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Abstract
Application of nanotechnology in the food industry has great potential to
deliver health benefits to consumers. Fortification of food with nanosized iron
phosphate compounds (FePO₄ NPs) is a promising new approach to reducing iron
deficiency, the most prevalent micronutrient deficiency worldwide, because FePO₄
NPs combine high bioavailability with superior sensory performance in difficult-tofortify foods. However, their fate and safety upon ingestion is still unknown.
Therefore, the goal of this thesis was to investigate their biological impact on human
gastrointestinal epithelial cell lines, as well as their potential to induce adverse effects
upon sub-chronic administration to experimental animals.
Two differently sized iron phosphate nanoparticles (FePO₄ NPs) with a
specific surface area (SSA) of 98 (FePO₄ 98) and 188 (FePO₄ 188) m²/g were
synthesized by flame spray pyrolysis. Their biological impact was studied in cells
derived from a human colon adenocarcinoma (HT29) and its mucus-secreting
subclone (HT29-MTX) to assess whether the presence of mucus alters the interactions
of NPs with the cells. Additionally, the responses of human colonic epithelial cells
(HCECs), established from noncancerous tissue and retaining characteristics of
normal epithelial cells, was characterized. Furthermore, the impact of FePO₄ NPs was
compared to the effect of several food grade compounds: 1) a larger FePO₄
compound (FePO₄ 27) as control for the effect of particle size; 2) FeSO₄ as control for
iron toxicity; and 3) SiO₂ NPs (SiO₂ 200 and SiO₂ 380) as controls for the effect of nondissolvable NPs.
Uptake of FePO₄ 98, FePO₄ 188 and FePO₄ 27 into all three cell lines was
confirmed by transmission electron microscopy images. Exposure to all FePO₄
particles, FeSO₄ or SiO₂ NPs for 3-24 h did not induce oxidative stress in any of the
cell lines. Also exposure of the cell lines to FePO₄ 98 and FePO₄ 188 and the control
3
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compounds FeSO₄, SiO₂ 200 and SiO₂ 380 for up to 48 h did not lead to reduced
metabolic activity or membrane damage. However, exposure to FePO₄ 27 for 48 h
resulted in decreased metabolic activity and increased membrane damage in HCECs
but not in HT29 and HT29-MTX cells. By comparing the settling behavior of FePO₄ 27,
FePO₄ 98 and FePO₄ 188, it was apparent that FePO₄ 27 settles faster, resulting in an
increased amount of particles delivered to the cell. By adjusting exposure times to
account for the variable settling behavior, metabolic activity of HCECs was similar
after exposure to all FePO₄ particles.
Exposing weanling Sprague Dawley rats for 90 days to FePO₄ NPs at the iron
dose recommended for laboratory rodents or at a dose at which FeSO₄ has been
shown to induce adverse effects, did not result in any measurable toxicologically
relevant adverse effects, including altered food intake, growth, oxidative stress,
organ damage, excess iron accumulation in organs, or histological changes. Feeding
rats with diets containing control compounds FePO₄ 27 and SiO₂ 200 also did not
induce any measurable adverse outcome; however, FePO₄ 27 appeared to be less
bioavailable compared to FeSO₄ or FePO₄ NPs. The lower bioavailability of FePO₄ 27
seems to be related to its poorer dissolution in the stomach as was shown during
simulated digestion experiments. Overall, our data suggest FePO₄ NPs are at least as
safe for human consumption as FeSO₄, since administration of FePO₄ NPs at doses
that were approximately 100 times higher than the recommended dietary allowance
of iron for women did not result in adverse outcomes.
Further research is warranted to elucidate the mechanism of uptake for iron
from FePO₄ NPs and to evaluate their bioavailability in humans.
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Sommario
L’utilizzo di nanotecnologie nell’industria alimentare può portare benefici per la
salute dei consumatori grazie allo sviluppo di nuovi prodotti alimentari e al miglioramento
di prodotti già esistenti. La fortificazione di alimenti con nanoparticelle di fosfato di ferro
(FePO₄ NPs) è una strategia promettente per combattere la carenza di ferro, la carenza di
micronutrienti più comune nel mondo. La scelta di utilizzare FePO₄ NPs è legata alle
superiori proprietà sensoriali e alla biodisponibilità paragonabile ai fortificanti di ferro
utilizzati attualmente. Tuttavia, il loro destino dopo ingestione e la sicurezza di utilizzo
sono ancora sconosciuti. Pertanto, il primo obiettivo di questa tesi è stato quello di
valutare il loro impatto biologico su cellule epiteliali del tratto gastrointestinale umano.
Una seconda indagine è stata rivolta a investigare il loro potenziale di indurre effetti
negativi in animali da esperimento dopo somministrazione sub-cronica.
In questo studio sono stato considerati due tipi di nanoparticelle di FePO₄
sintetizzati mediante pirolisi in fiamma e aventi dimensioni differenti e area superficiale
specifica di 98 (FePO₄ 98) e 188 (FePO₄ 188) m²/g, rispettivamente. Il loro impatto
biologico è stato studiato in cellule derivate da un adenocarcinoma del colon umano
(HT29) e in un sub-clone secernente muco (HT29-MTX). Questa seconda linea cellulare è
stata considerata per valutare se la presenza di muco altera le interazioni tra NPs e cellule.
Inoltre, si è studiata la risposta di cellule epiteliali da colon umano (HCEC), ottenute da
tessuto non canceroso e che mantengono le caratteristiche di cellule normali. L'impatto
di FePO₄ NPs è stato confrontato con l'effetto di alcuni composti utilizzati nell’industria
alimentare: 1) un FePO₄ di dimensioni maggiori (FePO₄ 27) come composto di controllo
per l’effetto della dimensione delle particelle; 2) FeSO₄ come composto di controllo per la
tossicità di ferro; e 3) SiO₂ NPs (SiO₂ 200 e SiO₂ 380) come composti di controllo per
l’effetto di NPs non-dissolubile.
L’assorbimento di FePO₄ 98, FePO₄ 188 e FePO₄ 27 in tutte le tre linee cellulari
è stato confermato con immagini di microscopia elettronica a trasmissione. L’esposizione
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a tutti i composti investigati per 3-24 h non ha, tuttavia, indotto stress ossidativo in alcuna
linea cellulare. Anche l'esposizione a FePO₄ 98, FePO₄ 188, FeSO₄, SiO₂ 200 e SiO₂ 380 fino
a 48 h non ha portato ad attività metabolica ridotta o danneggiamento della membrana.
Tuttavia, esposizione a FePO₄ 27 per 48 h ha comportato una diminuzione dell’attività
metabolica e aumento del danneggiamento della membrana in HCECs ma non in HT29 e
HT29-MTX. Confrontando il comportamento di sedimentazione di FePO₄ 98, FePO₄ 188 e
FePO₄ 27, è evidente che FePO₄ 27 sedimenta più rapidamente, portando ad una maggiore
quantità di particelle in contatto con le cellule. Regolando i tempi di esposizione tenendo
conto del comportamento di sedimentazione, l’attività metabolica di HCECs dopo
esposizione a tutte le particelle FePO₄ è risultata simile.
L’esposizione di ratti svezzati Sprague Dawley per 90 giorni a FePO₄ NPs (dose di
ferro raccomandata per roditori da laboratorio o dose minima per osservare effetti
negativi con FeSO₄) non ha comportato effetti negativi misurabili. In particolare, non sono
stati osservati effetti negativi dal punto di vista tossicologico, come alterazioni della
assunzione di cibo, crescita, stress ossidativo, danno d'organo, eccesso di accumulo di
ferro in organi, o cambiamenti istologici. La somministrazione di diete contenenti FePO₄
27 e SiO₂ 200 non ha indotto alcuna effetto negativo misurabile, tuttavia, FePO₄ 27
sembrava essere meno biodisponibile rispetto a FeSO₄ o FePO₄ NPs. La biodisponibilità
inferiore di FePO₄ 27 sembra essere legato alla sua minore dissoluzione nello stomaco,
come è stato dimostrato durante esperimenti simulati di digestione. In generale, i nostri
dati suggeriscono che FePO₄ NPs sono sicuri per il consumo umano tanto quanto composti
commerciali di FeSO₄, in quanto la somministrazione di FePO₄ NPs in dosi cento volte
superiore alla quantità di ferro consigliata per le donne non ha portato a effeti negativi.
Ulteriori studi sono necessari per delucidare il meccanismo di assorbimento di
ferro da FePO₄ NPs e per valutare la sua biodisponibilità negli esseri umani.
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CHAPTER 1

1 Iron
1.1 Iron chemistry and function
Iron is a major component of the Earth’s crust and is essential for most life
on the planet, especially for organisms living in an oxygen-rich environment [1]. While
iron can exist in oxidation states from Fe²ˉ to Fe⁶⁺, the most common states in
biological systems are the ferrous (Fe²⁺) and the ferric (Fe³⁺) [2]. Iron is a transition
metal and has a very high redox potential in aqueous solutions [3]. Ferrous iron is
relatively soluble, but at physiological pH and normal oxygen tension it is easily
oxidized to ferric iron, which precipitates as insoluble ferric hydroxides [3].
Iron possesses the ligand binding and electron transfer properties essential
for many biological processes [1]. The heme moiety of hemoglobin contains an iron
complex of porphyrin, providing a specific binding site for oxygen, thereby facilitating
oxygen transfer through the blood to the tissues [4]. There are numerous other heme
enzymes, including 1) myoglobin, which is responsible for intramuscular oxygen
storage and diffusion [5]; 2) cytochromes, which are involved in many biological
processes such as mitochondrial respiration [6] and oxidative metabolism of
endogenous and exogenous compounds [7]; or 3) catalase, which protects cells from
oxidative damage by decomposing hydrogen peroxide [8]. Non-heme proteins
containing iron are involved in DNA synthesis and repair [9], myelin and
neurotransmitter synthesis, and metabolism [10].

1.2 Iron physiology and absorption
The total amount of iron in the body is around 4 g in men and 2.4 g in
women. Approximately 65% of the iron is present in red blood cells as hemoglobin,
25% is contained in readily mobilizable iron stores and 15% is part of myoglobin or
iron containing enzymes [11]. Each day, the body needs about 35 mg iron, mostly
9
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provided by macrophages that phagocytose senescent blood cells, and only about 12 mg iron are absorbed or excreted (Figure 1). There are no active excretion pathways
for iron, hence iron losses are solely attributed to menstrual bleeding and losses from
shedding of epithelial cells from skin, gastrointestinal and urinary tract [6].

Figure 1. Iron cycling and distribution in the adult human body. (Adapted from [12])
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Iron requirements are different for men and women (Table 1) [11], and the
body iron balance is maintained by a tight regulation of iron uptake into enterocytes
and iron transfer from the mucosa into the blood [6]. Iron can either be absorbed in
the form of heme or non-heme iron. Even though heme iron contributes only to about
10-15% of total iron intake, it may still contribute to more than 40% of absorbed iron
as it is highly bioavailable [13]. From the ingested non-heme iron, only 2-20% is
absorbed because its bioavailability is strongly influenced by other dietary
components as well as by the body’s iron stores and requirements [14].
Table 1. Recommended dietary allowance and upper limit of iron intake by life stage
groups [11]

Life Stage Group

Recommended dietary
allowance (mg/d)
Men
Women

0 - 6 months

0.27

0.27

40

6 - 12 months

11

11

40

1 - 3 years

7

7

40

4 - 8 years

10

10

40

9 -13 years

8

8

40

14 - 18 years

11

15

45

19 - 50 years

8

18

45

> 50 years

8

8

45

Pregnancy

27

45

Lactation

9

45

Upper limit (mg/d)

The principal site of iron absorption is the duodenum and the proximal
jejunum [15]. Recently, it has been suggested that some iron may also be absorbed
in the colon [16]. The uptake mechanism of heme iron is still unclear, since evidence
11
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that heme carrier protein-1 [17] is involved in the uptake into enterocytes is
conflicting [18]. More is known about the absorptive pathway of non-heme iron. The
uptake of non-heme iron occurs through the apical microvilli membrane of the
enterocytes and involves the divalent metal-ion transporter 1 (DMT1) and the
duodenal cytochrome B (DCYTB) [15]. DMT1 is a transmembrane protein mostly
known for transporting Fe²⁺ across the membrane into the enterocytes [19], but it
can also transport a variety of other divalent metal cations including Cu²⁺, Mn²⁺, Zn²⁺
or Ni²⁺ [20]. Since DMT1 only transports Fe²⁺, Fe³⁺ from the diet needs to be reduced
to Fe²⁺ either through the gastric environment by reducing agents in the diet such as
vitamin C or by a ferric reductase, such as DCYTB, present in the enterocyte
membrane [21]. Inside the enterocytes, iron enters the common intracellular labile
iron pool and is either used for the metabolism of the enterocyte; gets stored as
ferritin; or is exported into the blood stream through ferroportin localized in the
basolateral membrane [22]. In the blood, most iron is tightly bound to transferrin,
which transports the iron to the target tissue, where transferrin is internalized after
binding to the transferrin receptor [23]. In the cell, iron is released and will be
incorporated into functional compartments or in case of excess, iron can be stored as
ferritin or hemosiderin [24]. All cells are capable of storing iron, however, the main
storage organs are the liver, spleen and bone marrow. Body iron stores regulate the
intestinal non-heme iron absorption through hepcidin [25]. Hepcidin is a hormone
produced by the liver, acting as negative regulator of iron entry into plasma by
binding to ferroportin, causing its internalization and degradation. During iron
deficiency, hepcidin levels decrease, leading to an increased release of iron from the
enterocytes into the blood, while in iron overload, hepcidin levels increase and iron
entry into plasma decreases [25].
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1.3 Iron deficiency
Iron deficiency (ID) is one of the most frequent hematological disorders [4]
and is the most common and widespread nutritional disorder worldwide [26]. ID
occurs if the iron supply cannot meet the body’s requirements and is defined as a
condition with no available mobilizable iron stores and a compromised supply of iron
to the tissue [27]. In this situation, the erythroid precursors and the production of red
blood cells have priority, therefore, the tissue iron stores are continuously depleted,
leading to ID. During more severe ID, also the formation of red blood cells is impaired,
resulting in iron deficiency anemia (IDA) characterized by lower hemoglobin levels
and the presence of microcytic hypochromic red blood cells [28].
ID and IDA lead to a reduced delivery of oxygen to the tissue and decreased
activity of iron-containing enzymes, resulting in various symptoms such as fatigue,
lack of energy, impaired cognitive, physical and work performance [29]. Severe IDA
in pregnancy is associated with increased perinatal maternal and infant mortality,
premature delivery, and low birth weight [30, 31]. Furthermore, ID in children was
reported to delay mental and motor development [32].
The main causes of ID in developing countries are insufficient iron intake
due to poverty, malnutrition and poor diet, combined with increased iron
requirements, especially in periods of rapid growth and during pregnancy [33]. Iron
intake is especially low in populations consuming cereal-based diets with little meat.
In addition, the presence of phytate in grains and polyphenols in certain foods and
vegetables further inhibit non-heme iron absorption [13, 34]. However, in developed
countries certain population groups, including infants, growing children, adolescents
and women of reproductive age, are also at risk to develop ID due to increased
requirements. [31].
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1.4 Prevention of iron deficiency
Strategies to prevent ID in populations at risk aim at increasing iron intake
by food-based approaches including dietary diversification and food fortification or
by iron supplementation. The preferred approach to address ID is adequate iron
intake from a diversified and nutritious diet. However, in many developing countries
the diet is mainly cereal based with low iron bioavailability, generating the need to
increase iron intake by fortification or supplementation. Iron supplementation
quickly improves iron status and is, therefore frequently used to treat existing ID, but
can also prevent ID. Problems associated with iron supplementation include,
however, lack of delivery systems to vulnerable groups, poor compliance, and limited
awareness of the benefits [27]. In addition, supplementation with ferrous salts has
been associated with various gastrointestinal side effects including constipation,
vomiting, nausea and abdominal pain [35]. Another strategy, food fortification refers
to the enrichment of processed foods with micronutrients. Generally, this approach
has a less immediate but potentially wider and more sustained impact on improving
a population’s nutritional status compared to supplementation. A fortified staple
food consumed daily in sufficient amounts by many people is considered one of the
most cost effective-ways to increase iron intake [33]. The biggest challenge in
fortifying food with iron is the lack of a fortificant that is well absorbed by the body,
does not change the sensory properties of the food, and that can be produced at low
costs.

1.5 Iron fortificants
There is a large variety of iron fortificants that can be classified according to
their water solubility. Water soluble compounds have the highest bioavailability. Iron
sulfate is the most frequently used compound due to its high bioavailability and low
costs. However, being highly soluble, these compounds tend to react readily with the
14
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food matrix, often leading to unacceptable color and flavor changes. In addition, if
products are fortified with multiple micronutrients, solubilized iron may oxidize
vitamins present in the mixture. Due to these drawbacks, water soluble compounds
are especially suited for dry products with a fast turnover such as cereal flours, pasta
or milk powders [33].
To avoid organoleptic changes induced by water soluble iron fortificants,
often less soluble and therefore less reactive compounds are preferred by the food
industry. This includes ferric phosphate or elemental iron (reduced, electrolytic,
carbonyl), which have a much smaller effect on the sensory properties of the food,
and in addition, they are generally cheap. However, due to their lower solubility these
compounds also have a poorer bioavailability compared to iron sulfate [33].
Electrolytic iron that is often used to fortify wheat flour has been reported to have a
relative bioavailability ranging from 21% to 65%, depending on the commercial form
and specific surface area (SSA) of the powder [36, 37]. Similarly ferric
pyrophosphates, currently used to fortify rice and infant cereals, have a relative
bioavailability of only 21-74% [38]. However, it was recently shown, that the relative
bioavailability from ferric phosphates can be greatly enhanced by reducing the
particle size of the powders. In rats, iron from nanostructured iron phosphate and
iron-zinc phosphates was absorbed as well as iron from iron sulfate [39, 40]. Before
adding iron compounds to foods, not only their nutritional benefits, but also potential
adverse effects should be characterized.

1.6 Iron overload
While iron deficiency negatively impacts health, an excess of iron can also
have detrimental effects. Excessive uptake of iron leads to iron overload (IO), defined
as condition with increased storage iron [41]. There are many IO disorders with
different underlying genetic etiologies, which can be grouped under the term
15
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hereditary or primary hemochromatosis. These diseases arise from mutations in
genes coding for proteins involved in the regulation of iron absorption such as human
hemochromatosis protein, hemojuvelin, hepcidin, transferrin receptor 2 or
ferroportin. These gene mutations result in increased dietary iron absorption due to
decreased hepcidin formation or increased ferroportin activity [4, 42], and lead to an
accumulation of iron in parenchymal cells of liver and other organs including heart
and pancreas [43, 44]. In addition to primary hemochromatosis, IO can also result
from secondary hemochromatosis occuring in patients with diseases requiring
repeated blood transfusions such as thalassemia, sickle cell disease or cancer [12, 45].
In this case, excess iron is derived from hemoglobin in erythrocytes and iron initially
accumulates in macrophages of the mononuclear phagocyte system mainly in the
spleen and Kupffer cells of the liver [43, 46], but is progressively distributed to
parenchymal cells [12].
During IO, iron eventually accumulates in many organs such as liver, spleen,
heart, kidney, lungs, brain and pancreas and can affect normal organ function. Iron
accumulation in the liver has been associated with fibrosis, cirrhosis and
hepatocellular carcinoma [47-49], while iron deposition in pancreatic beta cells was
linked to diabetes mellitus due to decreased insulin signaling [4, 50]. Furthermore,
iron accumulation in the heart can also lead to cardiomyopathy and heart failure [51].
The mechanisms leading to these pathological conditions seem to be related to the
free radical generating capacity of iron.

1.7 Iron toxicity
The same oxidative properties that make iron essential for many
biochemical reactions, are involved in iron-mediated toxicity. Excessive uptake of iron
is dangerous if iron storage mechanisms are overwhelmed and iron is freely present
in tissue or blood. Free iron catalyzes the Haber-Weiss reaction [52], which makes use
16
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of Fenton chemistry [53], and results in the generation of reactive oxygen species
(ROS). In the Fenton reaction (Equation 1), hydrogen peroxide is reduced by Fe²⁺,
generating highly reactive hydroxyl radicals (OH˙ and OHˉ). The resulting Fe³⁺ can
then be recycled to Fe²⁺ through superoxide radicals (O₂˙ˉ) (Equation 2). The following
net reaction is the Haber-Weiss reaction (Equation 3).
Fe2+ + H2 O2 → Fe3+ + OH · + OH −

(1)

2+
Fe3+ + O·−
+ O2
2 → Fe

(2)

·
−
O·−
2 + H2 O2 → O2 + OH + OH

(3)

In the presence of free iron, these reactions can occur anywhere, since
superoxide radicals and hydrogen peroxide are constantly produced as side products
of cellular metabolism. Superoxide radicals are produced by addition of an electron
to O₂ with the e⁻ coming from the Complexes I and III of the mitochondrial electron
transport chain, xanthine oxidase [54], NADPH oxidase [55] and cytochrome P450
[56]. The dismutation of O₂˙ˉ to H₂O₂ and O₂ is catalyzed by superoxide dismutase
while H₂O₂ is also readily produced by peroxisomes [57].
The formation of ROS is a natural process, resulting from cellular oxygen
metabolism. Moderate amounts of ROS are necessary for the maturation of cellular
structures and are involved in cell signaling [58]. However, if the level of ROS exceeds
the antioxidant defense capacity, the cell will suffer from oxidative stress, defined as
disturbance in the pro-oxidant-antioxidant balance in favor of the pro-oxidants [59].
Under normal physiological conditions, the levels of ROS are maintained at a constant
level through removal of ROS by antioxidants such as e. g. glutathione, vitamin C,
vitamin E, flavonoids and carotenoids [60]. These antioxidants are further supported
by antioxidant enzymes like superoxide dismutase, catalase, glutathione reductase
and glutathione peroxidase [60].
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Iron-mediated oxidative stress mainly results in an increase in hydroxyl
radicals that are very strong oxidizing agents, reacting rapidly with all biological
molecules in their close proximity. While hydroxyl radicals also react with proteins
and nucleic acids [60], they mainly target polyunsaturated fatty acid residues of
phospholipids within organelles and the cell membrane [61]. The resulting lipid
radicals are unstable and readily react with oxygen to form lipid peroxyl radicals that
can further propagate lipid peroxidation by reacting with more fatty acids. The major
decomposition products of lipid peroxides are malondialdehyde and 4hydroxynonenal [62], which are often used as biomarkers of oxidative stress. Through
lipid peroxidation, the cellular membranes become more fragile leading eventually to
dysfunction of organelles, thereby compromising cell function. The main target
organelles are the lysosomes, mitochondria and the endoplasmatic reticulum [63].
Iron accumulation in lysosomes is frequently observed during IO [64-66].
Autophagocytosis of ferritin and hemosiderin seems to cause lysosomal iron loading.
Excessive iron accumulation in lysosomes was shown to alter their size and shape and
also to increase the membrane fragility most likely through lipid peroxidation.
Increased membrane fragility can result in release of lysosomal content, including
free iron and hydrolytic enzymes, into the cytoplasm potentially leading to cellular
damage [66, 67].
IO has also been linked to mitochondrial dysfunction. Iron was shown to
affect the electron transport chain and impair oxidative metabolism by reducing
cytochrome C oxidase activity [68, 69]. Excess iron has also been linked to altered
mitochondrial calcium homeostasis [70, 71] and to mitochondrial DNA damage [72]
in rat liver. Mitochondrial dysfunction may be caused by lysosomal fragility, releasing
lysosomal enzymes into the cytoplasm or by direct oxidative damage from ROS or
lipid peroxides [63].
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Furthermore, long-standing IO in hemochromatosis has been associated
with increased risk for hepatocellular carcinoma [73], and DNA damage induced by
oxidative stress is believed to be an important step leading to carcinogenesis. In vivo,
DNA can be directly associated with Fe²⁺ and iron-generated hydroxyl radicals may
directly attack the DNA and cause oxidative damage [74]. Also lipid peroxidation
products were shown to react with DNA bases leading to the formation of 8-hydroxy2′-deoxyguanosine [75]. Furthermore, iron-loaded patients were shown to have
increased amounts of bulky DNA lesions [76] and etheno-DNA adducts [77] in the
liver. These DNA lesions are believed to be involved in iron-induced hepatic
carcinogenesis.

2. Nanomaterials for food applications
2.1 Definitions of nanomaterials
With nanotechnology, the atomic or molecular structure of materials can be
precisely manipulated and controlled to generate nanomaterials with unique
properties and applications [78]. Until a few years ago, there was no uniform
definition of nanomaterials and the term “nanoparticles” was used quite arbitrarily,
sometimes also referring to micron-sized particles [79]. In order to clarify what is
“nano”, industry, governmental and standards organizations, have proposed various
definitions. According to the International Organization for Standardization (ISO),
nanomaterials are defined as materials with an outer or inner dimension in the
nanoscale including nanostructured materials as well as nano-objects. Based on the
number of dimensions in the nanoscale, nano-objects are further divided into
nanoparticles (NPs) (3 dimensions in the nanoscale), nanofibers (min. 2 dimensions
in the nanoscale) and nanoplates (min. 1 dimension in the nanoscale) (Figure 2) [80].
19

INTRODUCTION AND LITERATURE REVIEW
The nanoscale is generally defined as the size range between 1-100 nm [78, 80]. The
validity of the upper cut off point of 100 nm has been under discussion, as there is no
scientific evidence to support the appropriateness of this value [81] and since it has
been claimed, that nano-specific properties only appear in NPs smaller than 30 nm
[82]. The definition of the European commission additionally includes the size
distribution and the aggregation or agglomeration state of the particles, defining
nanomaterial as a “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 is in the size range 1 nm 100 nm” [81].

Figure 2. ISO definition of nanomaterials. * Nanoscale = size range between 1-100
nm. (Adapted from [83])
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2.2 Properties of nanoparticles
Decreasing the particle size of a material leads to an enormous increase in
specific surface area relative to the volume, hence nanoparticles have an increased
surface to volume ratio compared to larger particles. With the increased surface to
volume ratio the portion of atoms on the surface of NPs increases as well, until the
properties of these surface atoms dictate the physical and chemical characteristics of
the NPs. Since surface atoms have fewer neighboring atoms than the atoms inside
the particles, they cannot adopt their preferred state of minimal energy. The
increased energy on the surface leads to an overall decreased surface stability
thereby increasing the reactivity of the NPs [78, 82]. This property is widely exploited
in the application of NPs for catalysis or energy storage [84]. However, the increased
reactivity of NPs makes them also more prone to react with biological molecules,
potentially leading to an altered kinetic or toxicological profile upon contact with
biological systems [82].

2.3 Nanomaterials in food applications
Natural nanomaterials are ubiquitous in the environment and in our diet.
Plants and animals are built from components that based on their dimensions, are
nanomaterials. Most of our food is ultimately derived from plants, hence it contains
many natural nanomaterials. Various globular proteins have a diameter of 2-10 nm
[85], the average size of ferritin is 12-13 nm with a core of iron hydroxide of 7-8 nm
[86], starch granules contain particles of around 30 nm [87] and casein micelles in
fresh milk have an average radius of 100 nm [88].
Apart from these naturally occurring NPs, also engineered nanomaterials
can be present in food. Engineered nanomaterials in food can either arise from
unintentional contamination through food contact materials or agricultural uses of
nano-engineered pesticides or, more commonly, through intentional addition to
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impart a specific property to the food [89]. The intentionally added NPs can be divided
into organic NPs, inorganic NPs or mixtures thereof. Organic NPs such as micelles or
liposomes can be used to encapsulate unstable ingredients like vitamins or
antioxidants [90]. For example, encapsulation of curcumin in beta-casein micelles
increases its solubility [91], while encapsulation of vitamin C into chitosan NPs
increases its stability during food processing and storage [92].
Inorganic particles have long been used by the food industry as food
additives for various applications (Table 2). These inorganic materials are generally
regarded as inert in the body and therefore safe for human consumption.

Table 2. Minerals approved as food additives [93]
E number

Mineral

Application

E170

Calcium carbonate

Color

E171

Titanium dioxide

Color

E172

Iron oxides and hydroxides

Color

E173

Aluminum

Color

E174

Silver

Color

E175

Gold

Color

E530

Magnesium oxide

Anticaking agent

E551

Silicon dioxide

Anticaking agent

E552

Calcium silicate

Anticaking agent

Various inorganic NPs are used in food packaging applications due to their
gas barrier functions, UV protection or antimicrobial properties [94, 95]. The NPs
currently used in food itself, are mainly silica and titania. Silica is a food additive
(E551) and is often added to powdered foods as anti-caking agent. Even though silica
has been used in foods for decades, only recently it was shown that the primary
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particles and certain aggregates are actually in the nanosize range [96]. Titania (E171)
is often used as whitening agent in confectionaries and chewing gums but also as
flavor enhancer. Even though the whitening properties are only inherent to NPs larger
than 100 nm, it is likely that a fraction of the particles is in the nanosize range [97].
The colorless nanosized TiO₂ together with SiO₂ and MgO can be applied as edible
thin films to confectionary products to provide moisture and, thereby, improve their
shelf life [89]. In addition to NPs in food products, there are also food supplements
containing nanosized silver, calcium [98], zinc, iridium, palladium or platinum [99] on
the market. In recent years, potential new applications of NPs in food have emerged,
including nanosized iron compounds [100]. These compounds have a great potential
as food fortificant since the iron from these materials is highly bioavailable, yet they
do not induce color changes in reactive food matrixes [39, 40].

3. Potential toxicity of nanomaterials in the gut
3.1 Mechanisms of nanoparticle toxicity
The chemical and physical properties of nanoparticles vary from their
respective bulk material, influencing their interaction with biological systems and
potentially leading to adverse effects [78]. The major contributor to NP-induced
toxicity is the increased generation of ROS, leading to oxidative stress [101, 102]. The
general implications of increased ROS concentrations were described in section 1.7,
here the mechanisms of ROS formation induced by NPs are discussed. NP-mediated
ROS formation may be caused by direct or indirect mechanisms.
NPs can directly produce ROS due to their high surface reactivity. NPs have
a large SSA, resulting in a greater proportion of atoms present on the surface. These
external atoms have dangling bonds, making them highly reactive and allowing them
to easily accept or donate electrons to biomolecules in the cell [103]. Radicals like
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SiO˙ or SiO₂˙ bound on the surface of quartz particles were shown to interact with
molecular oxygen to form O₂˙ˉ, generating ROS [104]. In addition to surfacedependent properties, transition metals present in NPs can catalyze the formation of
ROS via Haber-Weiss, Fenton and Fenton-type reactions as described in section 1.7.
NPs containing iron, cobalt, manganese or titania provoked the generation of ROS in
cell-free conditions and also in human lung epithelial cells [105]. Also in human breast
cancer cells, the generation of ROS from iron oxide NPs was attributed to the release
of iron ions and their catalytically active surfaces [106].
Indirect generation of ROS by NPs involves interaction with and damage of
cellular organelles or activation of ROS-generating macrophages and neutrophils
[107]. NPs inside cells may interfere with the mitochondrial electron transport chain
by blocking the electron transfer or by transferring electrons from a carrier to
molecular oxygen, leading to the formation of O₂˙ˉ. NPs may also adsorb to the
surface of respiratory enzymes, thereby changing their structure and function, and
decreasing their catalytic activity resulting in an accumulation of ROS [108]. Gold
nanorods were observed to accumulate in mitochondria of human breast
adenocarcinoma cells, resulting in mitochondrial dysfunction and increased
intracellular ROS concentration [109]. Also silver NPs accumulated in mitochondria of
human glioblastoma and lung fibroblasts, disrupting their electron transfer chains
and leading to increased ROS generation [110]. High levels of ROS and reactive
nitrogen species can also be generated by particle-induced activation of macrophages
and neutrophils. Especially in the lung, administration of high dose of particles was
associated with increased persistent inflammation [111]. While larger particles (>6
µm) in the lung are cleared by mucociliary clearance, smaller particles are taken up
and processed by resident alveolar macrophages. In case of high particle exposure,
the macrophages can become overwhelmed and fail to clear all the particles.
Impaired macrophage clearance leads to the release of pro-inflammatory cytokines
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and chemokines, attracting neutrophils that upon activation generate large amounts
of ROS [112].

3.2 The human gastrointestinal tract
The human gastrointestinal tract is a complex system consisting of the
buccal cavity, esophagus, stomach, small intestine and large intestine. The main
functions are the digestion and absorption of nutrients and electrolytes and the
maintenance of the water balance. The gastrointestinal tract is a selective mucosal
barrier that allows efficient absorption of nutrients but not of microbes and most
macromolecular antigens. The wall of the gut is divided into mucosa, submucosa,
muscularis externa and serosa. The composition of the mucosa, consisting of secreted
mucus and underlying epithelial cells, varies along the gastrointestinal tract to reflect
the specialized function of each compartment [113]. The mucus layer covering the
gastrointestinal wall consists of glycoproteins (mucins) and protects the epithelial
cells from digestive enzymes and pathogens and facilitates the removal of foreign
materials before they come into contact with the gut epithelium [114]. The mucus
layer of the stomach and colon is thick and tightly bound and protects the epithelial
cells from the acidic gastric environment, efficiently traps adhesive substances and
allows only diffusion of non-adherent molecules. In the small intestine, the mucus
layer is thinner and less adherent [115], allowing a greater access of nutrients or
particles to the epithelium while trapping larger undesirable organisms such as
bacteria. The small intestine consists of the duodenum, jejunum and ileum and is the
site where almost all nutrients and electrolytes are absorbed. The surface area of the
small intestinal absorptive mucosa is greatly enlarged due to the presence of crypts,
villi and microvilli and encompasses an area of more than 120 m² [113]. The major
cell type of the epithelial layer is the enterocyte, which is responsible for the
absorption of nutrients, while the second most common cells are the mucussecreting goblet cells. Specialized cells of the intestinal immune system can be found
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in the gut associated lymphoid tissue, such as the Peyer’s patches, which are
distributed in the wall of the ileum [116]. These tissues have only a very thin mucus
layer and in addition to enterocytes, they contain microfold (M) cells. M cells are
specialized on sampling antigens and particles from the lumen and deliver them to
the underlying antigen presenting cells resulting in an immune response or in
tolerance [117] (Figure 3).

Figure 3. Structure and cell types of the small intestine (Adapted from [118])
While the absorption of nutrients is well studied, less is known about the
absorption and translocation of NPs into and across the intestinal mucosa, but various
pathways are thought to be involved (Figure 4). NPs may be translocated through the
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epithelial barrier via transport through enterocytes (transcellular pathway) or
between two enterocytes (paracellular pathway), even though only very small NPs
may pass through the tight junctions [119]. Another uptake pathway of NPs is
persorption, referring to translocation of NPs through degrading enterocytes that are
being extruded from the villi [120]. As discussed above, specialized M cells in Peyer’s
patches can take up and transport NPs. This process is believed to be the major
translocation pathway for NPs in the gut [121, 122]. Potential adverse effects of NPs
in the gastrointestinal tract may arise from direct interaction with the gastrointestinal
tissue or microflora or through systemic distribution of NPs via the blood or lymph.

Figure 4. Translocation of NPs across the intestinal mucosa. a) transcellular transport,
b) paracellular transport, and c) uptake through M cells (Adapted from [123])

3.3 Toxicity testing strategies for orally administered Nanoparticles
3.3.1 In vitro systems
The food and pharmaceutical industry has been employing various in vitro
systems that closely resemble the human physiology, to assess the dissolution,
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absorption, distribution, metabolism, excretion and toxicity of food and drug
compounds. These model systems and adaptations thereof are also employed to
characterize the biological impact of orally ingested NPs. The use of in vitro systems
has many advantages, such as the replacement of animal testing and the possibility
to screen for specific mechanisms. In addition, in vitro models are generally relatively
simple systems, easy to control and they allow screening of compounds in a high
throughput manner. On the other hand, in vitro systems are often limited to one or a
few cell types derived from cancerous tissue and do not represent the complex
interactions of different cell types within or between healthy organs. Furthermore,
no information on the systemic distribution and potential target organs can be
obtained, and it is difficult to predict potential histological changes or impact on the
immune system [124].
Since freshly isolated primary cells from the gastrointestinal tract are
difficult to culture and have only a restricted life span, immortalized cell lines derived
from cancerous tissue are most commonly used as in vitro models [125]. The most
frequently used cell model to study the interaction of NPs with cells are the Caco-2
cells [126]; epithelial cells derived from a colon adenocarcinoma. In culture, Caco-2
cells form a homogeneous monolayer with tight junctions [127] and can be a useful
tool to study the translocations of NPs across the epithelial barrier [128, 129].
Similarly to Caco-2 cells, HT29 cells are also colon adenoma-derived epithelial cells,
able to form a monolayer with tight junctions and a typical apical brush border in the
differentiated state [130]. HT29 are also a common model for the intestinal
epithelium to study uptake and toxicity of NPs [131, 132].
While Caco-2 and HT29 cells are good models for enterocytes, they have the
disadvantage of representing only one cell type of the intestinal epithelium and they
lack the protective mucus layer. These drawbacks can be overcome by co-culturing
them with mucus-secreting cells. Adaptation of HT29 cells to increasing
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concentrations of methotrexate (MTX) resulted in the stable transformation of HT29
cells into mucus-secreting cells (HT29-MTX) [133]. Co-cultures of Caco-2 and HT29MTX cells were shown to develop a homogeneous mucus layer representing more
closely the situation in vivo and allows to study the role of the mucus layer as barrier
for particle uptake [134, 135].
Another approach to make in vitro systems even more physiologically
relevant, is to include M cells, which are specialized cells for sampling of antigens and
particles from the gut lumen [117]. Co-culturing Caco-2 cells with primary
lymphocytes from mouse Peyer’s patches [136] or with Raji B lymphocytes [129]
triggers the conversion of Caco-2 cells into M cells. Caco-2/M cells and Caco-2/HT29MTX/M cells models have mainly been used to study NP uptake and translocation
across the cell barrier [129, 135, 137, 138].
These models could be further improved by working with cells not derived
from cancerous tissue. A general drawback of cancer-derived cell lines is that they
differ genetically and phenotypically from their tissue of origin. Therefore,
immortalized human colon epithelial cells (HCEC) established from noncancerous
tissue, which retain characteristics of normal epithelial cells, are not tumorigenic, do
not have mutations in hot spot genes and express epithelial as well as stem cell
markers [139, 140] may be a suitable model for characterizing the interaction of NPs
with intestinal cells.
In addition to working with different cells relevant to the gastrointestinal
tract, the changing gastrointestinal luminal factors affecting the properties of the NPs
should be considered. During the transit through the gastrointestinal compartments,
NPs are exposed to varying gastrointestinal conditions during digestion, including
osmotic concentrations, physical forces, pH, digestive enzymes and other food
components [141]. All these factors will affect the dissolution, size, agglomeration
state, and surface corona of the NPs, and will influence how the NPs interact with the
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mucus layer and the epithelial cells. The impact of these factors on NP dissolution and
agglomeration state have been studied upon simulated digestion with in vitro models
varying in their complexity from simple models with exposure to only gastric or
intestinal fluids at a constant pH [142], to more complex static models with
subsequent exposure to salivary, gastric and then intestinal fluids at a constant pH
[96, 143]. NP digestion has also been studied in more complex dynamic models with
continuous adjustment of pH and addition of enzymes, bile, and other components
during gradual transit through the different compartments of the gastrointestinal
tract [144, 145].
3.3.2 Nanoparticle dosimetry
Traditionally, the toxic potential of a conventional chemical substance is
evaluated by administration of increasing doses to animals or cells. Generally, the
dose metric used for soluble compounds is the total administered mass as this
corresponds to the number of biologically effective molecules of a given substance.
However, for NPs that are non- or poorly soluble, only the surface molecules will
interact with cells or tissues, suggesting that the specific surface area is a more
biologically relevant dose metric for NPs than the mass [146-148]. Another important
factor to consider for in vitro toxicity studies is the NPs’ inherent propensity for
aggregation in biological fluids and for gravitational settling, impacting the biological
response [149]. The transport of NPs in physiological media is driven by a
combination of diffusion, gravitational settling and convection forces, depending on
the hydrodynamic size of NPs or NP agglomerates in media [105, 150, 151]. These
parameters ultimately determine the speed and the amount of the administered NPs
that get in contact with the cells at the bottom of the well. Mathematical models to
predict the delivered dose over time have been proposed [152, 153] and it is
suggested that the actual delivered dose instead of the initially administered dose is
a better dose metric to assess the toxicity of NPs [151].
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3.3.3 In vivo systems
Studies on the absorption, distribution, metabolism, excretion and toxicity
of chemicals were traditionally done in animals, since the digestion and absorption of
nutrients is similar in humans and other mammalian species [154]. Data from animal
studies provide unique information on the organ distribution and target tissue of
orally administered NPs. However, the use of animal models should be limited to a
minimum due to ethical and financial reasons and because animals do not completely
simulate the human physiology [155]. Furthermore, given the large number and
variety of new nanomaterials, it is not feasible to test all of them in animals. Even
though great advances have been made in developing alternatives to in vivo studies,
the currently available in vitro approaches are not yet reliable enough to assess the
risk of NPs. Risk assessment of NPs still relies on data from in vivo studies, most
commonly from mice or rats [156].
Oral administration of NPs can either be done through the diet or the
drinking water or via gastric gavage [157]. The route of administration for toxicity
studies should be the same as the intended route of exposure in humans, therefore
compounds for food applications should preferably be given through the diet [158].
Administration through the diet results in a constant exposure throughout the study
[159] and has the advantage that the test compounds are exposed to exactly the
same digestive conditions like the food. However, exposure through the diet may be
less accurate regarding the administered dose. The intended dose can be
administered more accurately if the compounds are given via gavage, however this
results in a bolus dose directly delivered into the stomach [159], which may be a
realistic route of exposure for supplements but not for food compounds. As reviewed
in section 3.5, for toxicity studies of NPs, compound administration was mostly done
directly via gavage and only in a few studies the NPs were administered through the
diet.
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3.4 In vitro toxicological evaluation of food relevant nanoparticles
3.4.1 Silica
Various gastrointestinal cell lines were shown to take up SiO₂ NPs under in
vitro conditions. Scanning transmission electron microscopy (STEM) images of HT29
cells exposed to SiO₂ NPs (12 nm) for 24 h revealed the presence of NP aggregates
and agglomerates inside the cells, either in secondary lysosomes or in the cytosol but
not in the nucleus [131]. Similarly, TEM images showed the presence of SiO₂ NPs (15
and 55 nm) inside vesicles or freely in the cytoplasm of Caco-2 cells [160]. In Caco-2
cells, fluorescently labelled 32 and 83 nm SiO₂ NPs were shown to be mainly taken up
as single particles that agglomerate inside the cell as detected via stimulated emission
depletion microscopy. The 32 nm particles were taken up faster and were, in contrast
to the 83 nm particles, able to penetrate the nucleus [161]. The uptake mechanism
was not investigated in these studies, but it is likely that the NPs are taken up via
endocytosis, since endocytosis was shown to be a major uptake pathway of SiO₂ NPs
in non-gastrointestinal relevant cells [162, 163].
Uptake of SiO₂ NPs may adversely impact cellular metabolism and integrity.
Exposure of HT29 cells for 24 h to amorphous SiO₂ NPs (14 nm) suspended in cell
culture media without serum resulted in reduced metabolic activity and DNA strand
breaks [164]. Similarly, exposure of undifferentiated Caco-2 cells to amorphous SiO₂
NP (14 nm) in serum-free media led to cytotoxicity, oxidative DNA damage,
glutathione depletion [165] and increased IL-8 mRNA expression [166], whereas
differentiated Caco-2 cells were less susceptible [166]. Cytotoxicity, induction of
apoptosis, increased intracellular ROS, chromosomal damage and release of IL-8 was
observed in undifferentiated Caco-2 cells exposed to 15 nm but not 55 nm SiO₂ NPs
suspended in serum-free or 5% serum containing cell culture media [160]. The
presence of 10% serum in the exposure media seems to attenuate the negative
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impact of SiO₂-NPs. Under this condition, cell viability and DNA integrity of Caco-2
[161, 167] and HT29 cells [131] was only minimally affected, and no signs of necrosis,
apoptosis, membrane damage or reduction of metabolic activity were observed in
C2BBe1 cells [168].
3.4.2 Titania
Like SiO₂ NPs also TiO₂ NPs are taken up by gastrointestinal relevant cells.
Uptake of various TiO₂ NPs into Caco-2 cells seems to be mediated by endocytosis
and dependent on crystallinity of TiO₂, with anatase TiO₂ being absorbed faster than
rutile TiO₂ [169]. Uptake of TiO₂ NPs (13 nm (anatase)) was not only shown in Caco-2
monolayers, but also in Caco-2/HT29-MTX co-cultures and Caco-2-RajiB co-cultures
with lowest uptake into Caco-2 monolayers. Inside cells, TiO₂ NPs were present in
large cytoplasmic vesicles as observed by TEM images [170].
The toxicity of TiO₂ NPs appears to depend on the presence of serum in the
exposure media but also on the crystal structure of TiO₂. Exposure of TiO₂ NPs to AGS
cells (derived from gastric adenocarcinoma) in PBS with 2% bovine serum albumin
increased proliferation, glutathione disulfide levels and DNA damage, whereas no
effect was observed when the particles were suspended in media with 10% serum
[171]. Exposure to TiO₂ NPs in serum-free media lead to increased membrane
damage, reduced metabolic activity but no increase in oxidative stress in Caco-2 cells,
with the mixed anatase/rutile NPs being more cytotoxic than the pure anatase NPs
[172]. On the other hand, only a slight increase in ROS but no cytotoxicity was
observed in Caco-2 and GES-1 cells upon exposure to TiO₂ NPs extracted from
chewing gum and suspended in serum-containing media [173]. However, the
biological effect of TiO₂ NPs does not seem to solely depend on the presence of serum
and TiO₂ crystal phase. Exposure of Caco-2 cells to TiO₂ particles (122 and 141 nm
(anatase)) suspended in serum containing media was reported to reduce the number
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of microvilli in Caco-2 cells, independent of particle sedimentation. The disturbance
of the brush border was observed in cells exposed to particles at the bottom of the
plate but also in cells exposed to particles on an inverted support, preventing particle
sedimentation onto the cells [174].
3.4.3 Iron
There are no in vitro studies available investigating the biological effect of
FePO₄ NPs, however, some data exists for iron oxide or iron hydroxide NPs. Hemincoupled iron(III) hydroxide NPs, which could be used as iron supplement, were shown
to be taken up in Caco-2 cells by receptor mediated endocytosis without impacting
cellular metabolic activity [175]. Similarly, TEM images showed uptake of iron(III)
oxide/hydroxide NPs into Caco-2 cells with negatively charged NPs being taken up
more than neutral hydrophilic shells. Furthermore, no cytotoxicity was observed
upon exposure to those NPs [176]. Endocytic uptake into Caco-2 was also shown for
ligand modified iron(III) poly oxo-hydroxide NPs [177] and exposure of Caco-2 and
HT29 cells to similar ligand modified iron(III) poly oxo-hydroxide NPs did not reduce
cell viability [178].
3.4.4 Conclusions in vitro toxicological evaluation of food relevant nanoparticles
Overall, the reported results for silica and titania from different research
groups are quite contradictory, mainly due to differences in size and physico-chemical
properties of the NPs, cell lines, cell differentiation status and exposure conditions
used. The presence of serum in cell culture media appears to be a major factor
determining the interaction of NPs with cells. The importance of serum is likely
related to the serum proteins that are adsorbed onto the surface of NP upon
suspension in cell culture media. This so called “protein corona” is known to influence
the NPs’ interactions with biological systems and thus also toxicity [179].
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3.5 In vivo toxicological evaluation of food relevant nanoparticles
3.5.1 Silica
A single administration of up to 5000 mg/kg body weight (bw) mesoporous
silica particles (110 nm) to ICR mice via gavage resulted in absorption and
translocation of NPs to the liver, but not to other organs, as indicated by TEM [180].
In male and female Sprague Dawley rats, administration of a single dose (500 or 100
mg/kg bw) colloidal silica NPs (20 and 50 nm) via gavage resulted in silica
accumulation in kidneys, liver, lungs, and spleen as measured by elemental analysis.
Furthermore, TEM images showed the presence of almost intact NPs in the liver and
partially decomposed particles in the kidney [181]. Increased silicon levels in spleen
and liver of Sprague Dawley rats were measured by ICP-MS after gavage
administration of pyrogenic (13-45 nm) or precipitated (14-23 nm) SiO₂ NPs at a dose
of 20 mg/kg bw for 5 days followed by a recovery period of 9 days [182]. Exposing
rats to SiO₂ NPs (SSA of 200 m²/g) via the diet resulted in increased silicon levels in
liver, kidney and spleen after 28 days, as measured by ICP-MS [183]. However, it was
not clear whether the increase in silicon concentration was related to the absorption
of particles or to the absorption of dissolved silicon released from NPs during
digestion. Overall, the presence of SiO₂ NPs as observed by TEM or the increased
tissue concentrations of silicon as measured by ICP-MS indicate that SiO₂ NPs can be
absorbed from the gastrointestinal tract, after oral administration. However, the
absorption is low and was estimated to range between 0.03 and 0.06 % of the oral
dose [182, 183].
Even though gastrointestinal absorption of nanosized silica is low, some of
the ingested SiO₂ NPs can accumulate in the liver and the spleen and potentially lead
to adverse effects. Daily gavage administration of naked or surface functionalized
amorphous SiO₂ NPs (15 nm) to male and female Wistar rats at a dose of 1000 mg/kg
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bw/day for 28 days did not result in any adverse treatment-related effects on the
hematological and clinical chemistry parameters or changes in the acute phase
proteins [184]. Similarly, daily administration of SiO₂ NPs (12 nm) at doses up to 1000
mg/kg bw/day for 13 weeks to female Sprague-Dawley rats, did not result in tissue
accumulation of silica and no treatment-related changes of hematological and clinical
chemistry parameters or histopathological lesions were observed [185]. In another
90 day exposure study, no treatment related clinical changes or histopathological
findings were observed after daily exposure of male and female Sprague-Dawley rats
to SiO₂ NPs (20 nm and 100 nm) at doses up to 2000 mg/kg bw administered via
gavage [186]. In a reproductive toxicity study, male and female Wistar rats were daily
treated with synthetic amorphous silica for two generations via oral gavage. Daily oral
administration of up to 1000 mg/kg bw did not adversely affect the reproductive
performance or growth and development of the offspring for two generations [187].
In contrast to these no effect studies, increased incidence of hepatic fibrosis was
observed in Sprague Dawley rats after dietary exposure to nanostructured pyrogenic
silica with SSA of 200 m²/g (1000 mg/kg bw/day) and SSA of 380 m²/g (2500 mg/kg
bw/day), but the increase was only significant after exposure to the larger silica
particles (SSA of 200 m²/g). Also in this study no changes in hematological, clinical
chemistry or immunological parameters were observed [183]. Indication of liver
injury, as assessed by increased serum levels of alanine aminotransferase and
histopathological findings of fatty liver, were also found in mice after a 10 week
dietary exposure to SiO₂ NPs (30-90 nm) from rice husk at a dose of 10 g/kg diet [188].
These gavage and dietary exposure studies indicate low toxicity of orally
administered SiO₂ NPs. Occasionally, some adverse effects were detected in the liver
upon exposure to SiO₂ NPs.
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3.5.2 Titania
Daily administration of up to 200 mg/kg bw TiO₂ NPs (75±15 nm (anatase))
via gavage to male Sprague Dawley rats for 30 consecutive days did not result in
increased titanium levels in blood, liver, kidney and spleen as measured by ICP-OES,
even though TEM images revealed the presence of some TiO₂ NPs in stomach and
small intestinal tissue [189]. Similarly, daily gavage administration of up to 1042
mg/kg bw TiO₂ NPs (26 nm, (anatase/rutile)) to male and female Sprague Dawley rats
for 13 weeks did not increase titanium concentration in liver, spleen, kidney and brain
as determined by ICP-MS [190]. However, uptake of TiO₂ particles into the gutassociated lymphoid tissue and systemic distribution to liver, spleen and lung was
observed in female Sprague Dawley rats receiving a daily dose of 12.5 mg/kg bw TiO₂
particles via gavage (500 nm (Rutile)) for 10 days. Presence of particles was confirmed
in histological slides and titanium concentration in tissue was measured by ICP-AES
[191]. In human male volunteers, single administration of 22.9 mg or 45.8 mg TiO₂
particles (160 nm and 380 nm (anatase)) in a gelatin capsule resulted in a 3-8 fold
increase in blood titanium concentrations, measured by ICP-AES, with smaller
particles being absorbed more. The profile of the measured titanium blood levels 15
min until 24 h after application indicate particle uptake via persorption [192]. In a
more recent human study with female and male volunteers, administration of 5
mg/kg bw TiO₂ particles (10 nm (anatase), 70 nm (rutile) and <5 µm (rutile)) dispersed
in water did not show any increase in blood titanium levels measured by ICP-MS at 248 h post dosing [193]. In general, gastrointestinal absorption of TiO₂ NPs seems to
be low, except for very small NPs (<5-6 nm) [194] or after administration of high doses
[195].
Despite their low absorption, TiO₂ NPs may exert toxicity in blood or target
organs such as the liver, kidney or spleen. Administration of 10 mg/kg bw TiO₂ NPs
(5.5 nm (anatase)) daily via gavage for 15-90 days to female ICR mice resulted in
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titanium accumulation in spleen, accompanied by increased ROS production,
inflammation and necrosis [194]. Two weeks after administration of a very large
single dose (5 g/kg bw) of TiO₂ particles (25 nm, 80 nm and 155 nm) via gavage to
female and male ICR mice, titanium was mainly retained in the liver, spleen, kidney
and lung as measured by ICP-MS. Histopathological observations and altered clinical
chemistry parameters indicated treatment-induced liver and kidney injury [195].
Administration of drinking water supplemented with TiO₂ NPs (21 nm
(anatase/rutile)) to mice for 5 days resulted in elevated levels of oxidative DNA
damage in liver (8-OHdG), increased chromosomal damage in erythrocytes
(micronuclei assay), increased DNA strand breaks in white blood cells (comet assay)
and upregulated proinflammatory cytokines in blood [196]. In male Swiss albino mice,
administration of up to 100 mg/kg bw TiO₂ NPs (20-50 nm (anatase)) via gavage for
14 days induced glutathione depletion, lipid peroxidation and DNA damage in the
liver [197].
3.5.3 Iron
Most information on the biological impact of orally administered food
relevant iron NPs comes from hemoglobin depletion/repletion and not toxicity
studies. The depletion period, during which animals are made iron deficient, is
followed by a repletion period where animals are fed diets containing various iron
compounds, to assess their respective potential to restore hemoglobin levels.
Feeding iron deficient male Sprague Dawley rats with diets fortified with 10 or 20 mg
Fe/kg diet as FePO₄-NPs (SSA 69 m²/g or 195 m²/g) for 15 days did not result in
histological changes or lipid peroxidation as assessed by the levels of thiobarbituric
acid reactive substances in plasma [39]. In a similar study, feeding iron deficient male
Sprague Dawley rats with diets fortified with 10 or 20 mg Fe/kg diet as mixed iron/zinc
NPs (SSA between 105 and 197 m²/g) for 13 days did not result in histological changes,
tissue accumulation or lipid peroxidation as assessed by the levels of thiobarbituric
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acid reactive substances in plasma [40]. In another hemoglobin repletion study, male
Sprague Dawley rats fed diets fortified with Fe₄(P₂O₇)₃ NPs (10-30 nm) at doses of 10,
20 or 30 mg Fe/kg diet for 15 days did not result in histological changes. However, a
trend towards decreased plasma levels of Fetuin-B, a negative acute phase protein,
with increasing iron concentrations was observed. In the same study, the effect of
acute and repeated dose oral exposure was assessed. After gavage administration of
Fe₄(P₂O₇)₃ NPs for 14 days at a dose of 2000 mg/kg bw or 28-day gavage
administration at a dose of 1000 mg/kg bw, no effect on body weight, food intake,
hematological and clinical chemistry parameters, glutathione levels in erythrocytes
or histological changes were observed [198]. The data from the hemoglobin repletion
studies and the acute and repeated dose toxicity studies indicate the absence of
adverse effects upon oral exposure to nanostructured iron compounds. Nevertheless,
none of these studies investigated the combined effects of long-term and high dose
exposure to iron NPs incorporated into the diet.

4. Overview of thesis
The work presented in this thesis contributes to evaluating the safety of
FePO₄ NPs that could be used in food applications to combat iron deficiency. This
safety information is important in order to assess the potential risk resulting from
ingested nanomaterials.
In Chapter 2, the biological impact of differently sized FePO₄ NPs was
investigated in vitro and in vivo after a thorough particle characterization. The NPs’
potential to induce cytotoxicity and oxidative stress was characterized in the human
gastrointestinal cell lines HT29, HT29-MTX and HCEC cells. These cell lines were
chosen to evaluate whether the presence of mucus or the transformational state of
the cells alter the interactions of NPs with the cells. Furthermore, the induction of
potential adverse effects was investigated by sub-chronic dietary exposure of rats to
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FePO₄ NPs at the iron dose in standard rodent diets or at a dose at which FeSO₄ has
been shown to induce adverse effects.
The work in Chapter 3 focuses on the gravitational sedimentation of FePO₄
particles in in vitro cell experiments and describes to relationship between primary
particle size, agglomerate size and settling behavior of chemically identical but
differently sized FePO₄ particles with their impact on the viability of HCECs.
In Chapter 4, dissolution data from simulated digestion experiments of
FePO₄ particles and measured tissue iron concentrations in rats that were fed with
differently-sized FePO₄ particles for 90 days, is integrated to propose the
development of a physiologically based pharmacokinetic (PBPK) model to predict iron
distribution and storage in the rat.
In Appendix A, the potential of food relevant NPs - focusing on silica NPs but
also including FePO₄ NPs - to activate dendritic cells and induce an immune response
was evaluated with a novel in vitro model of dendritic cells.
Collectively, this work contributes to understanding potential adverse
effects of novel nanosized iron phosphate particles on human gastrointestinal cells
and in experimental animals after sub-chronic dietary administration. This
information is important to evaluate the safety of FePO₄ NPs before their potential
application as food fortificants.
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Abstract
Nanotechnology offers new opportunities for providing health benefits in
foods. Food fortification with iron phosphate nanoparticles (FePO₄ NPs) is a
promising new approach to reducing iron deficiency because FePO₄ NPs combine high
bioavailability with superior sensory performance in difficult-to-fortify foods.
However, their safety remains largely untested. We fed rats for 90 days diets
containing FePO₄ NPs at doses at which iron sulfate (FeSO₄), a commonly-used food
fortificant, has been shown to induce adverse effects. Feeding did not result in signs
of toxicity, including oxidative stress, organ damage, excess iron accumulation in
organs, or histological changes. These safety data were corroborated by evidence
that NPs were taken up by human gastrointestinal cell lines without reducing cell
viability or inducing oxidative stress. Our findings suggest FePO₄ NPs appear to be as
safe for human consumption as FeSO₄.
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1. Introduction
Reducing particle size of essential minerals to the nanoscale may sharply
increase their absorption when used as food fortificants and nutritional supplements
[1-3]. However, safety concerns arise for orally ingested nanominerals that do not
completely dissolve in the stomach and enter the intestines as intact nanoparticles
(NPs) that may be taken up, distributed to organs and potentially induce adverse
effects [4, 5]. Conflicting information regarding the potential toxicity of food relevant
NPs has so far hampered the widespread application of nanotechnology in the food
sector.
Iron deficiency (ID) affects more than two billion people in industrialized and
developing countries [6]. Fortifying food by adding iron can be an effective,
sustainable and cost-effective strategy to combat ID [7]. Food fortification with iron
is challenging because highly bioavailable iron fortificants such as FeSO₄ are
chemically reactive and cause unacceptable organoleptic changes, mainly color and
taste, in foods [8]. Therefore, iron compounds insoluble in water like FePO₄, ferric
pyrophosphate (Fe4(P2O7)3 or elemental iron are often used in the food industry. They
have less impact on sensory properties but are only poorly absorbed [8]. Reduction
of the particle size of such minerals markedly increases their specific surface area
(SSA) in relation to mass, leading to improved solubility and in vivo bioavailability [9,
10]. Reducing iron compounds to the nanoscale further enhances bioavailability while
maintaining the low reactivity of the original compounds [11]. Nanostructured iron
and iron/zinc compounds produced by flame spray pyrolysis (FSP) were shown to
have equivalent iron bioavailability as FeSO₄ [1, 2] without reacting with the food
matrix [1, 12]. The fate and biological impact of nanostructured iron in the
gastrointestinal tract has not yet been thoroughly investigated but is critical for
evaluating their safety.
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While there is scarce data regarding potentially adverse biological effects of
iron phosphate NPs, there are a number of other food-relevant NPs that have been
shown to give rise to adverse outcomes after exposure of human intestinal cells or
experimental animals to food relevant NPs. Food-grade SiO₂ and TiO₂ NPs are
internalized by intestinal epithelial cells and persist biologically [13-15]. They have
been shown to induce cytotoxicity, DNA damage and oxidative stress in
gastrointestinal cells in vitro, however in the absence of blood serum [16, 17]. Shortterm administration of TiO₂ NPs to mice led to an accumulation of DNA strand breaks
in peripheral leukocytes and bone marrow, as well as lipid peroxidation, oxidative
DNA lesions, and DNA damage in mouse liver [18, 19]. Administration of ZnO NPs by
gavage to mice for two weeks led to liver injury associated with lipid peroxidation and
DNA damage [20]. Histopathological lesions in liver and kidney, and increased levels
of inflammatory cytokines in blood, were reported in mice after oral administration
of Al₂O₃ NPs for 13 weeks [21]. In rats, oral exposure to Ag NPs for 13 weeks caused
systemic Ag distribution and liver and kidney injury [22]. In a similar study, silica
accumulation in spleen and liver fibrosis, but no other adverse effects were observed
after administration of SiO₂ NPs via the diet for 12 weeks [23]. Due to the lack of
larger control compounds in the above mentioned studies, it is unclear whether the
observed adverse effects were strictly related to the nanoscale size of the particles.
No adverse effects were reported, however, after gavage exposure of rats to
Fe₄(P₂O₇)₃-NPs [24] or Fe₂O₃ NPs [22]. Furthermore, feeding iron deficient rats with a
diet containing nanosized iron/zinc compounds (10 or 20 mg Fe kgˉ¹) for 13 days did
not result in tissue accumulation of iron [1]. To our knowledge, however, the
consequences of sub-chronic exposure to iron NPs incorporated into the diet at dose
levels at which non-nanosized iron salts may induce adverse outcomes have never
been addressed. Such information is crucial to evaluate whether the administration
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of FePO₄ NPs via a realistic route of exposure may lead to novel adverse outcomes
attributable to the nanosize of iron fortificants.
Here we investigate for the first time the responses of human intestinal cell
lines to FePO₄ NPs as well as the sub-chronic dietary exposure of rats to FePO₄ NPs.
It was observed that FePO₄ NPs can be taken up by human intestinal cell lines, but
did not induce cytotoxicity or oxidative stress. In addition, exposing rats to FePO₄ NPs
at the iron dose in standard rodent diets (35 mg Fe kgˉ¹ diet) [25] or at a dose at which
FeSO₄ has been shown to induce adverse effects (350 mg Fe kgˉ¹ diet) [26] for 90 days
did not result in any measurable adverse effects. The safety of FePO₄ NPs after oral
consumption was evaluated in comparison to several food grade control compounds.

2. Results and Discussion
2.1 Particle characterization
FePO₄ NPs were synthesized by FSP; a scalable production process [27] for
tailor-made particles with high SSA and well-defined chemical composition [28]. FSPderived FePO₄ NPs had SSAs of 98 m² gˉ¹ (FePO₄ 98) and 188 m² gˉ¹ (FePO₄ 188) as
determined by nitrogen absorption. A larger food-grade FePO₄ compound (FePO₄ 27;
SSA of 27 m² gˉ¹) was included in this study as a control for the effect of particle size.
FeSO₄ is a highly bioavailable iron compound and was introduced to control iron
toxicity. Food grade SiO₂ NPs (SiO₂ 200; SSA of 200 m² gˉ¹ and SiO₂ 380; SSA of 380 m²
gˉ¹) were used to control the effect of non-dissolvable NPs. X-ray diffraction (XRD)
indicated that all compounds were amorphous (Supplementary Fig. 1). FSP-produced
FePO₄ was composed of near-spherical particles in the size range 10-40 nm (FePO₄
98) and 5-10 nm (FePO₄ 188), as indicated by transmission electron microscopy (TEM)
images (Supplementary Fig. 2). The commercial FePO₄ 27 was composed of larger and
irregularly shaped particles in the size range 50-200 nm. Assuming dense spherical
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particles, the calculated primary particle size of FePO₄ 27 would be 77 nm, however,
as shown in the TEM images, these assumptions are not valid for FePO₄ 27 and we
therefore do not refer to FePO₄ 27 as NPs. Finally, the SiO₂ NPs were irregularly
shaped and appeared to be present as aggregates (Supplementary Fig. 2).

2.2 In vitro hazard characterization
We investigated the impact of FSP-produced FePO₄ NPs on different human
gastrointestinal cell lines. By comparing responses in cells derived from a human
colon adenocarcinoma (HT29) and its mucus-secreting subclone (HT29-MTX cells)
[29], we assessed whether the presence of mucus alters the interactions of NPs with
the cells. Additionally, we characterized the responses of human colonic epithelial
cells (HCECs), established from noncancerous tissue that retain characteristics of
normal epithelial cells. HCEC cells are not tumorigenic, they do not have mutations in
hot spot genes and express epithelial as well as stem cell markers [30, 31]. In these
three human cell models we investigated cellular uptake of FePO₄ NPs, their influence
on cell viability and their potential to induce oxidative stress.
For in vitro evaluation, NPs were dispersed in cell culture media containing
10% fetal bovine serum, resulting in agglomerates and polydisperse suspensions with
average hydrodynamic diameter from 231 to 615 nm (Supplementary Table 1). Their
diameter was unchanged for up to 72 h (Supplementary Fig. 3), suggesting that the
dispersion protocol was effective and that changes in agglomerate size during
exposure of cells to NPs suspensions were negligible. Zeta potential was around -11
mV (Supplementary Table 1), a common value for various NPs suspended in cell
culture media containing serum and related to the formation of a protein corona
around the NPs [32].
To assess whether the NPs were taken up by the cells, we characterized
FePO₄ NP-treated cells by TEM. After exposure to FePO₄ NPs for 48 h, internalization
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of NPs in cells was observed in all three cell lines (Fig. 1). Unlike other studies where
NPs were also found freely in the cytoplasm [13] or even in the nucleus [14], the
FePO₄ NPs were exclusively present as large agglomerates and in membraneenclosed vesicles. Neither HCECs, HT29 nor HT29-MTX are phagocytic cells, therefore
the NPs may be taken up through adsorptive endocytosis, a pathway previously
hypothesized to be involved in the uptake of iron oxide/hydroxide NPs into Caco-2
cells [33].

Figure 1. Uptake of FePO₄ NPs into intestinal cell lines after 48 h, as observed by
TEM images. a) FePO₄ 27 in HT29-MTX cells, b) FePO₄ 27 in HT29 cells, c) FePO₄ 27 in
HCECs, d) FePO₄ 98 in HT29-MTX cells, e) FePO₄ 98 in HT29 cells, f) FePO₄ 98 in HCECs,
g) FePO₄ 188 in HT29-MTX cells, h) FePO₄ 188 in HT29 cells and i) FePO₄ 188 in HCECs.
Since human intestinal cell lines were active in taking up FePO₄ NPs, their
impact on metabolic activity and membrane integrity, as well as the potential to
induce oxidative stress was characterized. No membrane damage or reduction of
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metabolic activity appeared to be induced by FePO₄ NPs even at high concentrations
and exposure times up to 48 h (Supplementary Fig. 4 (24 h), Fig. 2 and Fig.3 (48 h)).

Figure 2. Membrane integrity of intestinal cell lines upon exposure to increasing
concentrations of FePO₄ NPs for 48 h. a-f) Membrane integrity of HT29-MTX, HT29
and HCEC cells after exposure to FePO₄ NPs. Cells were exposed to equivalent
concentrations of a-c) SiO₂ NPs to control for the effect of non-dissolvable NPs
(concentrations were standardized on SSA) and to d-f) larger FePO₄ 27 and FeSO₄
(concentrations were standardized on molar concentrations of Fe). Results are
expressed as mean ± SD % metabolic activity relative to untreated cells. Data are from
three independent experiments with three technical replicates. Significant differences
to untreated control cells were determined with a two way ANOVA and Bonferroni
correction, P<0.05, and are indicated by *.
Exposure of HCECs to FePO₄ 27 led to significant membrane damage (Fig.
2f) and reduction in metabolic activity (Fig. 3f) after 48 h but not after 24 h
(Supplementary Fig. 4). All FePO₄ particles tested in this study had the same chemical
composition and structure. Thus the susceptibility of HCECs towards FePO₄ 27 could
be related to the different production method, the primary particle size or the
agglomerate size. The FSP-produced FePO₄ NPs had a calculated primary diameter of
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11 nm (FePO₄ 188) and 22 nm (FePO₄ 188); however, once suspended in cell culture
medium containing serum, both formed agglomerates with a diameter of around
200-300 nm. The larger FePO₄ 27 formed agglomerates in suspension with a diameter
of 600-700 nm (Supplementary Fig. 3). Since both FSP-produced FePO₄ NPs had no
impact on cell viability, it seems unlikely that the primary particle size is of direct
relevance. It is well known, however, that agglomerate size and density are related
to the settling behavior and the effective amount of NPs that come in contact with
cells [34]. The larger agglomerates of FePO₄ 27 may sediment faster in the cell culture
well, resulting in a higher effective concentration of FePO₄ 27 compared to the FSPproduced NPs with a smaller agglomerate size, aggravating their biological impact.

Figure 3. Metabolic activity of intestinal cell lines upon exposure to increasing
concentrations of FePO₄ NPs for 48 h. a-f) Metabolic activity of HT29-MTX, HT29 and
HCEC cells after exposure to FePO₄ NPs. Cells were exposed to equivalent
concentrations of a-c) SiO₂ NPs to control for the effect of non-dissolvable NPs
(concentrations were standardized on SSA) and to d-f) FePO₄ 27 and FeSO₄
(concentrations were standardized on molar concentrations of Fe). Results are
expressed as mean ± SD % metabolic activity relative to untreated cells. Data are from
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three independent experiments with three technical replicates. Significant differences
to untreated control cells were determined with a two way ANOVA and Bonferroni
correction, P<0.05, and are indicated by *.
A small reduction in cell viability was only observed in HCECs upon exposure
to FePO₄ 27, but not in HT29 and HT29-MTX cells. The difference in cellular responses
may be related to the fact that HT29 and HT29-MTX cells are cancer-derived, while
HCECs were established from noncancerous tissue. Previous studies have also shown
that cancer cells are more resistant to particle-mediated toxicity than non-malignant
cells [35, 36]. Under the conditions tested, no influence on metabolic activity or
membrane integrity was observed for any of the cell lines exposed to SiO₂ NPs. These
observations are in line with previous studies regarding the effect of SiO₂ NPs on
intestinal cells under similar exposure conditions [13-15].
Oxidative stress is one of the major mechanisms by which NPs are proposed to
damage cells [37, 38]. Especially iron containing compounds can catalyze the
formation of free radicals via the Fenton and Haber-Weiss reactions [39]. We
therefore assessed the potential of the FePO₄ NPs to induce oxidative stress in human
cell lines by measuring intracellular levels of glutathione (GSH). The tripeptide GSH is
a potent and highly abundant free-radical scavenger largely responsible for
maintaining cellular redox status and thus protecting cells from oxidative damage
[40]. Treatment of the cells with the control compound diethyl maleate (DEM), a GSH
scavenger, led to a marked reduction in GSH content (Fig.4). Even though DEM levels
were adjusted for each cell line and exposure time, HCECs died after treatment for 6
or 24 h and HT29 and HT29-MTX cells after DEM exposure for 24 h. After short-term
(2 h and 6 h) or long-term (24 h) exposure to FePO₄ NPs and SiO₂ NPs, no changes in
GSH levels were observed in the intestinal cell lines (Fig. 4) providing no evidence for
the induction of oxidative stress.
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Figure 4. Levels of total glutathione in intestinal cell lines upon exposure to FePO₄
NPs. a-f) Intracellular GSH concentrations of HT29-MTX, HT29 and HCEC cells after
exposure to FePO₄ NPs for 2, 6 and 24 h. Cells were also exposed to equal
concentrations of a-c) SiO₂ NPs (concentration: 47.5 m²/L) and to d-f) FePO₄ 27 and
FeSO₄ (concentration: 2.5 mM Fe). Diethyl maleate (DEM) was used in all experiments
as positive control. Results are expressed as mean ± SD % metabolic activity relative
to untreated cells. Data are from three independent experiments with two technical
replicates. Significant differences to untreated control cells were determined with a
two way ANOVA and Bonferroni correction, P<0.05, and are indicated by *.
During NP-induced oxidative stress, the GSH concentration is expected to
decrease, as was observed for HepG2, A549 and A431 cells exposed to Fe₃O₄-NPs [41,
42]. Similar to our results, exposure of primary rat hepatocytes and IMR-90 cells to
Fe₃O₄-NPs did not affect GSH levels [41]. Three and 24 h exposure of HT29 cells to 40
and 200 nm SiO₂ NPs did not induce changes in GSH levels, whereas 24 h exposure of
HT29 cells to the same SiO₂ NPs as tested in this study led to a 160 % increase in GSH
[13]. The dose in that study was slightly higher (500 µg mlˉ¹), but the cell culture
media and the assay to measure GSH were very similar to our experiments. The cell
confluency during the assay may however explain the observed difference. We
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exposed cells to the NPs in their exponential growth period while in the previous
study cells were approximately 80% confluent when exposed to the NPs [13].

2.3 Dietary nanoparticle administration to rats
We characterized the impact of sub-chronic dietary exposure to FePO₄ NPs
in rats. Weanling male Sprague-Dawley rats were exposed to FePO₄ NPs or control
compounds (FePO₄ 27, FeSO₄ and SiO₂ 200) (Fig. 5) for 90 days (Supplementary Fig.
5). The compounds were incorporated into the diet to simulate the intended route of
exposure for food fortification applications. Each compound was delivered at two
doses, a low (L) (35 mg Fe kgˉ¹ diet) or high (H) dose (350 mg Fe kgˉ¹ diet). The low
dose was equal to the normal amount of iron in the standard rodent AIN-93G diet
[25]. The high dose corresponded to the lowest observable adverse effect level
(LOAEL) of FeSO₄ previously found after administering FeSO₄ to rats in the drinking
water for 1 and 4 months [26]. The silica diets contained either 35 or 350 mg Si kgˉ¹
diet and 35 mg Fe kgˉ¹ diet in the form of FeSO₄.

Figure 5. Compounds used for in vivo study.
The test compounds were administered in the diet at constant
concentrations of 35 or 350 mg Fe kgˉ¹ diet. The body weight of the rats increased
from the start of the study (21 days old) until they were sacrificed after 90 days of
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study (111 days old) with no apparent differences amongst the feeding groups
(Supplementary Fig. 6a). Furthermore, there were no observed differences in food
intake amongst groups (Supplementary Fig. 6b). By the time of sacrifice after 90 days
of study (111 days old), the animals were on average 544±50 g, about 150 g heavier
than anticipated for 105 days-old Sprague Dawley rats [43]. This high weight may
have been due to the free access to food and housing in single cages, reducing
physical activity [44]. In terms of food intake and body weight, the average iron intake
per kg body weight per day ranged from 1.6±0.1 to 5.0±0.1 mg Fe kgˉ¹ body weight
dayˉ¹ in the low dose groups and from 16.0±0.3 to 50.0±1.0 mg Fe kgˉ¹ body weight
dayˉ¹ in the high dose groups, both decreasing as the animals grew over the period
of the study (Fig. 6).

Figure 6. Iron intake during sub-chronic exposure of experimental animals to diets
containing FePO₄-NPs. The average iron intake kgˉ¹ BW dayˉ¹ (on a log scale) was
estimated based on the body weight and food intake. Non visible error bars are too
small to be seen. BW = body weight, LOAEL = lowest observable adverse effect level
of FeSO₄ in rats, RDA = Recommended Dietary Allowance for humans.
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At the beginning of the study consumption of iron exceeded the LOAEL for
FeSO₄ (25 mg Fe kgˉ¹ body weight dayˉ¹) by up to 25 mg Fe kgˉ¹ body weight dayˉ¹ for
the high dose. After 36 days (mid study) intake was equal to the LOAEL and at the end
of the study intake decreased to 15 mg Fe kgˉ¹ body weight dayˉ¹, 10 mg Fe kgˉ¹ body
weight dayˉ¹ lower than the LOAEL. The average iron intake was 28.0±0.4 mg Fe kgˉ¹
body weight dayˉ¹, exceeding the previously reported LOAEL by 3 mg Fe kgˉ¹ body
weight dayˉ¹. The average iron intake was approximately 100 times higher than the
recommended dietary allowances (RDA) for humans of 0.1 and 0.3 mg Fe kgˉ¹ body
weight dayˉ¹ for men and women, respectively [45].
Potential accumulation of iron in selected organs was studied by measuring
the total iron concentration in spleen, liver, kidney and heart upon sacrifice (90 days).
The highest iron concentrations were found in the spleen, followed by liver, kidney
and heart (Fig. 7). Iron levels in the spleen were significantly lower in animals fed
FePO₄ 27L compared to all other groups. Animals receiving diets containing a low
dose of iron had significantly lower spleen iron concentrations compared to groups
receiving the same compound at high dose. Total liver iron concentration was
significantly lower in animals fed FePO₄ 27L compared to all other groups and all lowdose groups had significantly lower liver iron concentrations compared to the group
receiving the same compound at high-dose. In the kidney, iron concentration for
animals fed FePO₄ 27L was significantly lower than all high dose groups except those
fed FePO₄ 98H. No significant differences in iron concentrations in the heart were
observed amongst groups. The lower levels of iron in the liver and spleen of animals
fed FePO₄ 27L indicate smaller iron stores in these animals, potentially related to the
lower bioavailability of iron from larger FePO₄ particles [2]. Elevated tissue iron
concentration in high dose groups confirmed that iron loading through increased
dietary iron intake leads to iron accumulation in the liver and spleen [46].
Nevertheless, we did not observe any difference between the groups receiving iron
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in the form of NPs or FeSO₄, suggesting that iron derived from NPs is stored and
deposited in the body like iron from FeSO₄.
In animals fed diets containing SiO₂ NPs, potential silicon accumulation was
studied by measuring total silicon concentration in spleen, liver, kidney and heart
upon sacrifice (90 days) (Supplementary Fig. 7). Silicon concentrations in organs from
control animals fed FeSO₄ L were below the limit of quantification (10.2±4.7 µg Si gˉ¹
tissue). Low tissue levels of silicon were detected in animals fed SiO₂ NPs, but no
differences were observed between animals fed SiO₂ 200L or SiO₂ 200H, indicating
that silicon can be taken up from diets containing SiO₂ NPs and can be distributed
systemically as was shown previously [23].

Figure 7. Iron concentration in tissue of experimental animals after sub-chronic
exposure to diets containing FePO₄-NPs. Total iron concentration in spleen, liver,
kidney and heart. Data points represent mean ± SD. Statistical significance was
determined with a two way ANOVA and Bonferroni correction, P<0.05. Bars without
a common letter (a, b, c or d) are statistically different.
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To further characterize the iron status of the animals, we measured the
number of red blood cells (RBCs), hemoglobin (Hb), hematocrit (Hct), mean
corpuscular volume (MCV), mean corpuscular hemoglobin (MCH), total iron binding
capacity (TIBC), plasma iron (PI) and transferrin saturation (TSAT) after 45 and 90
days. At both time points, the FePO₄ NPs groups did not differ from the group
receiving FeSO₄ L in any of the measured parameters (Supplementary Table 2) and all
hematological parameters were within the normal range in all animals. After 45 days,
only the group fed FePO₄ 27L differed significantly from the group receiving FeSO₄ L,
as noted by significantly decreased Hb, MCV, MCH and TSAT levels. Also after 90 days,
the levels of Hb, MCV and MCH in the group fed FePO₄ 27L were still significantly
lower compared to the group receiving FeSO₄ L. These findings further corroborate
the hypothesis that iron from FePO₄ 27 is less bioavailable compared to FeSO₄ and
the FePO₄ NPs.
We assessed the potential of the FePO₄ and SiO₂ NPs to cause systemic or
local oxidative stress by measuring levels of GSH in RBCs, in the gastrointestinal
mucosa and in the liver. All GSH concentrations were very similar to previously
reported GSH values in healthy rats [47-49] and there were no differences in GSH
concentrations amongst the diet groups (Fig. 8), providing no evidence for induction
of oxidative stress. We also investigated potential oxidative DNA damage by
quantifying 8-oxo-7,8-dihydro-2 ́-deoxyguanosine (8-oxo-dG) in the gastrointestinal
mucosa and liver. 8-oxo-dG is one of the most common free-radical-induced oxidative
DNA lesions, it is highly mutagenic and a biomarker for oxidative stress [50]. Overall,
the 8-oxo-dG levels ranged from 17±6 to 23±9 lesions per 10⁶ dG and from 10±6 to
20±11 lesions per 10⁶ dG in the liver and the gastrointestinal mucosa, respectively
(Fig. 8d). These values are about 2 to 4 times higher than the expected background
concentrations of 8-oxo-dG [51]. In both cases antioxidants and an iron chelating
agent were present during sample preparation and analysis [51]. Furthermore, no
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differences in 8-oxo-dG levels amongst the treatment groups were observed,
providing no evidence for the induction of oxidative damage by FePO₄ NPs. These
observations are consistent with data from a study in which similarly high FeSO₄
intakes did not impact lipid peroxidation, activities of total superoxide dismutase
activity, glutathione peroxidase and glutathione S-transferase in the colonic mucosa
of rats [52]. In contrast, administration of similar doses of FeSO₄ via the diet increased
malondialdehyde levels in spleen and gut, induced catalase activity in gut tissue, and
decreased glutathione S-transferase activity in spleen and gut [53]. However, those
rats were already 15 months old in the beginning of the study and older animals are
generally more susceptible to oxidative stress compared to young animals. In the case
of FeSO₄ administration in the drinking water, similar FeSO₄ intakes were linked to
increased lipid peroxidation and reduced GSH levels in the liver and gastrointestinal
mucosa of rats [26]. In the water the iron was most likely present as highly reactive
Fe²⁺ ions and thus causing oxidative stress. Such damages may not occur during iron
administration in solid food containing chelators that might reduce direct toxicity to
gastrointestinal mucosa and decrease iron bioavailability [54], resulting in lower liver
toxicity.

68

CHAPTER 2

Figure 8. Levels of total glutathione (GSH) and oxidative DNA damage (8-oxo-dG).
a) GSH levels in the erythrocytes after 45 and 90 days. b) GSH levels in the
gastrointestinal mucosa. c) GSH levels in the liver. d) Levels of 8-oxo-dG in
gastrointestinal mucosa and liver. Bars represent mean ± SD. Statistical significance
was determined with a two way ANOVA and Bonferroni correction, P<0.05.
We further quantified changes in plasma concentrations of alkaline
phosphatase (ALP), alanine aminotransferase (ALAT), aspartate aminotransferase
(ASAT) and ɣ-glutamyl transferase to assess potential liver damage. Plasma
concentrations of urea, creatinine, and uric acid were quantified to estimate potential
kidney damage. After 45 and also 90 days, no differences in any of these biomarkers
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among the different diet groups were observed. This suggests FePO₄ NPs do not
induce liver or kidney damage (Supplementary Table 3). It was surprising not to find
an effect after 45 days because in the high dose groups the administered dose was
well above 25 mg Fe kgˉ¹ body weight dayˉ¹, and administration of the same amount
of iron as FeSO₄ was reported to increase ALAT, ASAT and ALP levels [26]. As
mentioned previously in the context of induction of oxidative stress, this discrepancy
might be attributed to the administration via drinking water instead of solid food.
After the sacrifice, histological analysis of organs and tissues was performed
and stains for Fe2+ and Fe3+ were used to assess iron deposition. All tissues stained
negatively for Turnbull blue (for Fe²⁺), while mild positive Prussian blue staining (for
Fe³⁺) was observed in all tissues except heart, brain and testis. The incidence of
staining was not influenced by the dose or the composition of the iron compound.
The only observed difference in the high dose groups compared to the group
receiving FeSO₄ L was increased positive iron staining of enterocytes and goblet cells
and in cells (macrophages and fibrocytes) of the lamina propria mucosae in the
duodenum and the colon (Supplementary Fig. 8 and Supplementary Fig. 9). Despite
these apparent iron depositions, no abnormal histological changes were detected.

3. Conclusions
Food fortification with highly bioavailable FePO₄ NPs could play an
important role in combatting ID, but safety concerns arising from their small size limit
their use. We tested the potential of two FePO₄ NPs to induce adverse effects both
in vivo and in three different gastrointestinal cell lines. The FePO₄ NPs did not induce
direct toxicity or oxidative stress in human gastrointestinal cell lines regardless of the
presence of mucus or the transformational state of the cells. Furthermore,
administration of diets enriched with FePO₄ NPs – at a dose recommended for
laboratory rodents or at a dose at which FeSO₄ previously induced adverse effects –
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did not lead to any toxicologically relevant adverse outcomes or accumulation of
tissue iron. This is the first investigation of the influence of sub-chronic in vivo
exposure to FePO₄ NPs and relation with responses of human cells. The data suggest
FePO₄ NPs are at least as safe for human consumption as FeSO₄, because
administration of FePO₄ NPs at doses that were approximately 100 times higher than
the RDA of iron for women did not result in adverse outcomes. Therefore, these
FePO₄ NPs and potentially other nanosized minerals should be further explored as
food fortificants and supplements.

4. Methods
Materials
Iron phosphate nanoparticles with a specific surface area (SSA) of 188 m²
gˉ¹ (FePO₄ 188) and 98 m² gˉ¹ (FePO₄ 98) were produced by flame spray pyrolysis
(FSP) as previously described [55] with some adaptations. Iron nitrate nonahydrate
(purity. ≥97.0%, Riedel-de-Haën/Sigma-Aldrich), and tributyl phosphate (purity 97%;
Sigma-Aldrich), were dissolved in a 1:1 mixture by volume of ethanol (denat. 2% 2butanone, Alcosuisse) and 2-ethylhexanoic acid (purity ≥99%; Sigma-Aldrich) at a
total metal concentration of 0.4 mol Lˉ¹ or 0.5 mol Lˉ¹ for FePO₄ 188 and FePO₄ 98,
respectively. This precursor solution was fed at 3 or 7 mL minˉ¹ into the FSP spray
nozzles by a syringe pump (Lambda, VIT-FIT) and atomized by co-flowing 5 or 7 L minˉ¹
of oxygen (purity ≥99.5%; Pangas) at 1.5-1.6 bar pressure drop. The spray was ignited
by a methane/oxygen (2.5 L minˉ¹) ring-shaped flame [56]. Using a vacuum pump
(Busch, Mink MM1202 AV), product particles were collected on water-cooled Teflon
membrane-filters (1TMTF700WHT, BHA Technologies AG) placed at least 65 cm
above the burner. Ferric phosphate fine powder (no: 505033003) with SSA of 27 m²
gˉ¹ (FePO₄ 27) and dried ferrous sulphate (FeSO₄) (no: 501022005480) were
purchased from Dr. Paul Lohmann GmbH. Nanostructured fumed silica with SSA of
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200 m² gˉ¹ (SiO₂ 200) and 380 m² gˉ¹ (SiO₂ 380) were kindly provided by Evonik
Industries (AEROSIL® 200 F and AEROSIL® 380 F, Evonik Industries).
Nanoparticle characterization
SSA was determined by N₂-adsorption (Micromeritics Tristar 3000,
Micromeritics Instruments Corp) at 77 K in the relative pressure range p/p0=0.050.25 and calculated using Brunauer-Emmett-Teller (BET) theory. Assuming dense
spherical particles, the particle diameter (dBET) was calculated from the measured SSA
according to dBET = 6/(ρ·SSA), where ρ is the solid particle density (FePO₄*2H₂O= 2.87
g cmˉ3) [57]. The crystallinity of the NP powders was investigated by X-ray diffraction
(XRD) on a Bruker AXS D8 Advance diffractometer operating with a Cu Kα radiation.
For transmission electron microscopy (TEM) analysis, the NPs were dispersed in
ethanol or ddH₂O, deposited on a carbon or parlodion foil supported on a copper grid
and analyzed on a CM30ST microscope (FEI; LaB6 cathode, operated at 300 kV, point
resolution∼2 A°) or a CM12 microscope (FEI, operated at an acceleration voltage of
100 kV).
Cell culture
HT29 were obtained from the Leibnitz-Institut DSMZ GmbH (DSMZ ACC299)
and HT29-MTX cells were purchased from Culture Collections, UK (ECACC 12040401).
Both cell lines were maintained in Dulbecco's Modified Eagle Medium GlutaMax
(DMEM) with 10% Fetal Bovine Serum (FBS) (v/v) plus 100 U mLˉ¹ Penicillin and 100
µg mLˉ¹ Streptomycin (DMEM+; all from Gibco, Life Technologies). HCECs were
obtained from Prof. Jerry Shay (University of Texas Southwestern Medical Center,
Dallas, Texas, USA) and cultured under previously reported conditions [30]. All cell
lines were incubated at 37 °C in a humidified atmosphere with 5% CO₂. Cell lines were
routinely tested for mycoplasma contamination.
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Preparation of nanoparticle suspensions
Stock suspensions of FePO₄ NPs, SiO₂ NPs and FeSO₄ were prepared either
in ultrapure water (18.2 MΩ·cm) or in DMEM+ and dispersed by ultrasonic processing
in a cup horn sonicator at 200 kJ Lˉ¹ (Ultrasonic Processor VCX 750, Sonics & Materials
Inc.). The hydrodynamic diameter of NPs after ultrasonic processing in ultrapure
water or cell culture media was determined by dynamic light scattering on a Zetasizer
Nano ZS (Malvern). For the cell experiments, dilutions of the stock suspension were
prepared in DMEM+ and used for the experiments without further processing. The
concentrations were standardized on 1) molar concentrations of Fe for FePO₄ 27,
FePO₄ 98 and FeSO₄; 2) SSA for FePO₄ 98, FePO₄ 188, SiO₂ 200 and SiO₂ 380.
Nanoparticle uptake
Uptake of FePO₄ NPs into HCEC, HT29 and HT29-MTX cells was investigated
qualitatively by TEM. Cells were seeded in 6-well plates (HT29 and HT29-MTX: 500000
cells/well, HCECs: 30000 cells/well) on carbon coated sapphire disks (Brügger). After
24 h, cells were exposed for 48 h to FePO₄ 27 (75 µg mLˉ¹), FePO₄ 98 (75 µg mLˉ¹) and
FePO₄ 188 (37.5 µg mLˉ¹). Cells were washed three times with PBS and fixed with 2.5%
glutaraldehyde in 0.1 M Na/K-phosphate buffer, for 1 hour at 4°C and kept overnight
in 0.1 M Na/K-phosphate, postfixed with 1% osmium tetroxide in 0.1 M Na/Kphosphate buffer for 1h, dehydrated in a series of ethanol starting at 70%, and after
transferring into acetone embedded in epon followed by polymerization at 60°C for
2.5 days. Sections of 60 to 80 nm thickness sections were stained with uranyl acetate
and lead citrate as described in [58] and examined in a transmission electron
microscope (CM12, FEI) equipped with a CCD camera (Ultrascan 1000, Gatan) at an
acceleration voltage of 100 kV. Digital micrograph (Gatan) was used for image
acquisition.
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Cell membrane integrity
To determine the extent of damage to the cell membrane, the amount of
lactate dehydrogenase (LDH) released into the culture supernatant was determined.
Cells were seeded in 96-well plates (3000 cells/well). After 24 h, cells were exposed
to FePO₄ NPs, SiO₂ NPs and FeSO₄ suspensions (FePO₄ 27, FePO₄ 98 and FeSO₄: 0.01,
0.5, 1 and 2.5 mM Fe; FePO₄ 98, FePO₄ 188, SiO₂ 200 and SiO₂ 380: 0.19, 9.5, 19 and
47.5 m² Lˉ¹). After 24 h or 48 h exposure, the LDH release was assessed using the
Cytotoxicity Detection Kit for LDH (Roche Diagnostics AG) according to the
manufacturer’s protocol. 50 µl of supernatant were transferred to a new plate
containing 100 µL freshly prepared reagent mix. The amount of formazan formed was
determined by measuring the absorbance at 490 nm. The relative membrane
integrity was expressed as:
Membrane integrity (%) = 100–[(experimental value–low control)/(high control–low
control)*100]
The low control, which refers to spontaneous LDH release, was determined as the
LDH released from untreated cells. The high control, which refers to the maximum
LDH release, was determined as LDH released from cells treated with the surfactant
Triton X-100 (2%). Results are expressed as mean ± SD % membrane integrity relative
to untreated cells. Each experiment was preformed independently three times with
three technical replicates. Potential interference of NPs and FeSO₄ with the LDH assay
was tested according to [59] and no interferences were found.
Metabolic activity
Metabolic activity was assessed with the MTS assay (CellTiter 96® AQueous
One Solution Cell Proliferation Assay, Promega). Cells were seeded in 96-well plates
(2500 cells/well). After 24 h the cell culture medium was removed and cells were
exposed to FePO₄ NPs, SiO₂ NPs and FeSO₄ suspensions (FePO₄ 27, FePO₄ 98 and
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FeSO₄: 0.01, 0.5, 1 and 2.5 mM Fe; FePO₄ 98, FePO₄ 188, SiO₂ 200 and SiO₂ 380: 0.19,
9.5, 19 and 47.5 m² Lˉ¹). After 24 h or 48 h exposure, MTS dye was added to each well
and incubated for 4 h. Plates were centrifuged for 10 min at 2000 g to allow NPs to
sediment. Then 60 µl of the supernatant were transferred to a new plate and
absorbance was measured at 490 nm. Triton X-100 (2%) and untreated cells were
used as positive and negative control, respectively. Results are expressed as mean ±
SD% metabolic activity relative to untreated cells. Each experiment was performed
independently three times with three technical replicates. Interference of the NPs
with the monitoring of the bioreduction of a tetrazolium salt (MTS; 3-(4,5dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2Htetrazolium) to a formazan product (λmax 490 nm) was tested and no interferences
were found.
Glutathione assay
Cells were seeded in 24-well plates (HT29 and HT29-MTX: 350000 cell/well
for 2 h and 6 h exposure, 250000 cells/well for 24 h exposure; HCECs: 300000
cells/well for 2 h and 6 h exposure, 200000 cells/well for 24 h exposure). After 24 h,
cells were exposed to FePO₄ NPs, SiO₂ NPs and FeSO₄ suspensions at the highest
concentration used in the cell viability assays (FePO₄ 27, FePO₄ 98 and FeSO₄: 2.5 mM
Fe; FePO₄ 98, FePO₄ 188, SiO₂ 200 and SiO₂ 380: 47.5 m² Lˉ¹). Diethyl maleate (DEM)
treated and untreated cells were used as positive and negative control, respectively.
After 2 h, 6 h or 24 h, cells were collected and GSH concentration was measured by
the enzymatic recycling method, as described previously [60]. Protein content was
analyzed using the Pierce™ BCA Protein Assay Kit (Thermo Scientific) according to the
manufacturer’s protocol. Results are expressed as mean ± SD% GSH content relative
to untreated cells. Each experiment was preformed independently three times and
each sample was analyzed two times.
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Animal study
Ethical approval for animal experiment
The study protocol was approved by the cantonal veterinary office of Zurich,
Switzerland (authorization no. 26300).
Study outline
Three week old male Sprague-Dawley rats (n=120) (Charles River) were
individually housed in stainless steel cages with grid floor in a colony room kept on a
12/12 h light-dark cycle. Twelve animals were randomly assigned to each diet group.
Randomization was done according to tables with random numbers generated in
EXCEL (Professional Edition, Microsoft). The number of animals per group was based
on past similar studies with the same or very similar animal model [26, 61, 62]. Feed
and water was provided ad libitum throughout the study. Body weight was recorded
twice per week. Food intake was recorded at the beginning, around the midpoint and
before the end of the study, always for a period of 10 days. After 90 days, rats were
anaesthetized by CO₂ inhalation and blood was drawn by cardiac puncture. The rats
were euthanized by heart incision. The organs for histopathological analyses (lung,
heart, spleen, liver, kidney, stomach, pancreas, duodenum, jejunum, ileum, colon,
mesenteric lymph node, brain, sternum and testis) were excised and immediately
placed in 4% buffered formaldehyde.
Diets
The experimental diets were based on an iron-free AIN-93G purified rodent
diet [25] fortified with either FeSO₄, FePO₄ 27, FePO₄ 98 or FePO₄ 188 at two different
dose levels. The lower dose was 35 mg Fe kgˉ¹ diet which corresponds to the normal
iron concentration in the AIN-93G diet [25]. The high dose was aimed to correspond
to the LOAEL of FeSO₄ in rats and was set at 350 mg Fe kgˉ¹ diet. The high dose was
based on a study of Toblli et al. [26] where increased oxidative stress and increased
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plasma levels of biomarkers for liver damage were observed in rats fed 25 mg Fe (as
FeSO₄) kgˉ¹ BW dayˉ¹. Assuming an average food intake of 22 g dayˉ¹, a body weight
of 310 g (average weight at 10 weeks of age) and a Fe concentration of 350 mg Fe
kgˉ¹ diet, the daily Fe intake would be 25 mg Fe kgˉ¹ body weight. To control for the
effect of non-biodegradable NPs, diets containing either 35 mg Si kgˉ¹ diet or 350 mg
Si kgˉ¹ diet were also used. In the silica diet, the iron concentration was 35 mg Fe as
FeSO₄ kgˉ¹ diet. All diets were produced by Dyets Inc. and analyzed for their iron
content by atomic absorption spectroscopy (AAS) upon arrival.
Blood analysis
At the midpoint and before the sacrifice, a blood sample was drawn from
the sublingual vein during light anesthesia with isoflurane. Whole blood was collected
1) in a heparinized capillary for hematological analysis and 2) on heparin for plasma
separation. Plasma was separated by centrifugation and erythrocyte pellet and
plasma was immediately frozen at -80 °C. The number of red blood cells, hemoglobin
levels, hematocrit, mean corpuscular volume and mean corpuscular hemoglobin was
measured in whole blood using a Scil vet abc hematology analyzer (Scil Animal Care
Company). The concentrations of alkaline phosphatase, alanine aminotransferase,
aspartate aminotransferase, ɣ-glutamyl transferase, urea, creatinine and uric acid
were measured in blood plasma using standard enzymatic and colorimetric methods
adapted for the Cobas MIRA® autoanalyzer (Hoffman La Roche). Plasma iron
concentration and total iron binding capacity were measured as described in [63].
Transferrin saturation was calculated as: plasma iron/TIBC*100. Investigator was
blinded to the sample group allocation.
Oxidative stress
Total GSH levels in erythrocytes as well as GSH levels in gastrointestinal
mucosa and in liver samples collected at sacrifice were measured by the enzymatic
recycling method, as described previously [60]. Protein content was analyzed using
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the Pierce™ BCA Protein Assay Kit (Thermo Scientific) according to the manufacturer’s
protocol. Results for GSH in erythrocytes and in gastrointestinal mucosa are
expressed as µmol GSH gˉ¹ protein while GSH in liver was expressed as µmol GSH gˉ¹
liver. The levels of the oxidative DNA lesion 8-oxo-dG in the liver and the
gastrointestinal mucosa were quantified according to a previous study [64] with small
adaptations. During the entire sample preparation, deferoxamine and butylated
hydroxytoluene were added as antioxidants to prevent unwanted formation of 8-oxodG and further oxidation thereof [65]. DNA was extracted with the DNA Isolation Kit
for Cells and Tissues Version 07 (Roche) according to the manufacturer’s protocol
except that incubation with proteinase K was done for 1 h at 65 °C and incubation
with RNase solution was increased to 1 h. After protein precipitation, the samples
were centrifuged at 4000 g for 30 min. DNA concentration was determined by
measuring the absorbance at 260 nm with a NanoDrop ND-1000 Spectrophotometer
(Thermo Fisher Scientific). Before hydrolysis, 1775 fmol [¹⁵N₅]8-oxo-dG (Cambridge
Isotopes laboratories) was added to each sample as internal standard. Hydrolysis of
50 µg DNA resulted in a final sample volume of 900 µl which was then fractionated
chromatographically with HPLC. The HPLC system (Agilent Technologies 1200 Series
HPLC) was equipped with a Luna C18 (2) 100Å column (4.6 mm x 250 mm, 5μm,
Phenomenex) for purification of 8-oxo-dG and quantification of dG. Solvents and
gradient were as previously described [64]. Retention time of 8-oxo-dG as
determined by injection of a standard was around 23 min. 8-oxo-dG from the samples
was collected 2 min before and 2 min after its retention time. Solvents from the
collected fraction were removed by lyophilization. The sample was resuspended in
16 µL ultrapure water and 9.5 µL were injected in a nanoAcquity UPLC (Waters)
coupled to a TSQ Vantage triple quadrupole mass spectrometer with ESI source
(Thermo Scientific) for quantification of 8-oxo-dG and [¹⁵N₅]8-oxo-dG. An Atlantis
dC18 column (300 µm x 150 mm, 3 µm, Waters) was operated with a linear gradient
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from 0% acetonitrile + 0.1% formic acid (B) in water + 0.1% formic acid (A) to 9% B in
15 min, followed by an increase to 90% B in 1 min, at a flow rate of 10μl/min. 8-oxodG and the internal standard were quantified as previously described [64].
Investigator was blinded to the sample group allocation.
Metal content in organs
Iron concentration in the different tissues was measured with AAS after
acid-assisted digestion. Tissue samples were mineralized in a microwave system
(Multiwave GO, Anton Paar) in the presence of 5 mL nitric acid (65%) and 1 mL
hydrogen peroxide. After digestion, samples were diluted with water and iron
concentration was measured on a SpectrAA-240FS AAS (Varian). Investigator was
blinded to the sample group allocation. Silica concentrations were measured with
ICP-MS following acid assisted digestion. Tissue samples were mineralized in a
microwave system (Multiwave 3000, Anton Paar) in the presence of 5 mL nitric acid
(65%) and 2 mL hydrogen peroxide (30%). After digestion, 0.15 mL hydrofluoric acid
(48%) was added to dissolve silica, samples were further diluted in water and silica
concentration was measured on an Agilent 7700x ICP-MS.
Histology
Histological analyses of lung, heart, spleen, liver, kidney, stomach, pancreas,
duodenum, jejunum, ileum, colon, mesenteric lymph node, brain, sternum and testis
were done in six rats of the control group (FeSO₄ L) and in always six animals of the
high dose groups (FeSO₄ H, FePO₄ 27H, FePO₄ 95H, FePO₄ 190H and SiO₂ 200H). For
the analysis by light microscopy, tissues were dehydrated with xylene and a
descending alcohol row, paraffin embedded and stained with haematoxylin/eosin,
Prussian blue for Fe³⁺ detection and Turnbull blue for Fe²⁺ detection. The histological
examination was performed in a blinded manner; the boarded pathologist was
unaware of the group assignments.
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Statistical analysis
Animal study: Data were processed and analyzed using IBM SPSS Statistics
23 (IBM) and EXCEL (Professional Edition, Microsoft). Values in the text are means +
SD. For each diet group, data were tested for normal distribution using the ShapiroWilk test. Outliers were removed according to the Grubbs criteria with α=0.05 [66].
To compare means between the treatment groups, one-way ANOVA with Bonferroni
post-hoc test was applied to correct for multiple comparisons. Differences were
considered significant at p<0.05. Cell study: Data was analyzed with Microsoft Excel
2010 and Graph Pad Prism 6. To determine significant differences between
treatments and controls, one-way ANOVA with Bonferroni post-hoc test was applied
to correct for multiple comparisons. Differences were considered significant at
p<0.05.
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Supplementary Information

Supplementary Fig. 1. a) XRD patterns of FePO₄ 27, FePO₄ 98 and FePO₄ 188. b) XRD
patterns of SiO₂ 200 and SiO₂ 380.
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Supplementary Fig. 2. TEM images of a) FePO₄ 27, b) FePO₄ 98, c) FePO₄ 188, d) SiO₂
200 and e) SiO₂ 380.
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Supplementary Fig. 3. Average hydrodynamic diameter of FePO₄ and SiO₂ NPs. The
average diameter of FePO₄ 27, FePO₄ 98, FePO₄ 188, SiO₂ 200 and SiO₂ 380 suspended
in DMEM + 10% FBS was measured by DLS directly after ultrasonic dispersion and
after 24 h, 48 h and 72 h. Data points represent mean ± SD of three independent
experiments.
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Supplementary Fig. 4. Membrane integrity and metabolic activity of intestinal cell lines upon exposure
to increasing concentrations of FePO₄-NPs for 24 h. a-f) Membrane integrity of HT29-MTX, HT29 and
HCEC cells after exposure to FePO₄-NPs. As comparison, cells were exposed to equivalent
concentrations of a-c) SiO₂-NPs (concentrations were standardized on SSA) and to d-f) FePO₄ 27 and
FeSO₄ (concentrations were standardized on molar concentrations of Fe). g-l) Metabolic activity of
HT29-MTX, HT29 and HCEC cells after exposure to FePO₄-NPs. As comparison, cells were exposed to
equivalent concentrations of a-c) SiO₂-NPs (concentrations were standardized on SSA) and to d-f)
FePO₄ 27 and FeSO₄ (concentrations were standardized on molar concentrations of Fe). Results are
expressed as mean ± SD % metabolic activity relative to untreated cells. Data is from three
independent experiments with three technical replicates. Significant differences to untreated control
cells were determined with a two way ANOVA and Bonferroni correction, P<0.05.
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Supplementary Fig. 5. Schematic outline of the sub-chronic exposure study in rats.
Animals were fed the corresponding diet for 90 days. Blood was sampled at the
midpoint and at the end of the study. Animals were sacrificed after 90 days. n =
number of animals per group, SSA = Specific surface area.
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Supplementary Fig. 6. a) Body weight of different treatment groups during the study,
data points represent mean ± SD. b) Food intake of different treatment groups during
the study. Data points represent mean ± SD.
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Supplementary Fig. 7. Total silicon concentration in spleen, liver, kidney and heart of
animals fed SiO₂ 200L and SiO₂ 200H. Data points represent mean ± SD. Statistical
significance was determined with the Student’s t-test, P<0.05.
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Supplementary Fig. 8. Presence of Fe³⁺ detected by staining with Prussian blue in
duodenum of rats fed a) FeSO₄ H, b) FePO₄ 27H, c) FePO₄ 98H, and d) FePO₄ 188H.
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Supplementary Fig. 9. Presence of Fe³⁺ detected by staining with Prussian blue in
colon of rats fed a) FeSO₄ H, b) FePO₄ 27H, c) FePO₄ 98H, and d) FePO₄ 188H.
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Chapter Three: Basis of apparent cytotoxicity for
in vitro cell exposure to iron phosphate particles

____________________________________________________________________
The work presented in this chapter is a manuscript in preparation that will be
submitted for publication:
L. M. von Moos, M. Schneider, F. M. Hilty, S.E. Pratsinis, M. B. Zimmermann, S. J.
Sturla, I. A. Trantakis. Basis of apparent cytotoxicity for in vitro cell exposure to iron
phosphate particles. Manuscript in preparation
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Abstract
Nanostructured iron phosphate compounds have high potential for
nutrition applications due to increased bioavailability and diminished reactivity over
conventional materials. However, there are no data available regarding their impact
on cell viability. To characterize potential toxicities associated with nanoparticles, in
vitro assays are a first screening tool, but apparent associations between particle size
and toxicity can be confounded by differences in how particles settle and diffuse to
the surface of cultured cells. In this study, we defined the relationship between
primary particle size, agglomerate size and settling behavior of chemically identical
but differently sized synthetic iron phosphate (FePO₄) particles with their impact on
the viability of human colonic epithelial cells (HCECs). Three differently-sized
synthetic FePO₄ particles with specific surface area (SSA) of 27, 98 and 188 m2/g were
characterized in dry state and upon dispersion in cell culture medium. Metabolic
activity of HCECs exposed to the particles was compared with and without correcting
exposure times for the variable settling behavior of the particles. FePO₄ particles
dispersed in cell culture medium formed agglomerates with average hydrodynamic
diameters of 615 nm, 231 nm and 292 nm for FePO4 with SSA 27, 98 and 188 m2/g,
respectively. The larger agglomerates settled faster leading to a higher delivered
cellular dose in comparison to the smaller FePO₄ agglomerates. Furthermore, the
difference in the settling velocity was reflected in the influence of FePO₄ particles on
cellular metabolic activity. After 48 h exposure, the larger FePO₄ particles (SSA = 27
m2/g) reduced metabolic activity by up to 40% compared to 19% and 20% for the two
smaller FePO₄ nanoparticles. Finally, by adjusting exposure times to account for the
variable settling behavior, cells showed similar responses in terms of metabolic
activity to all three FePO₄ particles. These results demonstrate that during in vitro
cytotoxicity testing of FePO₄ particles, the basis of an apparent association between
particle size and reduced metabolic activity is an increase in the amount of particles
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delivered to cells. Furthermore, these particles intended for food fortification have
no apparent nanoscale-related cytotoxic influences on a human colon epithelial cell
line at doses up to 475 µg/mL.

1. Introduction
Engineered nanoparticles (NPs) are being increasingly applied in various
consumer goods including cosmetics and foods due to their unique physicochemical
properties that result in superior performance compared to their microsized
counterparts [1-3]. Whereas nanosized SiO2 and TiO2 have been used in the food
industry for decades as anti-caking [4-6] and whitening agents [7, 8], respectively,
new nanosized food fortificants containing essential minerals could deliver health
benefits to consumers [9]. Especially the addition of highly bioavailable iron to foods
could have a major impact on iron deficiency, which is still one of the most common
micronutrient deficiencies worldwide [10]. Iron phosphate nanoparticles (FePO₄ NPs)
have potential as a food fortificant since particle size reduction increased significantly
iron bioavailability in iron deficient rats, and the addition of FePO₄ NPs in difficult-tofortify foods did not cause adverse organoleptic changes [11, 12]. The smaller size of
the NPs and the corresponding higher surface to volume ratio are thought to be
responsible for their characteristic favorable performance as fortificants, however, it
is not known how these properties may influence the toxicological potential in
comparison with the corresponding bulk materials. Therefore, a better
understanding of how the physical properties of FePO₄ NPs influence their impacts
on human cells is needed before such materials safely appear on the market for
human consumption [13-15].
Due to the increasing number of emerging NPs with consumer benefits and
the imperative for reducing animal-based toxicity studies, in vitro tests are a rapid
and cost effective approach for addressing how NPs interact with cells. However, a
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limitation of in vitro nanoparticle testing is the propensity of NPs for gravitational
settling, which is usually not taken into account nor does it recapitulate exposure in
vivo. Often in vitro exposure doses are reported in terms of administered or nominal
concentrations of NPs without information on the actual dose that is delivered to the
cells. However, the transport of NPs in cell culture media is a dynamic process
governed by physicochemical characteristics of NPs such that the delivered dose to
the cells increases over time [16, 17]. The transport of NPs is driven by a combination
of diffusion, gravitational settling and convection, which depend on the
hydrodynamic size of NPs or NP agglomerates in physiological media [18-20]. Finally,
agglomeration of NPs in physiological media also modifies their surface-to volume
ratio and surface reactivity, influencing their bioavailability, cellular uptake, and,
possibly, toxicological impact. The effect of agglomeration state on settling rates and
cellular response was investigated by Sharma et al. for iron oxide NPs [21] and
recently by Pal et al. [17] for an array of eight different engineered NPs. These studies
showed that NP agglomeration strongly influences settling rates and can confound
interpretation of in vitro nanotoxicity studies, thus highlight the importance of taking
into consideration the dynamic changes that occur when NPs are delivered into the
in vitro cell culture.
Experimental measurements of particle sedimentation is challenging,
therefore, computational modelling approaches have been introduced to estimate
the settling velocity of NPs in cell culture exposure systems. Hinderliter et al.
introduced an in vitro sedimentation, diffusion, and dosimetry (ISDD) model [22] as a
computational strategy for predicting particokinetics and dosimetry for particles and
their agglomerates in monolayer cell culture systems. This model has continuously
been improved by substituting estimated with measured values for certain input
parameter such as e.g. the effective density of agglomerates [23]. By taking into
account particle size, particle density, agglomeration size, and agglomerate density,
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the NP dose coming into contact with cultured cells can be modelled. These model
predictions provide an approximation of the settling behavior of NPs, however, they
rely on a range of assumptions, limiting their proper application to monodisperse
suspensions with stable spherical particles or agglomerates.
Settling velocity has been determined experimentally for fluorescentlylabeled monodisperse polystyrene particles using time-lapse fluorescence [22] and
for neutron activated particles using γ-spectroscopy monitoring [16]. Also, for a
variety of non-functionalized NPs, the speed of sedimentation has been studied by
measuring the absorbance of light as a function of time or by monitoring the arrival
of NPs at the bottom of well with an inverted optical microscope [24]. Previous
studies [24] have shown that even if NPs are well dispersed after ultrasonic
treatment, they may re-agglomerate during the time course of an experiment,
leading to a faster sedimentation. While these experimental approaches are
preferred over model predictions, they require advantageous monitoring properties
of the NPs and data interpretation of light-based approaches is challenging due to
disturbances of NP suspensions by the applied light beam [24].
It is well established that settling rates impact significantly in vitro toxicity
testing, however, the biological influence of chemically identical but differently-sized
particles has never been systematically characterized in relation to their settling
properties. Furthermore, the dynamic relationship between primary particle size and
agglomeration behavior in biological media critically affects settling rates. In this
study, the impact of three differently-sized FePO₄ particles synthesized by flame
spray pyrolysis (FSP) on cellular metabolic activity was characterized in vitro. As a
model for cells of the human gastrointestinal tract, we used a cell line of human
colonic epithelial cells (HCECs) derived from healthy patient tissue. Based on the
administered dose, it appeared that larger FePO₄ particles were more potent in
reducing metabolic activity than smaller particles. However, measuring the depletion
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of iron in the upper layer of FePO4 dispersions in cell media suggested that the effect
is related to the settling behavior of the NPs. Therefore, further in vitro cell testing
was performed taking into account the variable settling behavior of the particles.
When the differences in settling between differently-sized FePO₄ particles were
considered, there was little impact of the synthetic FePO₄ particles on cultured
human cells, irrespective of the primary particle size.

2. Materials and Methods
Nanoparticle characterization
Ferric phosphate fine powder with specific surface area (SSA) of 27 m 2/g
(FePO₄ 27) was purchased from Dr. Paul Lohmann (505033003, Dr. Paul Lohmann
GmbH). FePO₄-NPs with SSA of 98 m2/g (FePO₄ 98) and 188 m2/g (FePO₄ 188) were
produced by FSP as described in Chapter 2. SSA was determined by N2-adsorption
(Micromeritics Tristar 3000, Micromeritics Instruments Corp) at 77 K in the relative
pressure range p/p0=0.05-0.25 and calculated using Brunauer-Emmett-Teller theory.
Assuming dense spherical particles, the particle diameter (d BET) was calculated from
the measured SSA according to dBET = 6/(ρ·SSA), where ρ is the solid particle density
(FePO₄*2H₂O= 2.87 kg/m3). The structure of the NP powders was investigated by Xray diffraction (XRD) on a Bruker AXS D8 Advance diffractometer (Bruker AXS)
operating with a Cu Kα radiation (40 kV, 40 mA). For transmission electron
microscopy (TEM) analysis, the NPs were dispersed in ethanol, deposited on a carbon
foil supported on a copper grid and analysed on a CM30ST microscope (FEI) operated
at 300 kV, point resolution∼2 A°. The hydrodynamic diameter after ultrasonic
processing of FePO₄ 27, FePO₄ 98 and FePO₄ 188 in cell culture media was determined
by dynamic light scattering (DLS) on a Zetasizer Nano ZS (Malvern).
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Nanoparticle suspensions
Stock suspensions (950 µg/mL) of FePO₄ 27, FePO₄ 98 and FePO₄ 188 were
prepared in Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10%
fetal bovine serum (FBS) (v/v) and 100 U/mL Penicillin and 100 µg/mL Streptomycin
(full DMEM; all from Gibco, Life Technologies) and dispersed by ultrasonic processing
in a cup horn sonicator at 200 kJ/L (Ultrasonic Processor VCX 750, Sonics & Materials
Inc.). Dilutions thereof (1.9–475 µg/mL) were prepared in full DMEM and used for the
cell experiments without further processing.
Cell culture
HCECs [25] were obtained from Prof. Jerry Shay (University of Texas
Southwestern Medical Center, Dallas, Texas, USA) and maintained in DMEM
GlutaMAX/M199 Earle (Gibco, Life Technologies Ltd.) supplemented with 2% Hyclone
FBS (Thermo Scientific), 100 U/mL Penicillin and 100 µg/mL Streptomycin (Gibco, Life
Technologies Ltd.), epidermal growth factor, Hydrocortison, Insulin, Transferrin,
NaSelenite, Gentamycin (all from Sigma-Aldrich). HCECs were incubated at 37 °C in a
humidified atmosphere with 5% CO₂. Cell viability experiments were performed in full
DMEM since NP dispersions were most stable in this media.
Cell viability experiments
Metabolic activity was assessed with the MTS assay (CellTiter 96® AQueous
One Solution Cell Proliferation Assay, Promega) according to the manufacturer’s
protocol [26]. Cells were seeded in full DMEM at a density of 1800 cells/well in 96
well plates and allowed to attach for 24 h. Media was aspirated and cells were
exposed to 1.9–475 µg FePO₄/mL as FePO₄ 27, FePO₄ 98 or FePO₄ 188 for 48 h or for
the time points described below. To test the time dependency of the effect, cellular
metabolic activity was also measured after exposure for 12 h, 24 h and 60 h to FePO₄
27. At the end of exposure, MTS dye was added to each well and incubated for 1 h.
Plates were centrifuged for 10 min at 2000 g to allow NPs to completely sediment.
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Sixty µl supernatant was transferred to a new plate and absorbance was measured at
490 nm. Triton X-100 and untreated cells were used as positive and negative control,
respectively. Results are expressed as mean ± SD% metabolic activity relative to
untreated cells. Each experiment was preformed independently 3 times with 3
technical replicates. Interference of the NPs with the monitoring of the bioreduction
of

the

tetrazolium

salt

(MTS;

3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium)

by

cellular

dehydrogenases to a formazan product (λmax 490 nm) was tested previously and no
interferences were found (Supplementary Fig. 1).
Settling measurements
Particle suspensions in full DMEM (475 µg/ml, 100 µl) were added to 96well plates and placed in an incubator (37°C, 95% O₂, 5% CO₂) for 2–72h. At each time
point, a plate was carefully removed to not disturb the sedimented layer and the top
30 µL of media was removed from each well. Iron content was measured by atomic
absorption spectroscopy (AAS; SpecrAA-240Z with GTA-120 Graphite Tube Atomizer,
Varian) following acid assisted microwave digestion with 70% nitric acid for 40 min
(TurboWave, MLS GmbH). The NP fraction measured to be present in the upper 30
µL of media was expressed as percentage of the initial NP concentration and the
corresponding depletion constant was calculated (Supplementary Method 1) [27].
The experiment was repeated 3 times and each sample was analyzed 3 times. Results
are expressed as mean ± SD.
Exposure time adjusted cell viability experiments
From the settling measurements, the particle fractions present in the lower
70 µl of the wells were calculated by subtracting the iron content detected in the
upper 30 µl of the wells from the total iron content. The particle fractions present in
the lower 70 were then plotted and fitted with the logarithmic function
Y = a*ln(x) + b
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where Y is the particle fraction in the 70 µl (%) and x is the time (h). The constants a
and b were optimized for each data set to obtain the best fit for the experimental
data. From these fits, we extrapolated time points, at which similar fractions of
particles from each compound will be present in the bottom of the wells and hence
in contact with the cells. Taking into account the variable settling velocity of FePO₄
27, FePO₄ 98 and FePO₄ 188, cells were exposed to FePO₄ particles for various time
periods (“short”, “medium” and “long”). Cellular metabolic activity was assessed as
described above. Each experiment was repeated 3 times with 3 technical replicates.
Statistics
Data was analyzed with Microsoft Excel 2010 and Graph Pad Prism 6.

3. Results and Discussion
Three FePO₄ compounds with SSA of 27, 98 and 188 m2/g were investigated
in this study. FePO4 powder with SSA of 27 m2/g was commercially available, and
FePO4-NPs with SSA of 98 m2/g and 188 m2/g were synthesized by FSP [28]. The
particles were characterized in powder form by XRD, TEM and nitrogen adsorption,
and their dispersion properties where characterized by DLS (Table 1).
Table 1. Characteristics of iron phosphate particles used in the study

XRD analyses indicated that the particles were amorphous (data not shown)
and TEM images revealed the irregular shape and size distribution of FePO₄ 27 while
FePO₄ 98 and FePO₄ 188 were clearly spherical particles (Figure 1). The different
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shape of FSP synthesized and commercial particles can most likely be attributed to
the production method as FePO₄ NPs produced by precipitation were shown to have
similar morphology as the commercial FePO₄ particles [29]. Since FePO₄ 27 particles

were not spherical, the calculated primary particle size (dBET) based on the SSA is not
accurate for these particles.
Figure 1. Transmission electron microscope images of iron phosphate powders: a)
Commercial FePO₄ with SSA 27 m²/g, b) FSP-made FePO₄ with SSA 98 m²/g and c) FSPmade FePO₄ with SSA 188 m²/g.
According to DLVO theory, the colloidal stability of NPs depends on Van der
Waals forces and electrostatic repulsion between the charged surfaces of the NPs
[30]. Thus, for NPs with a zeta potential larger than -30 or 30 mV, electrostatic
repulsion between the NPs is generally strong enough to lead to the formation of
stable dispersions [31]. However, none of the tested particles stably dispersed in
water after ultrasonic treatment, especially FePO₄ 98 and FePO₄ 188 NPs
agglomerated strongly as they had a very low surface charge as indicated by a zeta
potential close to 0 mV (Table 1). Considering the low zeta potential of the FePO₄
particles, especially of the FSP-made NPs, it was not surprising that large and unstable
agglomerates in the micrometer size range were formed. Smaller and more stable
particle agglomerates were obtained by ultrasonic dispersion and subsequent
dilution in full DMEM. Due to the adsorption of serum proteins on the particles, the
zeta potential became slightly negative. Therefore, there was increased electrostatic
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repulsion between the particles, leading to more stable agglomerates (Table 1). The
particle agglomerates in full DMEM were stable for at least 72 h (Figure 2), supporting
that the dispersion protocol was effective. The agglomerate size did not depend on
primary particle size, as FePO₄ 98 and FePO₄ 188 formed agglomerates in the same

size range (230-300 nm) while FePO₄ 27 particles formed agglomerates double the
size (600-700 nm).

Figure 2. Average hydrodynamic diameter of FePO₄ particles. The average size of
FePO₄ 27, FePO₄ 98 and FePO₄ 188 suspended in full DMEM was measured by DLS
directly after ultrasonic dispersion and after 24 h, 48 h and 72 h.
As an indicator of cell viability, mitochondrial activity of HCECs exposed to
FePO₄ particles was assessed with the MTS assay. HCECs are an emerging model for
normal tissue, since these cells are not tumorigenic, do not have mutations in hot
spot genes and express epithelial as well as stem cell markers [25, 32]. Cells were
exposed to suspensions of particles in full DMEM for 48 h at doses ranging from 1.9
to 475 µg/mL. This dose range was chosen to model the effect of low and high
exposure scenarios as may be realistically expected upon normal vs. excessive intake
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of iron from FePO₄ as food fortificant or supplement, and the exposure time (48 h) to
account for a long residence time of food in the gastrointestinal tract [33].
The results indicated that FePO₄ 27 had the largest impact on the viability
of HCECs, reducing the metabolic activity by up to 40% compared to untreated cells
while exposure to FePO₄ 98 or FePO₄ 188 resulted in a 19% or 20% decrease in cellular
metabolic activity, respectively (Figure 3).

Figure 3. Metabolic activity of HCECs exposed to FePO₄ particles for 48 h. Cells were
exposed to increasing concentrations of FePO₄ 27, FePO₄ 98 and FePO₄ 188. The
metabolic activity was measured with the MTS assay. Data points represent mean ±
SD of 3 independent experiments with 3 technical replicates.
Furthermore, the effect of FePO₄ 27 in cellular metabolic activity was doseand time-dependent (Figure 4).
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Figure 4 Metabolic activity of HCECs exposed to FePO₄ 27 as a function of time. Cells
were exposed to increasing concentrations of FePO₄ 27 and metabolic activity was
measured after 12, 24 and 60 h. Data points represent mean ± SD of 3 independent
experiments with 3 technical replicates.
Although FePO₄ 27 had a larger impact on the cellular metabolic activity, the
observation that the middle-sized FePO₄ 98 and the small FePO₄ 188 had the same
influence on cells suggested that primary particle size was not critical for the cellular
response. In addition to primary particle size, FePO₄ 27 particles differ from the other
two materials in the size of agglomerates formed in cell culture media. As mentioned
above, dispersion of FePO₄ 98 and FePO₄ 188 in cell culture media led to the
formation of stable agglomerates of 200-300 nm whereas FePO₄ 27 formed
agglomerates of 600-700 nm.
Due to the differences in agglomerate size, we compared how the three
compounds were depleted from the upper 30 µl of the media contained in the wells
of a 96-well plate as an approximation of possible differences in their settling
behavior (Figure 5).
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Figure 5. Depletion of FePO₄ particles from top 30 µl of test wells. Fraction of particles
remaining in the top 30 µl of test wells over time was measured with AAS. Ct30µl = iron
concentration at time t (µg/L). Ct030µl = iron concentration at time t =0 (µg/L). Data
points represent mean ± SD of 3 independent experiments with 3 technical replicates.
The experimentally measured initial depletion of NPs from the upper 30 µl
of the media, was very similar for all three NPs. While FePO₄ 27 was depleted
constantly for up to 8 h, the depletion of FePO₄ 98 and FePO₄ 188 started to level off
already after 2 h. This differential depletion was also reflected in the calculated
depletion constants for the first 8 h which were -0.258 h-1, -0.115 h-1 and -0.134 h-1
for FePO₄ 27, FePO₄ 98 and FePO₄ 188, respectively (Supplementary Fig. 2). After 8 h,
the NP fraction in the upper 30 µl of the media remained constant for up to 72 h and
was around 5% for FePO₄ 27 and 25% for the FSP-made NPs FePO₄ 98 and FePO₄ 188.
The residual NP fraction in the upper 30 µl of the media may be attributed to stably
dispersed small NP agglomerates, small enough to be transported predominantly by
diffusion instead of gravitational settling [22]. The data are suggestive of different
settling behavior, but the approach is limited due to the error associated with
removing the upper 30 µl of a small volume and because the fraction of material
depleted from the top layer and the fraction reaching the bottom of the wells, i.e.
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surface of cells, are not established to have a perfect inverse relationship.
Nonetheless, it provided an initial indicator that the basis of cell viability differences
may be explained by differences in settling behavior rather than nano-size effects on
cellular impacts. To test the hypothesis that the apparent reduction in cell viability of
HCECs exposed to FePO₄ 27 for 48 h was due to the faster settling of the FePO₄ 27
agglomerates and hence higher delivered dose, we performed additional cell viability
experiments wherein the exposure time of HCECs to FePO₄ 98 and FePO₄ 188 was
prolonged compared to exposure time to FePO₄ 27, to account for the slower settling
of the FSP-produced NPs. Therefore, the cells were exposed to the NPs for different
durations in order to match the amount of particles present in the lower 70 µl of the
wells as an approximation of the delivered dose to the cells. The exposure times were
extrapolated by fitting the data of the particle fraction arriving in the lower 70 µl of
the wells, obtained from the settling experiments, as a function of time (Figure 6).

Figure 6. Fraction of FePO₄ particles arriving in the lower 70 µl of test wells, and
logarithmic fit of the data. Ct30µl = iron concentration at time t (µg/L). Ct030µl = iron
concentration at time t =0 (µg/L).
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Metabolic activity was slightly reduced upon exposure to high doses of all
FePO₄ particles, but there were no differences amongst the different sizes (Figure 7).
Thus, the patterns of changes in cellular metabolic activity were consistent with the
variable settling behavior of the FePO₄ particles. These observations emphasize the
importance of taking into account settling properties of NPs during in vitro testing to
support the design and interpretation of in vitro toxicity studies.
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Figure 7. Metabolic activity of HCECs upon exposure to FePO₄ particles after
prolonged exposure times. Metabolic activity was measured after various exposure
times taking into account the varying settling behavior of FePO₄ 27, FePO₄ 98 and
FePO₄ 188, respectively. a) “short” exposure, b) “medium” exposure, c) “long”
exposure. Data points represent mean ± SD of 3 independent experiments with 3
technical replicates.
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4. Conclusions
In this study it was demonstrated for the first time that for chemically
identical FePO₄ particles of different primary particle size, an increase in agglomerate
size leads to a faster settling in cell media, resulting in increased delivered dose during
in vitro cytotoxicity testing. When the metabolic activity dose-response relationship
of the differently-sized FePO₄ particles was examined on the basis of administered
dose, larger FePO₄ particles appeared to be more cytotoxic than smaller NPs,
however by accounting for the variable settling behavior of FePO₄ particles during in
vitro testing, the apparent influence of size on potency was abolished. This study
illustrates the necessity of considering dynamic changes that occur when cultured
cells are exposed to NPs and characterizing physicochemical properties at each step
during in vitro testing so that the settling behavior is considered when evaluating
potentially adverse effects of NPs on biological systems by in vitro experimentation.
Finally, these findings indicate that under the conditions tested, FePO₄ particles did
not induce any nanoscale-related effects to intestinal epithelial cells.
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Supplementary Information
Supplementary Method 1. Calculation of depletion constants
The depletion of particles from top 30 µl of test wells during the first 8 h was fitted
with the following exponential equation:
C(t) = C0eβt
Here C0 is the initial NP fraction on the top 30 µl of test wells, C(t) is the remaining NP
fraction at time t and β is the depletion constant that describes how fast the NPs
deplete from the top layer with increasing time.
Taking the natural logarithm of the above equation results in
ln C(t) = lnC0 + βt  y(t) = βt + lnC0
By defining y(t) ≡ ln C(t) and plot ln C(t) vs t, then the depletion constant β can be
determined by linear regression.
The calculated depletion constants were:
βFePO4 27 = -0.26 h-1
βFePO4 98 = -0.12 h-1
βFePO4 188 = -0.13 h-1
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Supplementary Figure 1. Interferences of FePO₄ 27, FePO₄ 98 and FePO₄ 188 with a)
MTS dye and b) formazan. Absorbance is plotted as function of the concentration of
the differently sized NPs. Interference of FePO₄ particles with MTS assay was tested
by incubating 100 µl particle suspension (1.9-475 µg/mL) or control (full DMEM) with
either substrate (MTS dye) or the reaction product (formazan) for 4 h. Absorbance
was measured at 492 nm.
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Supplementary Figure 2. Depletion constants of a) FePO₄ 27, b) FePO₄ 98 and c) FePO₄
188. Plot of the natural log of particle fraction in top 30 µl of test wells as a function
time. Depletion constants of FePO₄ 27, FePO₄ 98 and FePO₄ 188 were -0.26 h-1, -0.12
h-1 and -0.13 h-1, respectively.
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Chapter Four: PBPK model to predict iron
distribution in rats based on dissolution of
FePO₄ particles
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1. Introduction
Iron deficiency is a major global health problem, affecting up to 2 billion
people worldwide [1]. Addition of iron to foods is a cost-efficient strategy to combat
iron deficiency [2]. However, food fortification with iron is challenging since highly
bioavailable compounds, such as iron sulfate, change the organoleptic properties of
the food. Compounds with less impact on the sensory properties, such as ferric
phosphates or electrolytic iron powders, are therefore often used as fortificants
despite their generally low bioavailability [3]. Nanosized iron compounds produced
by flame spray pyrolysis (FSP) were shown to have a bioavailability equal to ferrous
sulfate, the “gold standard” for iron fortification, without inducing color changes in
reactive food matrixes [4, 5]. The basis for the improved bioavailability seems to be
their faster dissolution in the stomach due to the highly increased specific surface
area of the nanoparticles.
Ingested NPs are exposed to a changing gastrointestinal environment while
moving from the oral cavity to the stomach and along the small and large intestines.
Depending on the physico-chemical properties of the NPs, they may dissolve partly
or completely in the stomach due to the low pH and high electrolyte concentration,
or they may resist digestion and will enter the small intestine as particles. Simulated
gastric and intestinal digestion of amorphous silica particles showed that about 10%
[6] or 15-20% [7] of the starting amount was dissolved, and that the size distribution
of the present particles was greatly affected. In a digestion model comprising oral,
gastric and intestinal stage, nanosized silica in various food matrixes (coffee creamer,
instant soup, pancake mix) was shown to heavily agglomerate in the gastric stage
with no (coffee creamer and instant soup) or very few (pancake mix) particles in the
nanosize range detectable, but nanosized particles reappeared again with increasing
pH in the intestinal phase [8]. Similarly, in the presence of proteins the number of
silver NPs decreased markedly in the gastric phase possibly due to the formation of
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agglomerates, which were likely broken up during the intestinal phase, where an
increased number of nanosized particles were again detected. Interestingly, in the
absence of proteins no nanosized particles were detected in the gastric and intestinal
phase, suggesting complete dissolution of these silver NPs [9]. The agglomeration of
Ag NPs in the gastric phase seems to be related to the dissolution of Ag⁺ ions, which
precipitate as AgCl and bind to NP surfaces, thereby supporting agglomeration [10].
Dissolution is a surface driven process, and NPs are expected to dissolve
faster and to a greater extent than the bulk material. The faster dissolution of NPs is
related to their smaller size [11], resulting in a larger relative amount of atoms
present on the surface and can be further facilitated by shape [12] and surface
morphology [13]. Particle size-dependent dissolution of FePO₄ was observed in 0.1 M
HCl (pH 1) with smaller particles (<1 µm) dissolving 5 times more than larger particles
(15 µm) [14]. Similarly, in 0.1 M HCl (pH 1) with no digestive enzymes added,
dissolution rate of nanostructured FePO₄ correlated with specific surface area (SSA),
with faster dissolution of compounds with higher SSA, however, solubility in 0.01 M
HCl (pH 2) was very poor [15]. In both described studies, the increased solubility of
the smaller particles correlated with increased bioavailability of the compounds. The
basis of the increased bioavailability is likely related to the faster and more complete
dissolution of FePO₄ NPs, resulting in a faster generation of Fe³⁺ ions, which, after
reduction to Fe²⁺, can be taken up by the body.
The exposure levels and in vivo behavior of chemicals and also NPs, can be
predicted with physiologically based pharmacokinetic (PBPK) modeling. PBPK models
are increasingly used for risk assessment as they provide a good insight into the
relationship between an external dose, the internal organ concentrations and
excretion dose [16]. Recently, a PBPK model to predict the organ specific silver
concentrations after exposure to ionic silver or silver NPs was developed and
validated with independent data from the literature. This model successfully
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predicted the biodistribution of 15-150 nm particles and is valid for different
exposure scenarios including oral or inhalation exposure [17]. A very similar model
was developed and validated for biopersistent titania NPs. The biodistribution of TiO₂
NPs was shown to depend on the ability of NPs to cross the capillary walls of the
organs and on the phagocytosis of NPs by the mononuclear phagocyte system [18].
Even though FePO₄ NPs are hypothesized to dissolve in the stomach, these
PBPK models could be used to predict distribution of FePO₄ NPs in case they would
not be dissolved. In the present chapter, we characterized the in vitro dissolution
behavior of FePO₄ particles during simulated digestion and compared it to the iron
organ levels of animals fed the corresponding FePO₄ particles for 90 days. Based on
the PBPK model structure for silver and TiO₂ NPs, the dissolution and organ iron data,
we suggest to develop a PBPK model to predict iron distribution and storage in the
rat. This compartmental model should take into account the dissolution of iron
compounds in the stomach, the major mechanisms of iron uptake, distribution and
storage in the body. This model could be used to predict the uptake and distribution
of iron from novel iron compounds, based on their in vitro dissolution behavior.

2. Methods
Simulated digestion of FePO₄ particles
The results of the extensive characterization of the iron sulfate and iron
phosphate compounds used in this study have already been shown in Chapter 2. The
FSP-produced NPs had SSAs of 98 and 188 m²/g, respectively. We also included a
larger, commercially available food grade FePO₄ compound (ferric phosphate fine
powder, no: 505033003, Lohmann) with a SSA of 27 m²/g. These compounds
underwent a simplified human digestion including a gastric and an intestinal step,
adapted from [19]. For the simulated digestion we assumed a fasted state, where the
physiological pH in the stomach is between 1-2 and increases in the small intestines
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to around 6 [20]. The compounds were suspended in Dulbecco's Modified Eagle
Medium (DMEM), supplemented with 10% fetal bovine serum (FBS) and 1%
Penicillin/Streptomycin (all from Gibco, Life Technologies) at a concentration of 500
µg/mL. Suspensions were obtained by ultrasonic processing in a cup horn sonicator
at 200 kJ/L (Ultrasonic Processor VCX 750, Sonics & Materials Inc). To simulate gastric
digestion, the pH of the samples was lowered to 2 or 1 by addition of 5 M HCl followed
by the addition of 6.7 mg/mL pepsin (from porcine gastric mucosa, powder, ≥250
units/mg, Sigma-Aldrich). Samples were incubated in a shaking water bath at 37 °C
for 2 h. Following this, the intestinal step was started by increasing the pH to 6.8 with
1 M NaHCO₃, and by addition of 156 µg/mL bile extract (porcine, Sigma-Aldrich) and
25 µg/mL pancreatin (from porcine pancreas, Sigma-Aldrich). Samples were
incubated for another 2 h at 37 °C in a shaking water bath. To measure the dissolution
of the NPs during the simulated digestion, an aliquot of the sample was taken after
0, 1, 2, 3, and 4 h, centrifuged at 20000 x g for 1 h to sediment the NPs and iron
concentration in the supernatant was measured after acid-assisted digestion. The
supernatant were mineralized in a microwave digestion unit (MLS TurboWave, MLS
GmbH) in the presence of 4 mL nitric acid (65%). After digestion, samples were diluted
with water and iron concentration was measured by graphite furnace atomic
absorption spectrometry (Varian AA 240Z, Varian).
Iron intake in rats fed FePO₄ particles
As described in Chapter 2, diets enriched with differently-sized FePO₄ NP
were fed to rats for 90 days. Each compound was fed at a low (L) or high (H) dose,
with the low dose corresponding to the normal amount of iron in the AIN-93G diet
(35 mg Fe/kg diet) [21] and the high dose corresponding to the lowest observable
adverse effect level (LOAEL) of FeSO₄ in rats (350 mg Fe kgˉ¹ diet) [22]. Iron intake
was estimated based on the average food intake and body weight of the animals as
described in Chapter 2.
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Tissue iron levels of animals fed FePO₄ particles
Total tissue iron concentration in spleen, liver, kidney and the heart was
measured in all animals as described in Chapter 2.
PBPK modelling
The PBPK model for TiO₂ NPs has been adapted to estimate the
concentration of FePO₄ NPs in organs after oral intake, in case FePO₄ NPs do not
dissolve in the stomach [23]. For the development of this model, the distribution of
nanoparticles via the mononuclear phagocytic system was not considered. This PBPK
model was used to predict the iron accumulation after feeding rats for 90 days with
FePO₄ NPs at a daily dose of 93 mg/kg bw/day, corresponding to 28 mg Fe/kg bw/day,
the average iron intake of the animals in the high dose groups. The transfer rate krelease
describes the release of FePO₄ NPs from the organ into the blood compartment and
was set to 3.6 minˉ¹, based on the krelease for TiO₂ NPs [18]. The absorbed fraction of
NPs from the gastrointestinal tract into the blood is described by fgastrointestinal and was
set at 9.1*10ˉ³ [23, 24]. Monte Carlo simulations (1000 iterations) was used to derive
standard deviations on the modelled organ concentrations.

3. Results
Simulated digestion of FePO₄ particles
The pH during the gastric step of the digestion greatly influences the
dissolution of the FePO₄ particles. Lowering the pH to 2 during the gastric step
resulted in only around 4%, 4% and 2% dissolved iron for FePO₄ 98, FePO₄ 188 and
FePO₄ 27, respectively (Figure 1). Dissolution of FePO₄ 27 during the gastric step was
significantly lower compared to both FSP-derived FePO₄ NPs. Increasing the pH after
the gastric step led to precipitation of the iron and no more dissolved iron was
present in the sample.
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Figure 1. Amount of dissolved iron from FePO₄ particles during simulated digestion
with a pH of 2 during the gastric step. Experiments were repeated three times with 3
technical replicates. Data points represent mean±SD, invisible error bars are too small
to been seen. Significant differences between the compounds were determined with
a two way ANOVA and Bonferroni correction, P<0.05. * indicates significant
differences to FePO₄ 98 and FePO₄ 188. Adapted from [25].
We also tested the dissolution of the particles during a digestion with a pH
of 1 in the gastric step. The more acidic environment facilitated the dissolution of the
particles and resulted in 96%, 94% and 78% dissolved iron for FePO₄ 98, FePO₄ 188
and FePO₄ 27, respectively (Figure 2). During the intestinal phase with increased pH,
iron precipitated and no dissolved iron was measured.
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Figure 2. Amount of dissolved iron from FePO₄ compounds during simulated digestion
with a pH of 1 during the gastric step. Experiments were repeated three times with 3
technical replicates. Data points represent mean±SD. Significant differences between
the compounds were determined with a two way ANOVA and Bonferroni correction,
P<0.05. * indicates significant differences to FePO₄ 98 and FePO₄ 188, and § indicates
significant differences to FePO₄ 98. Adapted from [25].

Iron intake of animals fed FePO₄ particles
The test compounds were administered in the diet at constant
concentrations of 35 or 350 mg Fe kgˉ¹ diet. In terms of food intake and body weight,
the average iron intake per kg body weight per day ranged from 1.6±0.1 to 5.0±0.1
mg Fe kgˉ¹ body weight dayˉ¹ in the low dose groups and from 16.0±0.3 to 50.0±1.0
mg Fe kgˉ¹ body weight dayˉ¹ in the high dose groups, both decreasing as the animals
grew over the period of the study. The mean iron intake was 28.0±0.4 and 2.8±0.1
mg Fe kgˉ¹ body weight dayˉ¹ for the high dose and the low dose groups, respectively.
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Iron levels in tissue of animals fed FePO₄ particles
Iron content in the liver, spleen, kidney and heart was measured in rats fed
diets enriched with FePO₄ particles for 90 days (Figure 3). Iron levels in the spleen
were significantly lower in animals fed FePO₄ 27L compared to all other groups. The
groups receiving the low iron diets had significantly lower spleen iron concentrations
compared to the groups receiving the high iron diets, except FeSO₄ L and FePO₄ 98L
were not statistically different from FePO₄ 27H. Similarly, the average iron
concentration in the liver was significantly lower in animals fed FePO₄ 27L compared
to all other groups. Furthermore the low dose groups had significantly lower iron
levels in the liver compared to the high dose groups. In the kidney, iron concentration
in FePO₄ 27L was significantly lower compared to all high dose groups except FePO₄
98H. No significant differences in iron concentrations in the heart between groups
was observed.

Figure 3. Total iron concentration in spleen, liver, kidney and heart. Data points
represent mean ± SD. Statistical significance was determined with a two way ANOVA
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and Bonferroni correction, P<0.05. Bars without a common letter (a, b, c or d) are
statistically different.

PBPK model
Assuming that FePO₄ NPs would not dissolve in the body and were taken up
as particles, they could be distributed and deposited in various organs in the body.
This distribution pattern was predicted by applying a PBPK-model developed for TiO₂NPs and adapted for FePO₄ NPs. The PBPK model predicted FePO₄ NPs to be mainly
deposited in kidneys, intestines, liver, spleen and bones (Figure 4). The predicted
amount of FePO₄ NPs ranged from 0.8±0.5 µg FePO₄/g tissue in skin to 51.6±28.4 µg
FePO₄/g tissue in kidney. FePO₄ contains 30% iron (weight %), thus the accumulated
FePO₄ particles would contribute 7.0±3.4, 8.2±3.2, 15.5±8.5 and 1.6±0.6 µg iron/g
tissue to the total iron concentration in spleen, liver, kidney, and heart, respectively.
Compared to the normal iron concentration in tissue (Figure 3), the contribution of
iron from deposited FePO₄ particles would be very small.
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Figure 4. Biodistribution of FePO₄ NPs in rats after oral intake. Time of oral
administration: 90 days. Amount of oral administration of FePO₄-NPs: 93 mg/kg
bw/day, corresponding to 28 mg Fe/kg bw/day. Data points represent mean ± SD
(n=1000 iterations).

4. Discussion
Understanding the fate of orally ingested FePO₄ NPs is crucial for evaluating
their safety. FePO₄ NPs are hypothesized to dissolve in the gastric environment, be
absorbed and distributed in the body like other non-heme iron from the diet.
However, studying the NP dissolution in vivo and tracking the body iron distribution
is very challenging. We therefore applied in vitro approaches to predict the
dissolution behavior of FePO₄ NPs under simulated gastrointestinal conditions and
propose the adaptation of an existing PBPK model for insoluble NPs, to simulate the
in vivo distribution of dissolved iron from FePO₄ NPs.
Dissolution of FePO₄ NPs suspended in cell culture media was studied during
a gastric step with pH 2 or 1 in the presence of pepsin, and after increasing pH to 5-7
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during the intestinal phase. At pH 2 and pH 1 FSP-produced FePO₄ NPs dissolved
faster and to a higher degree than FePO₄ 27. The faster dissolution of smaller particles
is in agreement with previous dissolution studies of similar iron compounds that had
good solubility at pH 1 but barely dissolved at pH 2 [15]. The faster dissolution is likely
related to the decrease in size and corresponding increase in surface area available
for solvation [26]. In addition, the nearly spherical shape of FSP-derived FePO₄ may
further facilitate dissolution, because particles with convex surface structures have a
decreased diffusion layer thickness, leading to a faster transport of solvated
molecules and hence faster dissolution [13].
Solubility of iron compounds in 0.1 M HCl (pH 1) has previously been shown
to be highly predictive for in vivo bioavailability [27]. Indeed, rats fed the larger FePO₄
particles (FePO₄ 27) for 90 days had lower liver and spleen iron levels compared to
animals fed the smaller FePO₄ NPs (FePO₄ 98 and FePO₄ 188) or FeSO₄. The difference
was only statistically significant in the low dose group but not in the high dose groups.
These observations suggest iron from FePO₄ 27 to be less incorporated into tissue
iron compared to iron from FeSO₄ or the FePO₄ NPs and this effect also seems to be
dose dependent. The tissue iron concentrations of liver and spleen but not of heart
were depending on the amount of iron in the diet as has been observed previously
[28]. The lower iron stores in rats fed FePO₄ 27 are likely due to lesser gastric
dissolution and bioavailability of this compound [15].
We assume that despite the average gastric pH of around 2 in the fasted
and around 6 in the fed state [20], FePO₄ NP will dissolve in the stomach as there are
likely regions with lower local pH. However, if FePO₄ NPs would not dissolve, their
organ distribution after oral administration was modelled by an adapted PBPK model
[23], originally designed for insoluble TiO₂ NPs [18]. Modelling the worst case scenario
with a high gastrointestinal NP absorption and a low transfer rate, predicted highest
NP accumulation in the kidneys, intestines, liver, spleen and bones. Comparing the
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amount of iron derived from the predicted deposited FePO₄ NPs with the normal iron
concentrations in the tissue shows that the contribution of particulate iron is very
small and would not be distinguishable from the background iron present in tissue.
Differentiating whether measured iron in tissue is iron from physiological processes
or particulate iron is very challenging. A potential strategy to investigate if particulate
iron is taken up from the gastrointestinal tract and is present in the tissues, would be
to track the dissolution of the FePO₄ NPs in vivo. This tracking could be done by
incorporating a tracer compound into the FePO₄ NPs that gives a different signal
whether it is in the bound or dissolved state.
The applied PBPK model is valid for insoluble NPs as shown for silver, titania
or gold NPs [17, 18, 29], but is of limited use for soluble compounds undergoing a
tightly regulated homeostatic control. Nevertheless, it offers a basis for developing
an improved model, taking into account iron specific homeostatic regulations such as
the uptake from the gastrointestinal tract, the distribution amongst the organs and
specialized storage compartments and the recycling of iron within the body, as there
is no excretion pathway. To adapt the described PBPK-model, available information
of iron transport rates between organs, storage capacity and residence time in
various tissue [30, 31] should be combined with dissolution rates of the iron
compounds in the gastric environment as determinant for the amount of iron
available for absorption.
In conclusion, the in vitro dissolution data from differently sized FePO₄
particles show a faster and more complete dissolution of the smaller FSP-derived NPs
compared to the larger FePO₄ particles. The faster dissolution is suggested to be
related to the larger specific surface area of smaller particles. The in vitro dissolution
behavior seems predictive for the amount of iron available for absorption in vivo, as
iron stores in animals fed with the larger FePO₄, had lower tissue iron levels, an
indication for smaller body iron stores. This dissolution and tissue iron data could be
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used to adapt existing PBPK models for NP distribution in the body, to predict
distribution and storage of iron from novel iron compounds in the rat, based on their
in vitro dissolution behavior.
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Nanotechnology offers new opportunities for providing health benefits to
consumers [1]. Fortification of food with nanosized iron phosphate compounds
(FePO₄ NPs) is a promising new approach to reducing iron deficiency, because FePO₄
NPs combine high bioavailability with superior sensory performance in difficult-tofortify foods [2, 3]. However, safety concerns limit their application. The work
described in this thesis contributes to understanding the biological impact and safety
of these FePO₄ NPs for food applications.
The focus was on two differently sized FePO₄ NPs produced by FSP, with a
SSA of 98 (FePO₄ 98) and 188 (FePO₄ 188) m²/g. The biological impact of these FePO₄
NPs on human gastrointestinal relevant cells and after oral administration to
experimental animals was characterized and compared to the effect of several food
grade control compounds. A larger FePO₄ compound (FePO₄ 27) was included as a
control for the effect of particle size, FeSO₄ was used to control iron toxicity and SiO₂
NPs (SiO₂ 200 and SiO₂ 380) were used to control the effect of non-dissolvable NPs.
FePO₄ 98, FePO₄ 188 and FePO₄ 27 were shown to be taken up by the human
intestinal epithelial cell lines HCECs (derived from non-cancerous tissue), HT29
(derived from adenocarcinoma) and its mucous-producing subclone HT29-MTX.
However, no oxidative stress was induced in the three cell lines after exposure to
FePO₄ particles, FeSO₄ or SiO₂ NPs for 3 – 24 h. Likewise, exposure to FSP-derived
FePO₄ 98 and FePO₄ 188 and the controls FeSO₄, SiO₂ 200 and SiO₂ 380 for up to 48
h did not result in reduced metabolic activity or membrane damage in all three cell
lines. However, exposure to FePO₄ 27 for 48 h resulted in decreased metabolic
activity and increased membrane damage in HCECs but not in HT29 and HT29-MTX
cells. The decreased viability of HCECs upon exposure to FePO₄ 27 seems to be related
to the faster settling of the larger FePO₄ 27 agglomerates in the exposure media and
hence higher delivered cellular dose, compared to the smaller agglomerates of FePO₄
98 and FePO₄ 188. Indeed, after adjusting cellular exposure times to account for the
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variable settling behavior, HCECs showed similar responses in terms of metabolic
activity to all three FePO₄ particles. These results suggest that FePO₄ NPs do not
induce any nanoscale-related effects in intestinal epithelial cells, regardless of the
presence of mucus or the transformational state of the cells. Future work on the
settling behavior of the differently-sized FePO₄ agglomerates is warranted to
accurately assess their setting velocity experimentally. Settling velocity could be
investigated by exposing cell monolayers to NP suspensions and quantifying the
amount of iron inside or attached to cells after different exposure times.
Exposing weanling Sprague Dawley rats to FePO₄ NPs at the iron dose
recommended for laboratory rodents [4] or at a dose at which FeSO₄ has been shown
to induce adverse effects [5] for 90 days did not result in any measurable
toxicologically relevant adverse effects, including altered food intake, growth,
oxidative stress, organ damage, excess iron accumulation in organs, or histological
changes. Unlike in similar studies, no oxidative stress or organ damage was observed
in animals receiving the high dose of FeSO₄, which could be related to the
administration in solid food instead of drinking water [5]. Our data suggest that
administration of FePO₄ NPs, at doses that are approximately 100 times higher than
the RDA of iron for women, did not result in adverse outcomes. Therefore, these data
suggest that FePO₄ NPs are at least as safe for human consumption as FeSO₄.
Furthermore, feeding animals with diets containing control compounds FePO₄ 27 and
SiO₂ 200 did not induce any measurable adverse outcome, however, FePO₄ 27
appeared to be less bioavailable compared to FeSO₄ or FePO₄ NPs.
Finally, in vitro dissolution of FePO₄ particles during simulated digestion
showed a faster and more complete dissolution of the smaller FSP-derived NPs
compared to the larger FePO₄ 27. The in vitro dissolution behavior seems predictive
for the amount of iron available for absorption in vivo, as animals fed FePO₄ 27, had
lower iron stores. Data from the dissolution studies and tissue iron concentration
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could be used to adapt existing PBPK models for NP distribution in the body, to
predict distribution and storage of iron from novel iron compounds in the rat, based
on their in vitro dissolution behavior. This PBPK model could potentially also be
adapted to predict uptake and distribution of other nanosized minerals such as
calcium.
One important but still unclear aspect regarding the safety of FePO₄ NPs is
the uptake pathway of iron from the NPs. Since iron uptake is a highly regulated
process, uptake via an alternative pathway may lead to iron overload and toxicity.
This question is currently being investigated by our collaborators at the Laboratory of
Human Nutrition (ETH Zurich), by using a mouse model that does not express the
divalent metal transporter 1 (DMT1), the mammalian iron transporter in the
intestine. With this model it can be studied if any iron enters the body although no
iron can be taken up through the normal DMT1 uptake pathway. Preliminary results
suggest iron from FePO₄ NPs to be absorbed through the normal pathway of dietary
iron absorption [6].
In addition to the study on the iron uptake pathway, it would also be
interesting to investigate the in vivo dissolution of FePO₄ NPs. In vivo dissolution could
be studied by incorporating a tracer compound into the NPs that would give a
different signal whether it is in the bound or dissolved state. After administration of
such labelled FePO₄ NPs, gastrointestinal content, blood, lymph and also tissue
samples could be analyzed for the presence of tracer in the dissolved or bound state.
If it could be shown that FePO₄ NPs completely dissolve in the stomach, there should
be much less safety concerns associated with the use of these NPs in food.
Based on research showing that 1) FePO₄ NPs are highly bioavailable in rats,
2) they seem to be as safe as FeSO₄, and 3) there appears no alternative uptake
pathway, it needs to be investigated how well these FePO₄ NPs are absorbed in
humans. This can be done with a stable isotope study, by adding labeled FePO₄ NPs
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to a test meal consumed by human subjects. Iron absorption is then determined
based on the incorporation of iron stable isotopes from the FePO₄ NPs into
erythrocytes after test meal administration.
If these FePO₄ NPs are proven to be well absorbed in humans and no further
safety concerns arise, regulatory requirements and consumer acceptance of NPs in
foods may potentially hinder their application. Therefore, proactive communication
of the benefits but also potential risks is crucial to generate acceptance of this new
technology with the consumers.
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Abstract
Dendritic cells (DCs) constitute the first-line biological sensors of foreign
materials invading the organism. They launch immunity against pathogens but
mediate tolerance to self-antigens and, in the intestinal milieu, also to nutrients and
commensals. A key question in the evaluation of nanomaterials is, therefore, whether
their contact with steady-state DCs disrupts this homeostatic balance between
pathogen defense and tolerance. Using completely immature, unprimed DCs
differentiated from hematopoietic progenitors, we show that the endocytic uptake
of synthetic amorphous silica (SAS) leads to induction of the pro-interleukin-1 (proIL-1) cytokine precursor, subsequently cleaved by the inflammasome to secrete
highly inflammatory IL-1. In contrast, neither pro-IL-1 induction nor IL-1 secretion
is triggered upon internalization of TiO2 or FePO4 nanoparticles. The concomitant
display of maturation markers confirms that immature DCs are activated by SAS
particles. Endosomal pathogen recognition inhibitors like chloroquine and
bafilomycin A1 suppress pro-IL-1 induction by SAS particles, implying that the
distinctive nanostructured surface of such silica materials mimics a microbeassociated molecular pattern. This unexpected activation of immature DCs with
completely de novo induction of a potent inflammatory cytokine implies that the
currently massive use of SAS materials should be reconsidered.

143

APPENDIX A

1. Introduction
Dendritic cells (DCs) develop from hematopoietic progenitors of the bone
marrow under the direction of feline McDonough sarcoma-like tyrosine kinase 3
ligand (Flt3L, Figure S1). This growth factor is required to generate steady-state DCs
that, under homeostatic conditions, reside in lymphoid organs like spleen and
migrate to non-lymphoid organs including skin, lung and intestines [1,2]. Steady-state
DCs are dispersed throughout the mucosa of the intestinal tract where, in their dual
antigen-presenting role, these specialized cells initiate immune reactions while
maintaining tolerance to self-antigens, innocuous food constituents and the
beneficial microbiome [3,4]. Although the respiratory toxicity of inhaled
nanomaterials in lungs gained much attention [5,6], the gastrointestinal tract is
exposed to comparably much larger amounts of inorganic particles including
nanostructured food additives [7–10], Silica (silicone dioxide) has currently the
highest production volume of all engineered nanomaterials worldwide [11]. Common
applications in the food industry use synthetic amorphous silica (SAS) as anticaking
agent in powdered food products, as defoaming agent in beverages, as a thickener in
pastes or carrier of flavorings [12,13]. Nanosized titanium dioxide serves as a
whitening agent in food and toothpastes [14]. New emerging uses in the food
industry include FePO4 particles for iron fortification [15].
SAS particles withstand gastrointestinal digestion [13], reach the intestinal
mucosa, penetrate through epithelial barriers and accumulate in underlying tissues
[7]. Consequently, particles containing silicon are detected in the gut-associated
lymphoid tissue of animals and humans [16,17]. Silica concentrations of up to 300 µg
g–1 tissue were found in the spleen of rodents after repeated oral administration of
SAS particles [18]. The intestine is less sensitive to irritation compared with lung, but
a prolonged contact of DCs with particle deposits in the gut-associated lymphoid
tissue may lead to harmful reactions responsible for inflammatory diseases of the
intestinal tract [8,19]. To address this potential hazard, we tested whether Flt3L-
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induced immature DCs respond to two kinds of food-grade SAS particles and, as
comparators, to TiO₂ and FePO4 nanoparticles of different sizes.

2. Results
Characterization of particles
Food-grade SAS nanomaterials with primary particle sizes of 7 and 13 nm
were characterized in depth to determine their shape, specific surface area and
hydrodynamic diameter (in water and culture medium). Endotoxin contamination
was excluded using a highly sensitive Limulus amoebocyte lysate assay (Table 1).
Nanoparticles of TiO2 or FePO4 were included in these analyses in order to have at
hand a range of highly defined probes for the comparison of DC reactivities towards
different nanomaterials. Traceable 100-nm polystyrene (PS) particles were used
exclusively as a size standard for hydrodynamic diameter measurements. All
nanomaterials listed in Table 1 were essentially free of endotoxin contamination
except a batch of commercial 50-nm PS particles not used for subsequent biological
assays.
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Table 1. Summary of particle characterization.
Particle
descriptiona

Specific surface Hydrodynamic
areab [m2 g–1]
diameter [nm]
in H2Oc
in CMd

7-nm SAS

326

13-nm SAS

175

11-nm FePO4

188

21-nm FePO4

98

33-nm TiO2

47

140-nm TiO2

11

50-nm
PS-NH2i
100-nm PSk

Not measured
Not measured

Shapee

Endotoxin
contaminationf
[EU per 250 µg
particles]

147 ± 5

Irregular

< LODh

127 ± 1

Irregular

< LOD

255 ± 35 Irregular

< LOD

230 ± 40 Irregular

0.006

67 ± 18

Almost
spherical
Almost
spherical

< LOD

Not
Not
Spherical
measured measured
104
Not
Spherical
(91-114) measured

0.043

147
(105-193)g
182
(130-241)
183
(124-267)
178
(110-258)
205
(91-335)
Not
measured

352 ± 6

< LOD

Not measured

aThe

primary particle diameter was calculated from specific surface area and weight
(2.6 kg m-3 for SAS, 2.9 kg m-3 for FePO4 and 3.9 kg m-3 for TiO2).
bCalculated

from nitrogen adsorption (Micromeritics Tristar 3000) at 77 K and relative
pressure range p/p0 = 0.05-0.25 using the Brunauer-Emmett-Teller (BET) theory.
cDetermined

using Nanoparticle Tracking Analysis 2.3 on a NanoSight instrument

(Malvern).
dDetermined

by dynamic light scattering using a Zetasizer Nano ZS (Malvern). CM,
complete cell culture medium; values are reported as mean ± standard deviation (n = 3).
eDetermined

by transmission electron microscopy (TEM).

fDetermined in the Endosafe PTS

endotoxin test (Charles River). A control with Escherichia
coli LPS at the concentration of 10 pg ml–1 yielded 0.037 EU ml–1; EU, endotoxin units.
gNumbers
hLOD,

in parenthesis show the 10% and 90% probability range.

limit of detection (0.005 EU ml–1).

iThis

endotoxin finding obtained with a purchased batch of polystyrene (PS) particles is
included to show an example of contaminated commercial material.
kThese

100-nm traceable standard particles from Thermo Scientific served as a size
standard for hydrodynamic diameter measurements by Nanoparticle Tracking Analysis.
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Steady-state DCs internalize food-grade nanomaterials
The interaction of Flt3L-generated immature DCs with SAS particles
(displaying a primary size of 13 nm), FePO4 particles (diameter of 11 nm) and TiO2
particles (diameter of 33 nm), suspended in cell culture medium, was first monitored
by flow cytometry. The resulting side scatter (SSC) reflects internal cellular structures
due to particle uptake whereas the front scatter (FSC) represents cell size [20,21].
Upon incubation with SAS particles, the proportion of DCs with elevated SSC values
was increased in a dose-dependent manner (Figure 1A-C). In contrast, the front
scatter (FSC) remained unchanged when the DCs were exposed to SAS particles.
Similar responses with elevated SSC and unchanged FSC were observed upon
incubation of DCs with the FePO4 and TiO2 nanoparticles (Figure 1D, Figure S2). These
findings indicate that immature DCs readily interact with all three types of
nanomaterials.
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Figure 1. Interaction of steady-state DCs with nanomaterials. Flt3L-generated
immature DCs were incubated for 1 h at 37°C with the indicated concentrations of SAS
(13-nm primary diameter), 11-nm FePO₄ or 33-nm TiO2 particles, and analyzed by
flow cytometry. The forward scatter (FSC) depends on cell size whereas the side
scatter (SSC) reflects intracellular contents like granules.20,21 (A) Flow cytometry
distributions demonstrating a SAS dose-dependent increase of DCs with elevated SSC
values. (B) Mean percentage of cells in the selected gate (shown in A) with high SSC
values. Upon one-way ANOVA, SAS treatments increased the proportion of high-SSC
cells in a significant manner (p<0.05, n=4 experiments with independent bone marrow
isolates). Error bars, standard errors of the mean (s.e.m.). (C) Ratios of median SSC.
Upon one-way ANOVA, SSC values after incubation with SAS particles were
significantly higher than controls (p<0.05, n=4). (D) Comparison with SSC increments
resulting from incubation of DCs with FePO 4 and TiO2 nanoparticles (quantifications
are shown in Figure S2).
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The interaction of immature DCs with SAS particles was further investigated
by transmission electron microscopy (TEM) after high-pressure cryo-fixation to
immobilize biological processes and visualize cellular contents, including membranes,
at nanometer resolution (Figure 2A). This electron microscopy approach revealed
multiple protruding dendrites on the cell surface (Figure 2B) indicative of actindependent uptake mechanisms [22,23]. By closure of these membrane protrusions,
SAS particles become trapped in freshly formed endosomes (Figure 2C). Analysis of
enclosed particle aggregates by energy-dispersive X-ray spectroscopy (EDX) on a
scanning TEM instrument confirmed their expected elemental composition, mainly
silicon and oxygen (Figure 2D). As a control, analysis of the cellular background, not
containing any SAS particles, revealed signals of carbon (a normal biological
constituent and part of the embedding resin) and copper (from the TEM specimen
support grid). Analogous images showed that immature DCs also internalize FePO4
and TiO2 nanoparticles and, as observed for SAS particles, localize them to endosomes
(Figure S3).
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Figure 2. Internalization of nanomaterials by steady-state DCs. Immature DCs were
incubated for 2 h at 37°C with 250 µg ml–1 SAS particles (13-nm primary diameter) and
analyzed by TEM. (A) Typical steady-state DC with emerging dendrites interacting
with particles. N, nucleus; bar, 0.5 µm. Contrasted with uranyl acetate and lead citrate
for 15 min; the rectangle indicates the area selected for higher magnification. (B)
Magnified region of the DC near its cell surface showing membrane protrusions
(arrowhead) in the process of engulfing SAS particles (asterisk). The two arrows
indicate internalized particles within a vacuole (V). Scale bar, 0.2 µm. (C) Magnified
region of a DC in the process of engulfing SAS particles (asterisk) into intracellular
vacuoles. Scale bar, 0.2 µm; contrasted with uranyl acetate and lead citrate for 1 min
to improve particle visibility. (D) Analysis of a representative intracellular SAS particle
aggregate and cytoplasmic background by energy-dispersive X-ray spectroscopy
(EDX). Internalized FePO4 and TiO2 particles are shown in Figure S3.
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Food-grade SAS causes induction of IL-1 in steady-state DCs
To assess functional consequences of this nanomaterial uptake, we
determined secreted cytokine IL-1 levels as a biomarker of inflammatory reactions.
Unexpectedly, SAS particles initiated IL-1 secretion from immature DCs without any
pre-stimulation (referred to as "priming") (Figure 3A). Dose dependence experiments
revealed significantly increased IL-1 secretion at a SAS concentration of 100 µg ml–1
(Figure 3B), corresponding to a surface-related nanomaterial density of 50 µg cm–2.
Since contamination of the SAS batches with endotoxin was excluded by a highly
sensitive Limulus amoebocyte lysate test (Table 1), it is concluded that SAS particles
are sufficient to activate immature DCs and induce the release of a potent
inflammatory cytokine. IL-1 production was reduced to baseline levels upon cotreatment of DCs with cytochalasin D, which is a broad inhibitor of actin-dependent
processes [9], or rottlerin, a selective inhibitor of macropinocytosis (Figure S4) [23].
These inhibitor effects indicate that the responses to SAS particles requires endocytic
uptake by actin-mediated mechanisms, primarily macropinocytosis. In contrast,
despite their uptake (Figure S3) FePO4 and TiO2 nanoparticles elicit no IL-1 response
(Figure 3A).
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Figure 3. Induction of IL-1 by food-grade SAS particles. Immature DCs were
incubated (18 h, 37°C) with particles to test for IL-1 secretion. Asterisks denote
significant differences between SAS treatments and controls (*p<0.05, **p<0.01,
***p<0.001, ****p<0.0001). (A) DCs were exposed to particles (250 µg ml–1) and
supernatants analyzed for IL-1. Control reactions contained medium (CTR), 6 µg ml–
1 ODN1668 (mimicking microbial DNA) or 1 µg ml–1 lipopolysaccharide (LPS). One-way
ANOVA with Dunnet's correction; n=3-9; error bars, s.e.m. (B) Dose dependence of IL1 secretion stimulated by SAS particles. Unpaired two-tailed t-test (n=3-12). (C) DCs
were incubated with LPS (250 ng ml–1) or 13-nm SAS and analyzed for pro-IL-1 (31
kDa) and actin (42 kDa) by immunoblotting. (D) Quantification of pro-IL-1 induction
by SAS particles (unpaired two-tailed t-test, n=5). (E) Incubation of TLR-2/3/4/7/9–/–
DCs with LPS (250 ng ml–1), ODN1668 (600 ng ml–1), medium (CTR) or SAS particles
(125 µg ml–1). (F) Incubation of wildtype DCs with ODN1668 (600 ng ml–1), medium or
particles (125 µg ml–1). (G) Effect of TLR inhibition. DCs were incubated with 13-nm
SAS (125 µg ml–1) alone or in the presence of chloroquine and analyzed for pro-IL-1
and histone H3 (17 kDa) by immunoblotting. ODN1668 (600 ng ml–1) served as the
positive control.
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Mechanism of IL-1induction by SAS particles
Because of its potent inflammatory action, IL-1 biogenesis is tightly
regulated. First, an inactive pro-IL-1 precursor is synthesized, which is then cleaved
by the intracellular inflammasome complex (containing caspase-1) to yield
biologically active IL-124,25]. In line with this well-known pathway, the release of
IL-1 upon stimulation with SAS particles was reduced by co-treatment with the
caspase inhibitor Z-VAD (Figure S4), confirming caspase cleavage of pro-IL-1. Next,
we analyzed whole cell lysates for the presence of pro-IL-1 to understand whether
this precursor occurs constitutively in immature DCs or is induced following SAS
particle uptake. In incubations of 18 h, SAS particles were able like lipopolysaccharide
(LPS) to induce the de novo production of pro-IL-1 (Figure 3C). Dose dependence
experiments revealed a significantly increased pro-IL-1 level at a SAS concentration
of 30 µg ml–1 (Figure 3D), equivalent to a surface-related nanomaterial density of 15
µg cm–2. Pro-IL-1 was also induced upon SAS treatment of immature DCs lacking Tolllike receptor 4 (TLR4; Figure S5). Pro-IL-1 was equally induced upon SAS treatment
of immature DCs lacking TLR2, TLR3, TLR4, TLR7 and TLR9 (Figure 3E). As these
particular pattern recognition receptors mediate DC activation by the most abundant
pathogen constituents like endotoxin (TLR2 and TLR4) or nucleic acids (TLR3, TLR7
and TLR9) [26], the retained pro-IL-1 induction observed in their absence confirms
that this response is not due to microbial contamination. However, pro-IL-1 is not
induced by FePO4 and TiO2 nanoparticles (Figure 3F). Considering that the particles
are enclosed into endosomes (Figure 2), the mechanism of pro-IL-1 induction by SAS
was further delineated using endosomal acidification inhibitors. Pro-IL-1 induction
by SAS particles was reduced to baseline levels upon co-treatment with chloroquine
(Figure 3G) or bafilomycin A1 (Figure S6), which both inhibit the endosomal
acidification process required for TLR activation [27]. This effect points to an
endosomal pattern recognition receptor as the molecular sensor of SAS particles.
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Immature DCs are distinguishable from those emerging during
inflammation by their molecular phenotype [28]. For example, immature DCs are
characterized by low surface expression of CD69, but the presentation of this
maturation marker is increased upon incubation with SAS particles. CD69 up
regulation occurs with both major subsets of steady-state DCs, i.e., with conventional
and plasmacytoid DCs (Figure 4A). Conventional DCs are further characterized by low
CD40, which is increased upon exposure to SAS particles (Figure 4B). Plasmacytoid
DCs are further characterized by low CD40/CD86 and high CD62L, but incubation with
SAS particles increased CD40 and CD86 on their surface, whereas CD62L levels were
reduced (Figure 4C and D). Thus, in response to SAS particles, immature DCs undergo
a dose-dependent maturation program involving shifts in multiple surface markers.
This confirms the ability of SAS particles to activate immature DCs.

Figure 4. Maturation markers on steady-state DCs. Immature DCs were incubated
for 18 h at 37°C with the indicated stimulus and their cell surface markers were
analyzed by flow cytometry. (A) Increased CD69 on the surface of DCs exposed to SAS
particles (13-nm primary diameter) or oligonucleotide ODN1668. Plasmacytoid and
conventional DCs are the two major subsets differing in B220 expression. (B)
Representative histograms showing dose-dependent changes of CD69 and CD40 on
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conventional DCs exposed to the indicated stimuli. Control, unstimulated DCs in
culture medium. (C) Representative histograms showing dose-dependent changes in
the display by CD69, CD40, CD86 and CD62L on plasmacytoid DCs. (D) Quantification
of maturation markers by median fluorescence intensity (MFI) on plasmacytoid DCs
exposed to SAS particles (13-nm primary size). Statistical significance (*p<0.05,
**p<0.01, ***p<0.001) was determined by one-way ANOVA with Dunnet's correction,
n=3 experiments with independent bone marrow isolates; error bars, s.e.m.

3. Discussion
This study is fundamentally different from earlier reports describing the
interaction of DCs with nanomaterials in two aspects. First, the ability of
nanomaterials to trigger IL-1 secretion was previously demonstrated only after
priming the DCs with LPS to induce the pro-IL-1precursor. These reports concluded
that certain nanomaterials activate the inflammasome [6,9]. Second, earlier studies
were limited to inflammatory DCs derived from blood or bone marrow cultures
stimulated with granulocyte-macrophage colony-stimulating factor (GM-CSF) [6,9].
However, GM-CSF drives the differentiation of monocytes towards a special DC
subset that sustains inflammation during exceptionally high demand like sepsis
[1,4,29]. These inflammatory DCs differ from steady-state DCs whose function is to
maintain tissue homeostasis by tuning immunologic responses [1,2,30].
Protective immunity is supported by IL-1 but, if not controlled, this highly
inflammatory cytokine contributes to autoinflammatory and autoimmune diseases
[24]. Normally, IL-1 production is regulated by two independent signals. A first
stimulus prompts the synthesis of inactive pro-IL-1 by transcriptional induction. A
second stimulus activates the inflammasome resulting in caspase cleavage of pro-IL1β to release active IL-16,9,25]. Our analysis with immature DCs (reflecting steadystate DCs in tissues) revealed that the nanostructured surface of food-grade SAS
particles mimics both signals, thus defining SAS as the first complete inflammatory
nanomaterial sufficient for both pro-IL-1 induction and its cleavage leading to IL-1
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secretion. This unprecedented finding suggests that SAS particles should be used in
food more cautiously than current practice. Based on studies in rodents not assessing
immunological endpoints, a lifelong dietary intake of 1.5 g SAS daily (Figure S7) per
adult is currently considered safe (reviewed in Ref. 29). Even if only a small fraction
of the daily ingested SAS materials accumulates over time in lymphoid tissues [16–
19], these persisting particles are likely to reach locally the 15 µg cm–2 density that in
our assays is sufficient for de novo IL-1 induction. An ensuing disruption of the
gatekeeping function of DCs may trigger inflammatory responses that contribute to
the increased incidence of inflammatory bowel disease or other chronic intestinal
disorders [8,19]. In view of the unexpected finding that SAS particles cause pro-IL1induction and subsequent IL-1release, we advocate a more responsible use of
these nanomaterials to reduce human exposure from food or other sources.

4. Materials and Methods
Particles and Characterization
Food-grade SAS particles, produced by flame hydrolysis according to the
Aerosil method [32], were obtained from Evonik (formerly Degussa). Their mean
primary particle sizes are 7 and 13 nm based on measured BET surface areas of 326
m2 g–1 and 175 m2 g–1, respectively. These same SAS particles were also characterized
thoroughly by others [12,13]. TiO2 anatase with an average particle size of 33 nm
(based on a measured BET surface area of 47 m2 g–1) were from Sigma-Aldrich. Foodgrade TiO2 anatase with an average particle size of 140 nm (based on a measured BET
surface area of 11 m2 g–1) was from Sachtleben. FePO4 nanoparticles with an average
particle size of 11 and 21 nm (based on measured BET surface areas of 188 m2 g–1 and
98 m2 g–1, respectively) were produced by flame spray pyrolysis (described in the
Supporting Information). Amino-modified PS particles with a primary particle
diameter of 50 nm were obtained from Bangs Laboratories. The detailed
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characterization of all nanomaterials is summarized in Table 1. Particles were
suspended in complete cell culture medium [RPMI-1640 GlutaMAX, 10% (vol/vol)
heat-inactivated fetal calf serum (from PAA), 100 U ml–1 penicillin, 100 μg ml–1
streptomycin and 50 μM β-mercaptoethanol (all from Invitrogen)]. Particles were
suspended in endotoxin-free water (Charles River) by mixing for 30 s on a vortex
followed by sonication for 10 min in a Sonorex Digitec waterbath (Bandelin Electronic)
at 35 kHz and 80 W. Endotoxin contamination of nanomaterials was excluded using
the Endosafe-PTS test system (Charles River) equipped with highest sensitivity
cartridges with a limit of detection of 0.005 endotoxin units (EU) ml –1.
Stimulation of Immature DCs
Immature DCs were generated from mouse bone marrow [33]. Briefly,
femurs and tibiae of C57BL/6 wild-type mice (or TLR-deficient mice on a C57BL/6
background) were flushed with complete culture medium and the released
progenitor cells were filtered through a 70-μm cell strainer (BD Falcon), centrifuged,
reconstituted in complete medium and incubated for 8 days in the presence of 200
ng ml–1 Flt3L (BioXcell). For each culture, the amount of live CD11c+ DCs, the
proportion of plasmacytoid DCs (CD11c+B220+) and conventional DCs (CD11c+B220–
CD11bhighSIRPα+ and CD11c+ B220–CD11bintermediateSIRPα-) were verified by flow
cytometry (Figure S1). For stimulation, immature DCs were transferred to 96-well
plates (3 x 105 cells/well) containing complete cell culture medium (200 μl/well) and
challenged with the indicated concentrations of particles suspended in medium.
Control incubations were carried out with ultra-pure lipopolysaccharide (LPS;
Escherichia coli 0111:B4, Sigma-Aldrich) or unmethylated deoxyribonucleic acid
(DNA) oligonucleotides containing a CpG motif (ODN1668, TIB Molbiol). The inhibitors
bafilomycin A1 (InvivoGen), cytochalasin D (Enzo Life Sciences), rottlerin (SigmaAldrich) and Z-VAD-FMK (Bachem) were dissolved in dimethyl sulfoxide and added as
indicated. Chloroquine diphosphate salt (Sigma-Aldrich) was added as indicated.
DC Phenotype and Maturation
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DCs were stained on ice with conjugated antibodies against CD11c (N418,
PE-labeled), CD11b (M1/70, PE-Cy7-labeled), B220 (RA3-6B2, APC-eFluor 780labeled), SIRPα (P84, APC-labeled), CD40 (1C10, PE-labeled), CD62L (MEL-14, APClabeled), CD69 (H1.2F3, APC-labeled) and CD86 (GL1, PE-labeled) purchased from
eBioscience. A FACSCanto II flow cytometry instrument (BD Biosciences) was
employed to acquire 50000 events. Dead cells were stained and excluded from
analyses using propidium iodide (PI; Sigma-Aldrich). Single-color and fluorescenceminus-one (FMO) controls were prepared and analyzed along with multi-color
samples. Flow cytometry data were analyzed with FlowJo (Version 10, TreeStar).
Cryo-fixation and Electron Microscopy
Immature DCs were transferred to 12-well plates (3 x 106 cells/well)
containing complete cell culture medium (1 ml/well). After incubation with particles
(250 µg ml–1), cells were prefixed with 0.25% (vol/vol) glutaraldehyde and
immediately high-pressure frozen in capillary cellulose tubes using an EM HPM 100
device (Leica). Frozen cells were transferred into a substitution unit (EM-AFS2, Leica)
precooled to –90°C for substitution with acetone containing 5% water. The
subsequent fixation was carried out with 1 % (wt/vol) osmium tetraoxide, 0.25%
(vol/vol) glutaraldehyde raising the temperature to 20°C, then the cells were
embedded in epon. Ultrathin (70 nm) sections were contrasted with uranyl acetate
and lead citrate for 15 min (for standard contrast) or 1 min (for improved detection
of particles)[34] and examined in a transmission electron microscope (CM12, Philips)
equipped with a CCD camera (Ultrascan 1000, Gatan) at an acceleration voltage of
100 kV. Elemental analysis of selected samples was conducted on a scanning
transmission electron microscope (G2 Spirit, FEI Tecnai) equipped with a high angle
annular dark field detector (HAADF) and an X-Max energy-dispersive X-ray
spectroscopy (EDX) detection system for elemental analysis (Oxford). Gatan digital
micrograph was used for image acquisition and Oxford INCA for EDX operation and
control.

158

APPENDIX A
Immunoassays
IL-1 concentrations in cell culture supernatants were detected using the IL1 DuoSet kit (R&D Systems) following the manufacturer’s instructions. Absorbance
was measured at 405-nm wavelength (reference wavelength 492 nm) with a
SpectraMax Plus 384 microplate reader (Molecular Devices). For Western blotting,
cells were washed three times with phosphate-buffered saline (PBS) and whole cell
lysates were prepared using M-PER buffer (LifeTechnologies). Equal volumes of cell
lysate were resolved on 4-20% (wt/vol) polyacrylamide gradient gels (TGX Stainfree)
and the separated proteins were transferred to TurboBlot PVDF membranes (both
from BioRad). For immunodetection, membranes were blocked with 10% (wt/vol)
milk in Tris-buffered saline, containing 0.1% (vol/vol) Tween-20, for 1 h at room
temperature and probed overnight with antibodies against IL-1β (Cell Signaling) and
actin

(Millipore).

After

incubation

with

matching

secondary

antibodies,

chemiluminescence was detected using the ChemiDoc MP gel documentation
instrument (BioRad).
Statistical Analysis
Mean and standard error of the mean (s.e.m.) were calculated for all
quantitative parameters. Results were expressed as mean ± s.e.m. of multiple
determinations with independent DC cultures. Comparisons were conducted by oneway ANOVA with Dunnet's correction or unpaired two-tailed t-test, as indicated in
the figure legends. A statistically significant difference was assumed for p<0.05.
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Figure S1. Characterization of steady-state DCs. Immature DCs, generated from
mouse bone marrow progenitors in the presence of Flt3L, were analyzed by flow
cytometry. For each culture, the proportion of live CD11c+ DCs, the proportion of
plasmacytoid

DCs

(CD11c+B220+)

and

conventional

DCs

(CD11c+B220–

CD11bhighSIRPα+ and CD11c+ B220–CD11bintermediateSIRPα-) were verified using the
respective antibodies. Numbers indicate the percentage of events in each gate. PI,
propidium iodide.
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Figure S2. Interaction of steady-state DCs with FePO4 and TiO2 particles. Flt3Lgenerated immature DCs were incubated for 1 h at 37°C with the indicated
concentrations of FePO4 (11-nm diameter) or TiO2 particles (33-nm diameter)
suspended in cell culture medium, and analyzed by flow cytometry. The forward
scatter signal (FSC) depends on the size of cells whereas the side scatter (SSC) reflects
intracellular structures like granules. (A) Ratios of median SSC values resulting from
incubation of immature DCs with FePO4 relative to controls. (B) Ratios of median SSC
values obtained from incubation of immature DCs with TiO2 particles relative to
controls. Upon one-way ANOVA, SSC values resulting from the incubation of immature
DCs with FePO4 and TiO2 particles were significantly higher than controls (p<0.05, n
= 3 experiments with independent bone marrow isolates, error bars indicate s.e.m.).
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Figure S3. Internalization of FePO4 and TiO2 nanoparticles by steady-state DCs.
–1
Flt3L-generated immature DCs were incubated for 2 h at 37°C with 250 µg ml TiO2
or FePO4 particles and analyzed by transmission electron microscopy. (A) Typical

steady-state DC interacting with FePO4 (11-nm primary particle diameter). The arrow
indicates internalized FePO4 particles within a cytoplasmic membrane defining a
vacuole. Scale bar, 0.1 µm. (B) Typical steady-state DC interacting with TiO2 (33-nm
primary particle diameter). The arrow indicates internalized TiO 2 particles within a
cytoplasmic membrane defining a vacuole. Scale bar, 0.5 µm.
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Figure S4. Effect of inhibitors on IL-1 secretion by food-grade SAS particles. Effect
of inhibitors on IL-1 secretion analyzed by ELISA. Flt3L-generated immature DCs were
incubated for 18 h at 37°C with 13-nm SAS (250 µg ml–1) alone or in the presence of
cytochalasin D (1.5 µg ml–1), rottlerin (1.5 µg ml–1) and Z-VAD (10 µg ml–1). Results
represent fold changes relative to vehicle controls (one-way ANOVA with Dunnet's
correction, n=3-12, error bars indicate s.e.m.).
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Figure S5. Induction of pro-IL-1 by food-grade SAS particles. Flt3L-generated
immature DCs from wildtype (WT) or TLR4–/– mice were incubated for 18 h at 37°C
with 13-nm SAS (125 µg ml–1) in cell culture medium, and analyzed by
immunoblotting. Control reactions contained medium alone or 600 ng ml–1 ODN1668
(mimicking microbial DNA).
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Figure S6. Effect of bafilomycin A1 on pro-IL-1 induction by food-grade SAS
particles. Effect of endosomal acidification inhibition analyzed by immunoblotting.
Flt3L-generated immature DCs from wildtype mice were incubated for 18 h at 37°C
with 13-nm SAS (125 µg ml–1) alone or in the presence of bafilomycin A1 (10 or 100
nM), and analyzed by immunoblotting for pro-IL-1. Control reactions contained
medium alone or 600 ng ml–1 ODN1668 (mimicking microbial DNA).
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Figure S7. Safe upper limit of nano-structured SAS particles. The 50-ml measuring
cylinder contains 1.5 g of a white fluffy powder consisting of hydrophilic SAS produced
by the Aerosil method. This amount of food-grade SAS material is currently considered
safe for a 60-kg adult if consumed daily for a lifetime as food supplement [1,2].
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Supporting Materials and Methods
Synthesis of FePO₄ nanoparticles
FePO4 nanoparticles with an average particle size of 11 and 21 nm (based
on measured BET surface areas of 188 m2 g–1 and 98 m2 g–1, respectively) were
produced by flame spray pyrolysis according to a published method [3] with minor
adaptations to obtain the desired particle sizes. Iron nitrate nonahydrate (purity ≥
97.0%, Riedel- de-Haën/Sigma-Aldrich) and tributyl phosphate (purity 97%; SigmaAldrich) were dissolved in a 1:1 (vol/vol) mixture of ethanol (abs. denat. 2% 2butanone, Alcosuisse) and 2-ethylhexanoic acid (purity ≥ 99%; Sigma-Aldrich) at a
total metal concentration of 0.5 mol l–1 or 0.4 mol l–1 for 21-nm FePO4 and 11-nm
FePO4, respectively. This precursor solution was fed at 3 or 7 ml min –1 into the FSP
spray nozzles by a syringe pump (Lambda, VIT-FIT) and atomized with 5 or 7 l min–1
oxygen (pressure drop 1.5 bar). The spray was ignited by a methane/oxygen (2.5 l
min–1 each) ring-shaped flame. Additionally, 5 l min

–1

(sheath) O2 was supplied. All

gas flow rates were regulated by mass flow controllers (Bronkhorst, EL-FLOW). Using
a vacuum pump (Busch, Mink MM1202 AV), particles were collected on water-cooled
teflon membrane-filters (BHA Technologies AG) placed at least 65 cm above the
burner.
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