012). They saw that the different digestion solutions resulted in differently sized SAS materials (Peters et al., 2012). They observed
a dissolution of the SAS material in the gastric fluid but a reappearing into individual nanomaterials in the intestinal phase (Peters et al., 2012). They observed that after the complete
digestion of coffee, 80% of the SAS materials were in the nano-size range (Peters et al.,
2012). For food products like soup or pancake mix, only 15% of the SAS materials have
been found to be in the nano-size range after the intestinal phase (Peters et al., 2012). These findings show that different food products release different amounts of nano-sized materials. These results are in contrast with the pre-experiment conducted by Meier at al. (2013,
2014, 2015 as cited in EFSA, 2018a). These discrepancies between the results of Peters et
al., (2012) and Meier at al., (2013, 2014, 2015 as cited in EFSA, 2018a) might be due to the
lack of information on which kind of SAS materials and at which concentration they were initially present in the food product.
Recently one other group investigated how food grade SAS behaves in an in vitro digestion
model by analysing its size (Sohal et al., 2018). In the size range from 150 to 200 nm, a decrease of 70% was observed, while a 27-fold increase in the particle number was detected in
the size range of 500-1000 nm, when comparing the intestinal to the gastric phase (Sohal et
al., 2018b). Sohal et al., (2018) only investigated the SAS materials without a food matrix,
which could have led to the different observations than Peters et al., (2012). Additionally, the
blotting method that Sohal et al., (2018) used to investigate the change in nanomaterial size
appeared not to be suitable for nanomaterials in the size range below 100 nm. Therefore, it is
not possible to identify whether in the experimental setup described in Sohal et al., (2018)
small concentrations of SAS were present in a size <100 nm. Furthermore, Sohal et al.,
(2018) observed opposing results for the behaviour of the SAS materials in the gastric
phase, compared to Peters et al., (2012). This could be because Peters et al., (2012) ana156
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lysed the behaviour of the SAS in the presence of the food matrix, for which we do not know
which type of SAS was added and how the food matrix influences the outcome. Furthermore,
the composition of the different digestion fluids in the abovementioned publications are only
alike.
The mentioned studies indicate that the digestion fluids can change the SAS materials and
that the SAS (AEROSIL® 200 F) investigated by (Sohal et al., 2018b) slightly dissolved.
Considering these factors, the experiments that have been conducted in this thesis should be
repeated employing SAS that has been pre-digested either in vitro or in intestinal fluid.
Hence, it would be very interesting to see if the pre-incubation of the SAS in intestinal fluid
results in any changes in the physiological function of the intestinal model. Even so, that the
SAS materials investigated in this thesis have shown not be influenced by an acidic environment, in the fed-state simulated intestinal fluid and in the presence of carbohydrates (Meier
at al., 2013, 2014, 2015 as cited in EFSA, 2018a). But the influence lipase, which is present
in the intestinal fluid, can have on the cell layer should also be considered when the results
between pre-incubated and not pre-incubated SAS are compared.
In the milk digestion experiments we did not perform a previous gastric digestion of the milk
for two reasons: 1), milk as fluid has one of the shortest retention times in the stomach
(McClements and Li, 2010). Secondly, previous investigations on milk digestion have also
been conducted without the pre-incubation of milk in an artificial gastric fluid (Salentinig et al.,
2013). As the results of milk digestion have shown, lipase treatment at a concentration of
0.04 g/ml results in a decreased viability down to 65% in the differentiated Caco-2 monocultures after 30 minutes of incubation (Figure 5.2). A similar viability reduction, within the same
time period, has also been observed in the co-culture of Caco-2 and HT-29 cells, where the
viability decreased to 85% (Figure 5.3). This shows that the addition of mucus prevents the
cells from lipase digestion at least for a short period of time. But if studies, investigating the
pre-digested particles, were conducted in a similar exposition timeframe as we did (24 &
48 h), the results of this thesis would indicate that the cell system would not survive this
timespan in the presence of active lipase, even if the mucus was present.
These results have been confirmed by similar observations of other groups (Keemink and
Bergström, 2018; Lv et al., 2018). Both investigations reported a different approach to overcome the lipase digestion of the cell layer. Lv et al., (2018) overcame the lipase digestion by
performing the digestion reaction separately from the intestinal cells, followed by the transfer
of the digestive residues to the cell layer after a heating period to inactivate residual lipase.
Keemink and Bergström, (2018) have chosen to employ immobilised lipase form Candida
antarctica to preserve the Caco-2 cell layer from lipase digestion. These two methods appeared to be the only possibilities which could be explored to investigate the effects on the
influence of the pre-incubated SAS in an advanced intestinal in vitro model.
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7.2.2 Impact of SAS on intestinal viability and barrier integrity of intestine
SAS materials, either self-synthesised or food grade, have so far been investigated in vivo as
well as in vitro. The in vitro investigations have mostly been done in Caco-2 monocultures or
in co-cultures of Caco-2 and HT-29 cells.
7.2.2.1 Viability
Based on the results of the first step approach no acute viability reduction below 82% of any
of the SAS applied was observed (Figure S 9.3 and Figure S 9.4). This is in line with Sieg et
al. (2018), who did not observe a reduction in the viability below 80% in their model of differentiated Caco-2 cells after 24 hours treatment with different nanomaterials containing aluminium. This assessment allowed an identification of critical materials which could provoke adverse effects on the intestinal barrier in vivo. As well as this first investigation would have
enabled us to identify false positive results.
However, based on the outcome of the first step approach we selected the following SAS
SIPERNAT® 22 S for further investigations. The two most distinct materials of each of the
two production routes in regards of aggregate size and specific surface area
SIPERNAT® 350, SIPERNAT® 50 S, AEROSIL® OX50 and AEROSIL® 380 F have been
selected.

Additionally,

the

precipitated

material

with

the

lowest

silanol

content,

SIPERNAT® 160, was selected to identify the influence of silanol groups.
Similar to the observations in the Caco-2 monoculture, no viability reduction below 86% after
48 hours was observed after the treatment with the six SAS (Figure S 9.26, Figure 6.2). Ude
et al., (2019) investigated different concentrations of cadmium oxide nanomaterials in Caco-2
and Raji B co-cultures after 24 hours, as well as in Caco-2 and HT-29 co-cultures. When
compared to the untreated control, they did not see any significant viability changes for the
treatment up to 12.68 µg/cm2 (Ude et al., 2019). Similarly, toxicity was not induced with a
concentration of 25 µg/ml of silver nanomaterials used to treat Caco-2 and HT-29 co-cultures
(Saez-Tenorio et al., 2019). Nevertheless, in the range from 25 to 100 µg/ml a
dose-dependent decrease in the cell number was observed (Saez-Tenorio et al., 2019). Notably, in the highest concentration (150 µg/ml) they tested, only 65% of the cells retained viability (Saez-Tenorio et al., 2019). In the Caco-2 and HT-29 co-cultures that were treated with
differently shaped titanium nanoparticles up to concentrations of 350 µg/ml for 24 hours, no
decrease below 80% in the viability could be detected (García-Rodríguez et al., 2018b).
However, after 48 hours a decrease to viability values between 65 and 75% was observed
for all different shapes (García-Rodríguez et al., 2018b). Interestingly, this observed effect
was not concentration-dependent (García-Rodríguez et al., 2018b). These observations indicate that other nanomaterials that are relevant for humans do not reduce the viability in a
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co-culture of Caco-2 and HT-29 after certain exposure times. One of the advantages of the
advanced in vitro model is the production of mucus, which acts as the first mechanical barrier. This could be nicely observed by the shift in the half maximal effective concentration
(EC50) for the cadmium sulphate treated culture and by the non detectable effect on the viability after the treatment with PS-amine particles in the advanced co-culture model. Hence, it
can be assumed that also in these studies the mucus presented a barrier for all the examined nanomaterials.
7.2.2.2 Barrier integrity
After 48 hours of treatment with different SAS materials, we did not detect any changes in the
TEER on the differentiated Caco-2, indicating that the monolayer remained intact. This finding is supported by other groups, who did not detect any changes after 10 days long-term
exposure in the presence of 100 µg/ml of silicon dioxide material (NM-200 and NM-203)
(Farcal et al., 2015). Besides, nanoparticles like cerium oxide or silver did not show any significant changes in TEER values, compared to the untreated control consisting of differentiated Caco-2 cells treated for 24 hours (Vila et al., 2018b, 2018a).
The 48 hours treatment of the advanced co-culture with the different SAS materials did not
show any sign of barrier disruption (Figure 6.3A). Other groups have investigated differently
shaped titanium dioxide nanomaterials, and interestingly after 48 hours of treatment they saw
an increase in the TEER values compared to the initial ones (García-Rodríguez et al.,
2018b). Silver nanoparticles that have been investigated in co-cultures of Caco-2 and HT-29
showed similar results to the ones previously recorded by the same group in the Caco-2
monoculture (Saez-Tenorio et al., 2019; Vila et al., 2018a). Only after 96 hours of treatment
and at the highest nanoparticle concentration (100 µg/ml) a decrease in the TEER values
was detected (Saez-Tenorio et al., 2019). In a Caco-2/HT-29 co-culture treated with silicon
quantum dots or iron oxide nanoparticles for 180 minutes, a significant reduction in the TEER
values was observed (Strugari et al., 2019). The investigation of self-synthesised silica nanomaterials showed that in the long-term exposure of 5 days the TEER values decreased in
all tested doses (Guo et al., 2018). In an acute exposure (4 h), the group did not see any
change in the TEER values when the co-cultures were treated with different doses (5.4x106,
5.4x108 and 5.4x1010 particles/ml) (Guo et al., 2018). This could indicate that a longer incubation of our investigated food grade SAS could result in the reduction of the TEER values
alike. A recent report has analysed the influence of cadmium oxide nanoparticles by comparing the influence of the nanomaterial in a co-culture of Raji B lymphocytes with Caco-2 cells
and Caco-2/HT-29 cells. They reported that after a 24 hours treatment with different cadmium nanomaterials in different concentrations a significant decrease in the TEER values in
both culture systems could be observed (Ude et al., 2019). Differently from what was report159
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ed in this thesis, where we used a co-culture model with four different cell types, most of the
literature data was generated from co-culture models only containing two cell types.
Therefore, the investigation of viability and barrier integrity in the Caco-2 monoculture and
the advanced co-culture allowed us to investigate the response after acute exposure. We
were not able to identify any acute responses due to the treatment of the SAS materials. It
can be assumed that potential side effects of nanostructured materials are probably less
dominant due to mucus, more physiological barrier properties and the interaction between
the different cells present in the advanced co-culture model.

7.2.3 Impact of the SAS on the mucus barrier in vitro
Not only have endpoints for acute toxicity been evaluated in this thesis but physiological
endpoints like mucus coverage as well.
Mucus is a hydrogel layering many epithelia surfaces in the body (Sigurdsson et al., 2013).
Specialised goblet cells secrete mucus (Bansil and Turner, 2018). The biggest component of
mucus is water followed by mucins, which are high molecular weight glycoproteins (Bansil
and Turner, 2018; Boegh and Nielsen, 2015). Additionally, mucus contains the lipids, immunoglogulins, salts, DNA, enzymes and cellular debris (Bansil and Turner, 2018; Larhed et al.,
1998; Smart, 2005). Mucus acts as physical filter for molecules as well as nanomaterials if
their size excides the mucus mesh size (Murgia et al., 2018). Secondly, mucus acts as a
physiochemical interaction barrier by slowing down the diffusion of molecules which have
passed the mucus mesh (Murgia et al., 2018). Lastly, mucus is constantly renewed and
therefore has dynamically rebuilding properties (Murgia et al., 2018).
The comparison of our results with the more commonly used Caco-2/HT-29 model has
shown that other groups have either chosen a non-mucus producing clone for the HT-29
cells, or they have not specified which clone has been chosen or selected to stain for wheat
germ agglutinin (WGA) to show the presence of mucus (García-Rodríguez et al., 2018b;
Saez-Tenorio et al., 2019; Strugari et al., 2019). However, WGA staining has also been used
to stain Caco-2 cells, as well as M-cells (Russell-Jones et al., 1999; Schimpel et al., 2014;
Ziegler et al., 2016). Therefore, this marker appeared not to be specific enough to identify
mucus and mucus-producing cells in a co-culture model. Also for other mucus stainings, the
claim of a confluent mucus layer is not always observable (Antunes et al., 2013; GarcíaRodríguez et al., 2018a; Schimpel et al., 2014; Ude et al., 2019). We were able to show that
our advanced co-culture presented a confluent mucus layer after 21 days of cultivation
(Figure S 9.25). This confluent mucus layer has proven to be an advantage in the evaluation
of the nanomaterials in a more in vivo depictive representation. As discussed earlier (in
7.2.2.1), a shift in the effect concentration for cadmium sulphate and PS-amine between the
Caco-2 monoculture and the advanced co-culture has been observed. This shows that mu160
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cus is an important factor in the chemical and nanomaterial interaction with the GIT. Additionally, the results have shown that a confluent mucus layer can result in the weakening of
the effect of positive controls. We established positive controls and assays initially for the
Caco-2 monoculture and tried to transferred them to the co-culture. However, some of the
positive controls inculding Luperox®, PS-amine, C75 or Aspirin were not able to induce effects at all or only at a higher concentration in the advanced co-culture as they did in the Caco-2 monoculture (Hempt et al., submitted and Figure 6.3) Therefore, controls need to be
adapted to the co-cultures e.g. by the optimisation of the concentration or if this is not successful, even new controls must be identified. The viability in the Caco-2 monoculture was
examined with the turnover of resazurin to resorufin by viable cells (Hempt et al., submitted
and Figure 6.2). Assays evaluation on the advanced co-culture has shown that mucus prevents the produced resorufin from being delivered to the supernatant. Therefore, the conversion of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) to formazan was
explored as an alternative viability assay. The fact that the accumulated formazan requires to
be dissolved in a solubilisation solution, which also disrupts the mucus layer, was finally successful to allow us to measure the viability in the mucus secreting co-cultures with a fast
method. These observations have shown that assays need to be adapted for the investigation of in vitro cultures which contains mucus. The physical filter properties do not only apply
to nanomaterials.
The investigation of the influence of the SAS on the mucus has been examined by the absorption measurements of the alcian blue coverage and the gene expression of MUC1.
MUC1 is one of the most studied membrane-associated mucin and is upregulated in the inflamed intestine (McAuley et al., 2007) and in ulcerative colitis in humans (Longman et al.,
2006). MUC1 expression is increasing over the time course of the 21 days culture (GarcíaRodríguez et al., 2018a), which is why we have chosen this gene for the assessment of the
impact of SAS on the mucins in addition to the alcian blue absorption. In the case of the silver nanoparticles, a significant reduction in the MUC1 gene expression after 24 hours treatment in HT-29 and Caco-2 co-culture was reported (Saez-Tenorio et al., 2019). Remarkably,
after the exposure for 48 and 96 hours, the initial downregulation in the MUC1 gene has
been restored to baseline levels (Saez-Tenorio et al., 2019). This phenomenon might also
explain what we observed. For the 24 hours treatment with SIPERNAT® 160, we observed a
downregulation in the MUC1 gene expression. However, after 48 hours of treatment a significant increase in the alcian blue absorption was observed (Figure 6.3 and Figure 6.4). Therefore, also our results indicate that there might be an adaption of the mucins over longer
treatment periods. Nevertheless, based on the alcian blue absorption we witnessed that the
mucus coverage appeared to be altered in certain areas of the Transwell® (Figure 6.3). The161
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se observations resulted in a significant increase in the alcian blue absorption for the
SIPERNAT® 350, SIPERNAT® 160, AEROSIL® OX 50 and AEROSIL® 380 F. It is known
that the mucus penetration or adhesion by nanomaterials depends on their size, pH, ionic
strength, zeta potential and the amount of hydrophilic groups on the surface (Lieleg et al.,
2010; Liu et al., 2014; Murgia et al., 2018; Wan et al., 2020). The mucin mesh pore size for
the intestine has been reported to be ≈200 nm (Bajka et al., 2015; Round et al., 2012). Mucopenetrating particles have diameters smaller than the one of the mucus mesh
(Netsomboon and Bernkop-Schnürch, 2016; Schneider et al., 2017). This is why materials
like SIPERNAT® 350 and AEROSIL® OX 50, which both have a recorded aggregate size of
276.3 nm and 233.7 nm (Table 6.1) would not be small enough to avoid steric obstruction in
the mucin mesh. Additionally, to its big aggregate size AEROSIL® OX 50 also has a high
negative zeta potential. In a comparative study of same sized nanomaterials with different
zeta potentials in airway mucus, the nanomaterials which have been highly negatively
charged were not able to penetrate the mucus (Schneider et al., 2017). These particles have
been

shown

to

be

mucoadhesive

(Schneider

et

al.,

2017).

SIPERNAT® 160,

AEROSIL® OX 50 and AEROSIL® 380 F exhibit a negative zeta potential, which would result in their inability to penetrate the mucus. This inability of the four SAS to penetrate the
mucus could have resulted in the significantly higher alcian blue absorption. Also the influence of nanomaterials on the mucus in vivo has been investigated before. For rats that have
been fed with silver nanomaterials an increase in the mucus production in the ileum has
been reported (Jeong et al., 2010). The results of this thesis indicate that for materials that
are mucoadhesive a higher release of mucins is induced to clear off the SAS. Further investigations are needed to confirm these assumptions, for instance the estimation of the mucus
mesh size in vitro or the evaluation of the SAS materials in nanoparticle tracking analyses.
The rat study has also revealed that not only was an increase in the mucus production detectable, but also the composition of the mucus has changed after the treatment with silver
nanoparticles (Jeong et al., 2010). The investigation of the composition of the mucus in vitro
after the contact with the SAS should be further investigated as well as the interdependencies of the SAS with the mucus.

7.2.4 Influences SAS induced on physiological function of the intestine
The advanced co-culture allowed the mucus interaction investigation with the SAS, as well
as the examination of other mechanistical endpoints. Alkaline phosphatase activity, lipid and
iron uptake have been analysed to evaluate the potential interaction of the SAS with the
physiological functions of the intestine.
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7.2.4.1 Alkaline phosphatase activity
The quantification of alkaline phosphatase activity has recently been increasing in importance due to the fact that it has been shown that the treatment with food grade titanium
dioxide results in the disruption of the brush border in vitro (Faust et al., 2014). The measurement of alkaline phosphatase activity has been used as a marker for the disruption level
of the brush border due to their ubiquitous presence in the brush border (Fan et al., 1999;
Miura et al., 1982).
The gene expression of alkaline phosphatase gene (ALP) was reduced below the detection
limit of the qPCR in our investigations. The treatment with solvent control water, resulted in
the reduction of the alkaline phosphatase genetic expression and therefore further analyses
on the potential impact of SAS were not feasible. However, the decrease of the alkaline
phosphatase activity present in the brush border had no influence after 48 hours of treatment
(Figure 6.3).
The downregulation of the intestinal alkaline phosphatase gene has also been observed after
the treatment with differently shaped TiO2 nanoparticles in a Caco-2/ HT-29 co-culture
(García-Rodríguez et al., 2018b). García-Rodríguez et al., (2018b) their investigations on
other brush border enzymes came to opposing results. They have hypothesised that each of
the different enzymes follows a different strategy to stabilise their functionality (GarcíaRodríguez et al., 2018b). These findings could be underlined with the observations of the
alkaline phosphatase activity after the treatment with TiO2 and SiO2 nanoparticle in a Caco-2/HT-29 co-culture (Guo et al., 2018, 2017). The group has observed a significant increase in the activity in the acute and chronic exposure with TiO2 nanoparticles and in the
chronic exposure with the SiO2 nanoparticles (Guo et al., 2018, 2017). These results lead to
the conclusion that the gene expression of alkaline phosphatase and the alkaline phosphatase activity can be influenced by the treatment with nanomaterials. We, on the other hand,
have not observed a significant alkaline phosphatase activity after 48 hours of treatment
(Figure 6.3). Which leads to the conclusion that SAS materials do not influence the alkaline
phosphatase activity and microvilli presence Figure 6.3, Figure 3.6 and Figure 4.2). As the
example by García-Rodríguez (et al., 2018b) has shown further investigation on other brush
border enzymes should be conducted to get a better overview of the influence of the SAS on
the microvilli function. This could exclude the subtoxic effect of the SAS on the microvilli.
7.2.4.2 Iron transport
The uptake and transport of iron in the intestine is one of the key physiological functions that
the enterocytes residing in the small intestine perform (Campbell et al., 2019). The treatment
with the ferritin uptake activator and inhibitor , calcium chloride and vitamin C, show significant changes in the iron uptake in the advanced co-culture system (Figure 6.3F). Therefore,
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we have shown that our advanced co-culture is able to detect changes in the iron uptake.
Vitamin C has been known to prevent the formation of insoluble and unabsorbable iron compounds, as well as for the reduction of ferric to ferrous iron, which are required for the uptake
in mucosa cells (EFSA, 2016e; Hallberg et al., 1989). Therefore, vitamin C can be used as a
positive control for the functional assay but not for the gene expression, as vitamin C only
changes the available iron compounds. Calcium chloride, on the other hand, has shown that
its effect on the iron uptake may be short term or adaptation occurred in Caco-2 monocultures. It has been shown that after 1.5 hours of calcium chloride treatments no effect on the
iron uptake or the divalent metal transporter 1 (DMT1) expression could be observed, but
after 4 hours of treatment upregulation of the DMT1 and the serosal exporter ferroportin
(FPN) expression have been observed (Lönnerdal, 2010). In another study, the expression of
DMT1 could be downregulated at the cell membrane with calcium chloride on differentiated
Caco-2 but was not downregulated in the whole cell lysate (Thompson et al., 2010). Additionally, no changes have been observed in the FPN expression (Thompson et al., 2010).
The group concluded that calcium reduces iron bioavailability by downregulating DMT1 expression at the apical cell surface, thereafter reducing the iron transport into the cell
(Thompson et al., 2010). In this thesis the whole cell lysate was used. Therefore, we can only
speculate that the fact that we used the whole cell lysate let us not observe any effect when
treating the advanced co-culture with the same CaCl2 concentration for the same time as
Thompson et al., (2010) did. But it is evident that our treatment with 200 µg/ml PS-amine
significantly downregulates DMT1 after 24 hours of treatment and significantly reduces the
ferritin uptake as well (Figure 6.3, Figure 6.4). In a 5 days chronic exposure scenario by Guo
et al., (2018, 2017) with TiO2 and SiO2 nanoparticles in a Caco-2/HT-29 co-culture, a significant decrease in the iron transport but no change in the iron uptake have been reported. The
ferritin uptake studies in this thesis have shown that two of the SAS materials reduce the
ferritin uptake but do not change the DMT1 expression (Figure 6.3, Figure 6.4). Nevertheless, it should be noticed that the values for the ferritin uptake between the different samples
have shown high variability for all SAS materials. It can only be speculated why the
SIPERNAT® materials with a small specific surface area can interfere with the ferritin uptake.
It could be that they exhibit the same effects as CaCl2. As it was shown by a randomised
control trial with the duration of one month, the administration of calcium supplements did not
affect iron bioavailability in women (Ríos-Castillo et al., 2014). Also earlier studies have failed
to report decreases in several markers of iron status in long-term intervention studies
(Bendich, 2001). Bendich, (2001) postulated an adaptive response by increasing the iron
absorption efficiency. Comparing the results of this thesis with the results of Guo et al. (2018,
2017) and human studies suggest that the investigation of iron uptake after a time period
longer than 48 hours would result in an adaption of the ferritin uptake back to solvent control
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levels. This theory should be further investigated, e.g. by measuring the iron uptake and calcium concentration after feeding SIPERNAT® 350 and SIPERNAT® 22 S in in vivo animals.
Since this kind of at least one month exposition studies cannot be executed in in vitro intestinal models so far without massiv changes in the cell morphology.
7.2.4.3 Lipid uptake
The uptake of lipid components at the brush border of the enterocytes is another physiological function the small intestine executes (Campbell et al., 2019). In our experiments, the
treatment with the fatty acid synthase inhibitor C75 showed a significant reduction of the lipid
uptake after 24 hours. This indicates that the model is sensitive to detect lipid uptake reductions. The influence of 30 nm SiO2 nanoparticles on the lipid uptake was assessed by the
group of Guo et al., (2018). In the acute exposure scenario (4 hours), no significant changes
in the lipid uptake were detected (Guo et al., 2018). But interestingly in the chronic exposure
(5 days) already the lowest SiO2 nanoparticles concentration reduced the lipid uptake significantly compared to the control group (Guo et al., 2018). After 48 hours of treatment with the
SAS materials, we did not observe any significant change in the lipid uptake. Only the gene
expression for the receptor for middle and long chain fatty acids GPR120 gene showed an
upregulation for the SIPERNAT® with the lowest specific surface area, SIPERNAT® 350
(Figure 6.4). Nevertheless, the results of the SAS materials did not indicate any subtoxic effects by changing the physiological function of the lipid uptake.

7.2.5 Influences of the SAS materials on the release of inflammatory cytokines
In this thesis, no significant changes in the release of the inflammatory cytokines IL-8 and
CCL2 have been observed after cultures were treated with SAS (Figure 6.5). Despite this, it
is known that GPR120 gene influences glucose uptake or inflammation (Oh et al., 2010;
Song et al., 2017; Zhang and Leung, 2014). For SIPERNAT® 350, which showed a significant upregulation in the GPR120 gene, no corresponding increase in the secretion of IL-8
and CCL2 was observed (Figure 6.5).
In the case of copper oxide nanomaterials, the 24 hours treatment of Caco-2 and HT-29, as
well as in Caco-2 and Raji B co-cultures, showed a significant increase in the release of IL-8
when compared to the control group (Ude et al., 2019). Furthermore, the treatment with 20
and 200 nm silver nanoparticles induced an elevated release of IL-8 in the Caco-2/TC7 and
HT-29 co-cultures (Georgantzopoulou et al., 2016). The increase in the release of IL-8 was
significantly higher for the cultures that had been treated with 20 nm silver nanoparticles
(Georgantzopoulou et al., 2016).
Literature shows that all intestinal cultures that can be inflamed or have a macrophage component are only able to secrete IL-8 and IL-1β (Kämpfer et al., 2017). Doing the treatment
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with silver nanomaterials in Caco-2/THP-1 co-cultures did not induce systematic changes in
cytokine release after 24 hours (Kämpfer et al., 2020). Interestingly, it has been shown that in
an intestinal co-culture model established by Susewind et al., (2015), only the treatment with
silver nanomaterials resulted in an increasing release of IL-8 and not the treatment with gold
nanomaterials. Furthermore, the gene expression of IL-8 was only increased after 24 hours
of treatment in the non-inflamed co-culture (Susewind et al., 2015). Yet, the release of IL-8
that was induced by the silver nanoparticles was observed in the inflamed and non-inflamed
co-cultures (Susewind et al., 2015). The induction of the IL-8 in gene expression was significantly increased only at a concentration of 156.25 µg/cm2 in the non-inflamed culture, while,
on the other hand, the release of IL-8 was already significantly increased at a concentration
of 39.065 µg/ml (Susewind et al., 2015). In our experiments, a similar induction of the inflammatory cytokines was not observed for SAS materials even though the experiments were
performed under similar culture conditions. It could be argued that our system had less immune cells, and therefore the release of inflammatory cytokines is limited as well as low. But
even in Raji B monocultures the treatment with SAS as well as PS-amine particles did not
induce the release of inflammatory cytokines in the supernatant (Figure S 9.27). Raji B cells
have been reported to secrete IL-10, TNF-α, INF-γ (Verlengia et al., 2004), however, the here
reported findings showed that all cytokines were below the detection limit.

7.2.6 Assessment of the intestinal uptake of SAS materials
The uptake was investigated with multiple methods (FACS, SEM/EDX, ToF-SIMs, TEM, confocal reflection microscopy and Hyperspectral imaging) in the in vitro intestinal model, but
SAS materials could not be detected without a subsequent elemental analysis (See 4). Previous studies managed to identify silica materials in vivo or in vitro only when the SAS materials were labelled, either fluorescently, radioactively or with a heavy metal in the core
(Fazaeli et al., 2019; Janßen et al., 2018; Mendez et al., 2017; Sarparanta, 2013; Ye et al.,
2017). Therefore, it can be concluded that more advanced analytical methods are needed to
detect unlabelled SAS materials in a cell environment. Furthermore, it was brought to our
attention that the investigation of unlabelled SAS materials by ICP-MS, with the values that
would be potentially present in the in vitro system, are still too low compared to the background values of silicon in the reaction vessel. Therefore, we need to push further the development of more advanced analytical tools that will enable us in the future to both qualitatively
and quantitatively assess the presence of silica material in advanced in vitro models.
In addition to more analytical tools, also other membranes for the Transwell® system will be
needed in the future. The currently used membranes consist of polyethylene glycol (PEG) or
polycarbonates (PC) and enable cell attachment and culture. The pictures provided by other
groups, however show that the Transwell® is preventing the transport of nanomaterials to the
166

Discussion and Outlook
basolateral side (Schimpel et al., 2014). The nanomaterials get trapped between the basal
cell layer and the Transwell®. This would also be the case for nanostructured materials like
SAS that are presumed to be most likely taken up by M-cells due to their aggregate size.
M-cells have shown to be able to take up nanomaterials in vivo and in vitro (des Rieux et al.,
2007; Powell et al., 2010). Due to the size of the SAS materials, this would also be their way
of uptaking in the intestine, rather than the transcellular transport through the Caco-2 cells
because of the presence of the brush border. Comparative studies of brush borders in undifferentiated and differentiated Caco-2 cells have already shown that differentiated Caco-2 are
unable to take up graphene sheets (Kucki et al., 2017), quantum dots (Peuschel et al., 2016)
or cerium oxide nanoparticles (Vila et al., 2018b). Due to the lack of detection the uptake of
the SAS materials in the differentiated Caco-2 monoculture could not have been evaluated
despite the use of multiple methods (see 5). Not having been able to detect SAS in a monoculture we did not try to evaluate them in the advanced co-culture model. Although the advanced co-culture model includes all cells that have been reported to be important for the
uptake of nanomaterials in the intestine, we would not be capable to detect the SAS material
in there.

7.2.7 The implications of the in vitro SAS investigations
The results of our investigations for the SAS materials in an advanced in vitro intestinal culture showed that the six examined SAS materials demonstrated no major impact on the
acute toxicity. Only two materials have influenced one physiological endpoint (iron uptake) in
the active function but not in the corresponding gene expression (7.2.4.2). The six investigated materials were selected to represent diverse production techniques, specific surface areas and a different number of silanol groups. As it was suggested by Zhang et al., (2012) the
presence of siloxane rings is the cause of the observed toxicity in the fumed silica particles.
In this thesis on the other hand no severe impacts on the viability could have been observed.
Only for the intestinal function of the iron uptake investigated in this thesis two SIPERNAT®,
which all have a higher silanol content then AEROSIL®, showed an effect on a physiological
endpoints.
Only for the mucus coverage we observed a significant increase in the alcian blue staining
for three materials (SIPERNAT® 160, AEROSIL® OX50 and AEROSIL® 380 F) assumed
due to their high negative charge. Also the different specific surface areas of the two
AEROSIL® materials did not seem to influence the outcome of acute toxicity or physiological
endpoints investigated in the in vitro intestine. Actually, it appeared that a low specific surface
area of SIPERNAT® material could interfere with the short-term ferritin uptake. But for
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SIPERNAT® 22 S and SIPERNAT® 160, which have nearly the same specific surface area,
only SIPERNAT® 22 S significantly reduced the ferritin uptake.
All these observations would lead to the conclusion that SAS production engineering has
certain degrees of freedom, including which production route to select, the amount of silanol
groups on the surface or the specific surface area. Not like a production engineer who wants
to manufacture new fibres and has to follow the fibre paradigm. The fibre paradigm summarises that if the fibre is thin enough to enter the lungs, it cannot be cleared out of the lungs
when it is longer than the phagocyte and bio persistency makes them also remain in the
lungs (Donaldson et al., 2010).
Our results showed that similar conclusions could not be drawn for the SAS materials. Nevertheless, the product manager of the food additive SAS should consider this when counselling the customer on which kind of food addictive to employ. As a matter of fact, SIPERNAT®
materials with low specific surface areas should not be coupled with products with a high
CaCl2 content.
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8 Outlook
The advanced co-culture model and the established physiological endpoints presented in this
thesis represent an important step for the future evaluation of food components, food additives and orally administered drugs. The described platform can enable sustainable testing
by significantly reducing the need for animal tests.
Although the important foundation is laid in the course of this thesis, there are still possibilities to further enhance this model.
One prospect is the further characterisation of the mucus present in the advanced in vitro
model. It has been shown that the porcine jejunal mucin mesh has a pore diameter up to
200 nm (Round et al., 2012). A recent comparison of artificial intestinal mucus and isolated
porcine intestinal mucus has shown that the mechanical properties at the microscale differ
significantly (Huck et al., 2019). However, this has also raised the question of why the isolated porcine intestinal mucus is only able to immobilize 42.8% of the 500 nm nanoparticles
(Huck et al., 2019), when the mesh size of the porcine mucus is below 200 nm. Therefore,
the further characterization and comparison of the mucus excreted from in vitro and in vivo
should be performed, allowing a broader use of the model.
A second prospect is the combination of the here established advanced in vitro model with
the Mimetas OrganoPlate®, which is a microfluidic 3D cell culture plate. This new platform
would allow a higher throughput as well as high content imaging of the intestinal tract. The
imaging possibilities in the Transwell® model are still limited and do not allow high content
imaging. This refined platform would potentially allow to investigate the influence of food additives on the physiological function at a more detailed level and with an even higher
throughput.
We did not observe any considerable uptake of the SAS materials in differentiated Caco-2
cells (Figure 4.8). As previously demonstrated by different research groups in rodent studies,
this indicates that SAS are excreted via faeces like other indigestible food components (J.-A.
Lee et al., 2017; Van der Zande et al., 2014). Therefore, it is important to consider whether
the SAS change in case of a contact with the intestinal microbiota. Not only is it possible to
investigate how and if the SAS change in the intestinal fluid, but there are also models that
would allow the investigation of the SAS digestion in the intestinal fluid with a following analysis of the SAS interaction with the colon microbiota (Aguirre et al., 2015). If there were
changes in SAS caused by the intestinal fluid, they could further influence the microbiota and
also have an impact on its composition. Therefore, the different approach to refine the advanced in vitro model is to introduce a microbiota component to it to further simulate the
in vivo situation in the intestine. The incorporation of the gut microbiota would further allow to
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investigate the influence of the commensal bacteria on food additives and orally administered
drugs, especially the ones that are nearly 100% excreted via the faeces.
Over the last decades the stable incidence in Western communities, and the increasing incidence in newly industrialised countries for Inflammatory bowel disease (IBD) can be observed (Alatab et al., 2019). IBD describes a nonbacterial chronic inflammation of the GIT
(Schneider and Feussner, 2017), which mainly includes Crohn's disease, ulcerative colitis
and indeterminate colitis (Alatab et al., 2019). Crohn's disease and ulcerative colitis result in
an uncontrolled intestinal inflammation, which ends in the disruption of the intestinal barrier
integrity (Ramos and Papadakis, 2019). This disruption entails the exposure of the inflammatory cells in the Lamina propria not only to harmful bacteria, but also to food components like
food additives. Winkler et al., (2017) have previously shown in vitro that dendritic cells, that
reside in the Lamina propria in vivo, respond differently if they come into contact with the
SAS materials. Therefore, it is advisable to establish disease models for future toxicity investigations, for instance generating an in vitro intestine model that mimics IBD. This would allow
to analyse the effects of food additives like SAS or E 171 on an impaired intestinal barrier.
Additionally, this model would also allow to investigate the physiological changes in the impaired intestine and how macrophages or dendritic cells would interplay in this kind of
changes. The refinement of the advanced intestinal co-culture model with the incorporation of
dendritic cells or macrophages represents another improvement of the platform described
here.
This thesis also shows that the advanced co-culture model could be used to further investigate in which structure/form food components and oral drugs are taken up. The small angle
X-ray scattering analysis, although promising, has shown that the proteins present in the serum interfere with the measurements. As the ferritin uptake results have shown, it would be
possible to perform the SAXS investigation in the iron-free medium, as it has been shown
that the cells of the advanced co-culture survive in such a medium for 48 hours. Hence, this
could be one of the next steps to investigate the uptake of nano-formulations in the in vitro
intestine through SAXS analysis.
The results of this thesis have pointed in the direction that the mucus is a very important barrier for preventing the uptake of certain food additives. How relevant its influence is should be
further investigated. Is the mucus only preventing the transport of food additives that are process aids or added to change the appearance, flavour or colour of food? Is the phenomenon,
if the food additive is mucopenetrating or mucoadhesive, for all food additive size and charge
dependent? Like it has been seen for the SAS? After understanding if the additives cross the
mucus barrier, other questions on the uptake arise. For instance, is the uptake composition
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dependent e.g. would a processing aid be mucus penetrating if it was doped with supplementary components that change the charge? Or is mucus penetration of food additives a
mesh size dependent phenomenon? Additionally, the question arises if the SAS change the
composition of the mucus in vitro, as was already seen for silver in vivo (Jeong et al., 2010).
Lastly, this thesis has shown that the established advanced co-culture model is beneficial for
the investigation of the harmful outcomes of food. Therefore, it would be very interesting to
use this tool to also investigate other food additives and food components. In this thesis also
the food additive E 171 has been investigated. E 171 was analysed here to exclude that the
choice of the used cell model has not resulted in the lack of the detection of SAS. However,
the confocal reflection microscopy results have shown that E 171 is taken up by the differentiated Caco-2 monoculture. Therefore, it would be very interesting to investigate if the same
E 171 will also be taken up when exposed to the advanced co-culture model, or if the interaction with mucus prevented E 171 to reach the cell layer. Do E 171 materials exhibit mucoadhesive characteristics as the findings of Talbot et al., (2018) suggest or is this dependent on
the E 171 used?
Additionally, the investigation of potentially harmful food components in the established model would be very interesting. As a study from Austria has shown, microplastic has not only
reached our oceans, but also humans who are at the end of the food chain. Eight volunteers
donated stool samples, and all resulted positively containing microplastic (Schwabl et al.,
2019), which suggests unintended ingestion of microplastic in the European diet. Moreover,
another group has claimed microplastic to be a potential vector for chromium in an in vitro
digestion model (Liao and Yang, 2020). Until now the effects that microplastic intake could
have on human health have nearly been unknown. Therefore, the influence of microplastic
on the intestine should be investigated in the already established advanced co-culture model.
Additionally, the platform could provide an insight into whether microplastic, which has absorbed heavy metals from the environment, releases them in the GIT.
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9 Appendix
9.1

Attachment to Results

9.1.1 Supplementary information to Chapter I

Figure S 9.1: Representative TEM images used to determine primary structure
sizes as well as aggregate sizes of SAS materials.
SIPERNAT® 22 S (A, B) and AEROSIL® 380 F (C, D) are shown exemplarily.
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Figure S 9.2: Concentration dependent analysis of ROS formation upon SAS treatment
for 2 h.
The production of ROS in differentiated Caco-2 cells was measured by the DCF assay after
two hours of exposure to the indicated concentrations of the 10 different SAS materials.
None of the 10 SAS materials analysed produced ROS. 3-Morpholinosydnonimine (Sin-1)
served as a chemical positive control and induced a 7-fold increase at a concentration of
50 µM. Multi-walled carbon nanotubes (MWCNT) served as a particle positive control inducing a dose depend increase up to 3-fold at a concentration of 20 µg/ml. Mean values and
corresponding standard deviations from three independent experiments with four technical
replicates each are shown. The orange dashed line indicates the 100% level of the untreated
control sample. ****P≤0.0001
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Figure S 9.3: Concentration dependent analysis of cell viability of differentiated Caco-2 cells after 24 h of SAS exposure.
Following the incubation of differentiated Caco-2 cells with various concentrations of different
SAS for 24 h, cell viability was assessed with resazurin. (A) Cadmium sulphate (CdSO4)
served as a chemical positive control and induced a dose-depend decrease in cell viability.
(B) Amine modified polystyrene particles (PS-amine) served as a particle positive control. (C)
SIPERNAT® 350. (D) SIPERNAT® 22. (E) SIPERNAT®22 S. (F) SIPERNAT® 2200. (G)
SIPERNAT® 160. (H) SIPERNAT® 50. (I) SIPERNAT® 50 S. (J) AEROSIL® OX50. (K)
AEROSIL® 200 Pharma. (L) AEROSIL® 380 F. Mean values and corresponding standard
deviations from three independent experiments with four technical replicates each are
shown. The orange dashed line and the grey dotted lines resemble the mean value of the
solvent control sample and twice the corresponding standard deviations, respectively. All
values therein are within the range of solvent treated sample variation and are thus considered without effect.
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Figure S 9.4: Concentration dependent analysis of cell viability of differentiated Caco-2
cells after 48 h of SAS exposure.
Following the incubation of differentiated Caco-2 cells with various concentrations of different
SAS for 48 h, cell viability was assessed with resazurin. (A) CdSO4 served as a chemical
positive control and induced a dose-depend decrease in the cell viability. (B) PS-amine
served as a particle positive control and decreased viability at a concentration of 200 µg/ml.
(C) SIPERNAT® 350. (D) SIPERNAT® 22. (E) SIPERNAT®22 S. (F) SIPERNAT® 2200. (G)
SIPERNAT® 160. (H) SIPERNAT® 50. (I) SIPERNAT® 50 S. (J) AEROSIL® OX50. (K)
AEROSIL® 200 Pharma. (L) AEROSIL® 380 F. Mean values and corresponding standard
deviations from three independent experiments with four technical replicates each are
shown. The orange dashed line and the grey dotted lines resemble the mean value of the
solvent control sample and twice the corresponding standard deviations, respectively. All
values therein are within the range of solvent treated sample variation and are thus considered without effect.

178

Appendix
Resazurin assay in undifferentiated Caco-2 cells
Caco-2 cells were seeded into 96-well plates at a density of 4.5x105 cells per well in a total
volume of 200 µl complete cell culture medium. Cells were allowed to attach for 48 h. Treatment volumes in the 96-well plates were calculated to match medium heights of 5.2 mm to
achieve identical dosing conditions compared to the differentiated Caco-2 cells in the HTS
96-well inserts. This resulted in an actual treatment volume of 169 µl for the undifferentiated
Caco-2 cells. Cells were treated with concentrations of 0, 3.125, 6.25, 12.5, 25 and 50 µg/ml
SIPERNAT® 22 S for 24 and 48 h in fresh complete phenol red free cell culture medium.
CdSO4 was used in concentrations of 0, 1, 10, 100, 1000, and 10,000 µM and served as a
chemical positive control. PS-amine in concentrations of 0, 12.5, 25, 50, 100, and 200 µg/ml
served as a particle positive control. All 0 µg/ml samples received an equivalent volume of
ddH2O in medium as solvent control. The resazurin stock solution (1 mg/ml in ddH2O) was
prepared freshly for every experiment. 24 and 48 h post-exposure 22.5 µL of a 21.25 µg/ml
pre-dilution of resazurin in PBS were added directly to each well resulting in a final concentration of 2.5 µg/ml resazurin in complete phenol red free cell culture medium. The cells were
incubated for 2 h at standard growth conditions and the fluorescence was measured with a
multi-well plate reader (Mithras2, Berthold Technologies) at 530/585 nm (excitation/emission).
Data shown represent the mean and corresponding standard deviations of three independent
experiments with four technical replicates each.
As shown in Figure S 9.5 SIPERNAT® 22 S did not affect viability of undifferentiated Caco-2
cells up to 48 h of treatment and a concentration of 50 µg/ml. Values of all concentrations
analysed were within the range of solvent treated sample variation indicated by the dotted
grey lines which resemble twice the standard deviation of the solvent control sample. In contrast treatment of undifferentiated Caco-2 cells with the positive control particle PS-amine
resulted in a dose-dependent decrease in cell viability after 24 (blue squares) as well as 48 h
(red dots) (Figure S 9.5C, D, respectively). This confirms the reported higher sensitivity towards toxic nanoparticle insult of undifferentiated Caco-2 cells compared to differentiated
Caco-2 cells (Gerloff et al., 2013; Pietroiusti et al., 2017; Song et al., 2015). Similarly, the
chemical positive control CdSO4 induced a dose-dependent decrease in cell viability both
after 24 and 48 h of treatment (Figure S 9.5A, B, respectively).
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Figure S 9.5: Concentration dependent analysis of cell viability of undifferentiated
Caco-2 cells after 24 h (blue squares, A, C, E) and 48 h (red circles, B, D, F) of exposure.
Following the incubation of undifferentiated Caco-2 cells for 24 h (blue squares) and 48 h
(red circles) cell viability was assessed with resazurin. (A, B) The chemical positive control
CdSO4 induced a dose-dependent decrease in cell viability at both time points. (C, D) Similarly, the particle positive control PS-amine induced a dose-dependent reduction in cell
viability at both time points. (E, F) SIPERNAT® 22 S did not influence cell viability at both
time points and up to a concentration of 50 µg/ml. The orange dashed line and the grey
dotted lines resemble the mean value of the solvent control sample and twice the corresponding standard deviations, respectively. All values therein are within the range of untreated sample variation and are thus considered without effect.

180

Appendix

Interference assessment in a cell-free environment
Different types of nanomaterials have been shown to interfere with absorbance as well as
fluorescence based in vitro assays (Belyanskaya et al., 2007; Casey et al., 2007; Hirsch et
al., 2011; Monteiro-Riviere et al., 2009). To avoid false positive or false negative results it is
thus important to address potential interference reactions with the respective assays used.
We established cell free interference controls for all assays that were run independently of
and in parallel or prior to the cell based assays.

Interference assessment in the DCF assay
Oxidation of H2DCF through SAS interaction, quenching of an existing fluorescence signal
due to the presence of SAS and SAS auto-fluorescence were analysed in a cell free environment. A detailed description of the interference detection method has been published previously by May et al., (2018).
To assess the intrinsic reactivity (or oxidative potential) the de-acetylated H2DCF molecule
was incubated for 2 h with increasing concentrations of SAS as well as the positive controls
Sin-1 and MWCNT. As shown in figure S6A the chemical positive control Sin-1 (50 µM) is
able to process the H2DCF molecule in a cell free environment leading to a 27-fold increase
in relative fluorescence compared to the untreated sample. Similarly, 20 µg/ml of the particle
positive control MWCNT induced a 29-fold increase in relative fluorescence. In contrast,
none of the ten SAS materials influenced H2DCF fluorescence in a cell free environment up
to a concentration of 50 µg/ml and 2 h of incubation.
Quenching effects were analysed using the fluorescent molecule DCF (Sigma, Buchs, Switzerland). No quenching of the DCF signal was observed for any of the ten SAS materials up
to a concentration of 50 µg/ml and 2 h of incubation (Figure S 9.6B).
Auto-fluorescence of increasing SAS concentrations were measured in HBSS. None of the
ten SAS materials exhibited an auto-fluorescence signal (Figure S 9.6C) after 2 h of incubation and up to a concentration of 50 µg/ml.
All measurements were carried out at a wavelength of 485/528 nm (excitation/emission) using a multimode plate reader (Mithras2, Berthold Technologies).
Data shown in figure S6 represent the mean values and corresponding standard deviations
from three independent experiments with four technical replicates each.
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Figure S 9.6: Interference assessment of SAS with the DCF assay.
(A) Assessment of the intrinsic reactivity. The chemical control (Sin-1) as well as the particle
positive control (MWCNT) increased the H2DCF fluorescence signal after 2 h of incubation.
All 10 SAS materials did not process H2DCF in a cell free environment. The orange dotted
line represents the mean value of the solvent control to which all values were normalized. (B)
Assessment of quenching reactions. SAS did not quench an existing DCF signal. (C) Assessment of auto-fluorescence. SAS did not show any sign of auto-fluorescence. The orange
dotted lines in B and C represent the solvent control of the DCF signal to which all values
were normalized. Mean values and corresponding standard deviations from three independent experiments with four technical replicates each are shown.

Interference assessment in the resazurin assay
In order to assess potential interference with the resazurin assay three different parameters
were investigated: quenching of an existing resorufin signal, reduction of resazurin to resorufin by SAS and auto-fluorescence of SAS materials. The treatment of the interference samples and the assay procedure were identical to the protocol described in the materials and
methods section of the main manuscript but were carried out in 96-well cell culture plates (as
opposed to HTS 96-well inserts). To ensure identical dosimetry conditions, volumes were
adapted accordingly. Serial dilutions of SAS (0, 3.125, 6.25, 12.5, 25 and 50 µg/ml) were
prepared in complete phenol red free cell culture medium and 169 µl were added to the respective wells of a 96-well plate.
To determine potential quenching effects of SAS 22.5 µl of the fluorescent molecule resorufin
were added to each well containing the respective SAS dilutions. Likewise, to assess the
reduction of resazurin to resorurfin, 22.5 µl resazurin were added to the respective wells.
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Auto-fluorescence of SAS was assessed upon addition of 22.5 µl PBS. All samples were
incubated for 2 h under standard growth conditions and fluorescence was measured at a
wavelength of 530/585 nm (excitation/emission) using a multimode plate reader (Mithras2,
Berthold Technologies).
None of the ten SAS quenched the resorufin signal, reduced resazurin to resorufin or exhibited auto-fluorescence up to a concentration of 50 µg/ml (Figure S 9.7).

Figure S 9.7: Interference assessment of SAS with the resazurin assay.
(A) SAS did not quench an existing resorufin signal. (B) SAS did not process resazurin in a
cell free environment. (C) SAS did not show any sign of autofluorescence. Mean values and
corresponding standard deviations from three independent experiments with two technical
replicates each are shown. All values were normalized to the solvent control of resorufin
which is shown as an orange dashed line in all graphs.

Interference assessment in sodium fluorescein translocation studies
Two parameters of potential SAS interference were determined: quenching of the sodium
fluorescein fluorescence signal and the auto-fluorescence of SAS. Three different concentrations of SAS were assessed: 0.5, 5 and 50 µg/ml. SAS materials were pre-incubated with
10% FCS for 48 h prior to the interference assessment.
Therefore, the pre-incubated SAS materials were either diluted in complete phenol red free
cell culture medium containing 5 µM sodium fluorescein or complete phenol red free cell culture medium only to assess quenching effects and auto-fluorescence, respectively.
100 µl of each dilution were added in duplicates to a 96-well plate and incubated for 5 h under standard growth conditions. Fluorescence was measured at a wavelength of 460/515 nm
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(excitation/emission) using a multimode plate reader (Mithras2, Berthold Technologies). Neither quenching of the sodium fluorescein signal nor auto-fluorescence was detected in the
presence of up to 50 µg/ml SAS.

Figure S 9.8: Interference assessment of SAS with the sodium fluorescein translocation assay.
(A) SAS did not quench an existing signal of sodium fluorescein. (B) SAS materials were
not auto-fluorescent. Mean values and corresponding standard deviations from three independent experiments with two technical replicates each are shown. All values were normalized to the solvent control of sodium fluorescein which is shown as an orange dashed line
in both graphs.
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Property
solvent properties

particle properties

Value

viscosity
density
temperature
density
particle diameter ¦ size distribution
fractions per bin (=volume weighted
fractions)
agglomerate effective density

experimental parameters

model parameters
output data parameters

height of suspension
initial total SAS concentration
total time of simulation
sedimentation force
height of subcompartment
time interval for simulation
output time interval
output compartment height
plot or not plot
write bottom output only (1) or all
data (0)

0.00081
1.0104
37
2.285
compare DLS
measurements
compare DLS
data
compare VCM
results
5.24
0.05
48
1
0.005
0.5
60
0.01
1
1

Unit
Pa s
g/cm3
°C
g/cm3
nm

g/cm3
mm
mg/cm3
h
g
mm
s
min
mm

advanced model parameters
concentration
dependence
of
transport parameters
dissolution parameter

"stickiness"

sedimentation coefficient concentration dependence ks
diffusion coefficient concentration
dependence kd
initial dissolution fraction (at t0)
method for modelling dynamic dissolution in terms of agglomerates
type of dissolution rate
times for dissolution fraction data (h)
dissolution fractions corresponding
to specified times
particle-cell adsorption parameters
fraction
of
free
particles/agglomerates (in bottom compartment) that bind per second
adsorption dissociation constant for
agglomerate binding to cells (KD)

0
0
0
1
0

0

1x10-9

mol/L

Table S 9.1: Parameters used for the DG simulations. Particle specific parameters
are depicted in blue.
Respective agglomerate effective density values for each particle type are summarized in
table 1 (main text). Particle size distributions ("DLS measurements") are given in supplementary file 2.
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Material

initially ap-

fraction de-

resulting de-

resulting well

plied concen-

posited

livered dose

surface occu-

tration

(%)

(µg/cm2)

pied

(µg/ml)
SIPERNAT® 350
SIPERNAT® 22
SIPERNAT® 22 S
SIPERNAT® 2200
SIPERNAT® 160
SIPERNAT® 50
SIPERNAT® 50 S
AEROSIL® OX50
AEROSIL®
200
Pharma
AEROSIL® 380 F

(%)

50
50
50
50
50
50
50
50
50

63
25
88
27
47
43
82
19
9.5

16.5
6.6
23.1
7.1
12.3
11.3
21.5
5
2.5

11.8
10.3
5.4
6.9
7.6
10
5.5
6.1
2

50

5.3

1.4

1.5

Table S 9.2: Results of the DG model.
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9.1.2 Supplementary information to chapter II

Figure S 9.9: Concentration dependent analysis of cell viability of undifferentiated
and differentiated Caco-2 cells after 24 h of exposure.
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Following the incubation of undifferentiated Caco-2 cells (left column) with various concentrations of different food additives for 24 h, cell viability was assessed with resazurin. Cadmium
sulphate (CdSO4) served as a chemical positive control and induced a dose-depend decrease in cell viability in (A) undifferentiated and (B) differentiated Caco-2 cells. Amine modified polystyrene particles (PS-amine) served as a particle positive control and induced a decrease in cell viability in (C) undifferentiated and (D) differentiated cells. (E, F) P25, (G,H)
E 171, (I) SIPERNAT® 22, (J) AEROSIL® 380 F. Mean values and corresponding standard
deviations from one (F), two (B, D, E, G, H) or three (A, C, I, J) independent experiments with
four technical replicates each are shown. The orange dashed line and the grey dotted lines
resemble the mean value of the solvent control sample and twice the corresponding standard
deviations, respectively. All values therein are within the range of solvent treated sample variation and are thus considered without effect.
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Figure S 9.10: Concentration dependent analysis of cell viability of undifferentiated
and differentiated Caco-2 cells after 48 h of exposure.
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Following the incubation of undifferentiated Caco-2 cells (left column) with various concentrations of different food additives for 24 h, cell viability was assessed with resazurin. Cadmium
sulphate (CdSO4) served as a chemical positive control and induced a dose-depend decrease in cell viability in (A) undifferentiated and (B) differentiated Caco-2 cells. Amine modified polystyrene particles (PS-amine) served as a particle positive control and induced a decrease in cell viability in (C) undifferentiated and (D) differentiated cells. (E, F) P25, (G,H)
E 171, (I) SIPERNAT® 22, (J) AEROSIL® 380 F. Mean values and corresponding standard
deviations from one (F), two (B, D, E, G, H) or three (A, C, I, J) independent experiments with
four technical replicates each are shown. The orange dashed line and the grey dotted lines
resemble the mean value of the solvent control sample and twice the corresponding standard
deviations, respectively. All values therein are within the range of solvent treated sample variation and are thus considered without effect.
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Figure S 9.11: TEM micrographs of the untreated undifferentiated Caco-2 cells after
48 h exposure
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9.1.3 Supplementary information to chapter III
Lipid uptake assay
For the positive control investigations an advanced co-culture model consisting of Caco-2,
HT-29 and Raji B lymphocytes, 22 d old, was treated with 50 µg/ml of the fatty acid
synthease inhibitor C75 for 24 h. After the treatment the medium was removed and the cultures were washed with PBS. Transwells were incubated for 10 min with 250 µl of 20 µM
BODIPY™ 500/510 C1, C12 (Thermo Fischer, D3823) in 0.1% BSA according to manufacturer’s protocol. Then transwells were washed with ice cold 0.1% BSA and complete DMEM
made from phenol red free medium has been added to the apical and basal compartment.
The cells were incubated for 1 h at standard growth conditions and the fluorescence was
measured with a multi-well plate reader (Mithras2 LB943, Berthold Technologies) at
485/528 nm (excitation/emission).

Figure S 9.12: Physiological function of the Caco-2/HT-29 co-culture.
(A) Alcian blue staining of the Caco-2/HT-29 co-culture reveals the presence of a continuous
mucus layer on the cell surface. (B) Lipid uptake in Caco-2/HT-29/ Raji co-cultures. The cells
are stained with phalloidin to visualise the F-actin in the cell membran (magenta) and DAPI
to show cell nuclei (blue). The uptake of the fluorescent lipids are shown in green.
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Figure S 9.13: SAXS curves of the apical digestion mixture before the addition of
pancreatic lipase (black) and 70 min after (red) in presence of cells.

Figure S 9.14: Measured pH and the calculated lattice parameters of Im3m (◊), H2
(○), and Lα (∆) phases during the digestion of milk mixture in presence of Caco2/HT-29 co-cultures.
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Figure S 9.15: Estimation of the digestion progress from the amount of NaOH titrated.
Triglycerides with an average of 44 carbons in the fatty acids was assumed for the calculation of initial concentration of fatty acids in milk. (Breckenridge and Kuksis, 1967; Juarez and
Ramos, 2003)

Figure S 9.16: Measured pH and the calculated lattice parameters of Im3m (◊), H2
(○), and Lα (∆) phases during the digestion of milk mixture without cells. After a
brief initial ~6 min equilibration, the pH was constant at 6.5.
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Figure S 9.17: Comparison of digestion with cells and without cells before addition
of lipase and after 55 min of digestion.

Figure S 9.18: Measured pH of the control milk digestion experiment at pH 7.0 in
absence of cells.

195

Appendix

9.1.4 Establishment of the advanced co-culture model

Figure S 9.19: TEER measurments over time course of 21 d for different seeding ratios
of a Caco-2/HT-29 co-culture

Figure S 9.20: TEER measurments over time course of 7 d for different seeding ratios of a Caco-2/HT-29/Raji co-culture
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Figure S 9.21: SEM micrographs of the monocultures after 21 d of cultivation
SEM micrographs of of the cell layer and the microvillis of Caco-2 (left); HT-29 (middle) and
M-cells (right)

Figure S 9.22: SEM micrographs of different seeding ratios of a Caco-2/HT-29
co-culture in MEM (left) and DMEM (right) medium
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Figure S 9.23: SEM micrographs of a 75:25 co-culture Caco-2/HT-29 in MEM (left)
and DMEM (right) medium

Figure S 9.24: Alcian blue staining of different seedings ratios of Caco-2/HT-29/Raji
in MEM (left) and DMEM (right) medium
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9.1.5 Supplementary information to chapter IV

Figure S 9.25: Verification of the advanced intestinal co-culture model
TEER measurements over the time course of 21 days. (B) SEM micrograph of the apical
surface of a representative advanced co-culture after 21 days of cultivation, showing a dense
coverage with microvilli structures & mucus balls. (C) Alcian blue staining of an histological
section. (D) Alcian blue staining of a untreated control sample (E) Representative confocal
laser scanning microscopy image of the advanced co-culture after 21 days of differentiation
and magnifications thereof (E-F). Cells were stained for the M-cell marker NKM 16-2-4
(green, E), the mucin MUC5AC (green, F), and nuclei (blue, E and F). Representative
images of two independent experiments are shown.
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Figure S 9.26: Impact of SAS on cell viability of advanced intestinal co-cultures after 24 h of exposure.
Following the incubation of advanced intestinal co-cultures with various concentrations of
different SAS for 24 h cell viability was assessed with the MTT assay. (A) CdSO4 served as a
chemical positive control and (B) PS-amine was used as a particle positive control. (C)
SIPERNAT® 350. (D) SIPERNAT® 22 S. (E) SIPERNAT® 160. (F) AEROSIL® OX50. (G)
AEROSIL® 380 F. Mean values and corresponding standard deviations from three independent experiments with four technical replicates each are shown. The orange dashed line
and the grey dotted lines resemble the mean value of the solvent control sample and twice
the corresponding standard deviations, respectively.
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Figure S 9.27: Fluorescent intensity for inflammatory cytokines after 24 h treatment
of Raji B lymphocytes analysed with an arraychip
Exemplary are shown the fluorescent intensities for background (diluent buffer), treatment
with 10 ng/ml Il-1β, the solvent control (H2O), 100 µg/ml PS-amine, 50 µg/ml
SIPERNAT® 22 S and 50 µg/ml AEROSIL® 380 F. The red dashed line resembles the mean
value of the fluorescent intensity of the control arrays.

ALP
DMT 1
GPR120
IL-8
MUC1
RPLPO

Forward primer (5'->3')
GACAAGAAGCCCTTCACTGC
GACAGACGGTACCAACGGAA
GCCAGGACTGGTCATTGTGA
GTCATTAGGTATCTGCCTTTTTGG
T
TTTCCAGCCCGGGATACCTA
CCTCGTGGAAGTGACATCGT

Table S 9.3: Primer sequence

201

Reverse primer (5'->3')
TGAGACCCCTGACCTTGACC
ACTGGAAGCCAGAGTGAATGG
GCTGGCGTGAACTCTTAGGT
GGACACTACTGGGAGTGACAAAG
TTCACGCCACTTCTCACCTC
ATCTGCTTGGAGCCCACATT
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