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Abstract Nanoscience has flourished with increasing use of nanoparticles in many
products. The particles enter the environment and affect both biotic and abiotic com-
ponents of the ecosystem. Via the water supply and the food chain, humans could be
affected by ingesting those particles. In this chapter, we will discuss mechanisms by
which nanoparticles or their constituents can be translocated from the gastrointestinal
tract, what their fate may be and how relevant this is for human health.

12.1 Introduction

In the usual sense, the term “nanoparticle” stands for manufactured or engineered
nanoparticulate matter. Several thousand tons of engineered nanoparticles per year
are produced worldwide [1]. Many different classes of nanoparticles are designed that
offer tuneable properties to cover many applications in materials science, electronics,
dyes, pigments and paint technology, catalysis, antibiotics, as well as in nanomedicine
and many others [2] (Fig. 12.1).

What is less well known is the fact that nature itself is a skilled nanotechnologist
and naturally formed nanoparticles occur in volcanic ash clouds, wood soot, spring
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Fig. 12.1 Different classes of engineered nanoparticles. Many properties such as size, shape,
surface charge, surface coating can be designed in synthesis what determines their specific physio-
chemical properties and may strongly influence their translocation and fate in the gastrointestinal
tract when ingested

water, fine sand, and in biological materials as well [3]. These natural nanomaterials
exist since millions of years on Earth.

Nanoparticles can be swallowed directly via food, beverages and drugs. Ingestion
can alsoresult from hand to mouth contact in the workplace [4], as well as from airway
secretions which are contaminated with particles that have been cleared from the
respiratory tract by the mucociliary escalator [5]. A new approach in nanotechnology
is the field of nano-food [6, 7]. This includes the use of nanotechnology in packaging
materials, farming practices, food processing, and also in the foods themselves.

Thus, nanoparticles are already in the food chain and may ever have been. The
questions are: what happens to them in the gastrointestinal tract, and is there a
significant health risk from ingested nanoparticles?

The uptake of particles in the gastrointestinal tract was first described by the
German physiologist Gustav Herbst in 1844 when he found ingested starch bodies in
the sub-millimeter range showing up in the circulation [8]. The finding was confirmed
by others, forgotten, rediscovered in 1906 [9] and confirmed again [10] but always
remained subject of critical debate [11].

Decades before the onset of nanotechnology, in the second half of the twentieth
century, another round of studies begun, this time with better defined particulate
chemical matter (asbestos, resin particles, latex particles) [12—15] but the contro-
versy persisted. Again incorporation was detected, but the rates of uptake that were
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reported varied significantly. Main reason for these conflicting results seems to be
the methodology with which particle uptake was detected [16]. Bulk tissue analyses
were performed often without discriminating between taken up and adherent partic-
ulate matter [17] which was later found to have a tremendous impact on detection
rates [18]. Histological analyses may overcome this problem to some extent but are
not quantitative [16] and one runs the risk of smearing luminal particles across the
sectioned tissue during workup (own observation). Although the initial finding con-
cerning the sub-millimeter starch particles was rejected, there was consent at that
point in time that particles in the micrometer range can readily be taken up by the
gastrointestinal mucosa and carried onwards within the body.

However, again it must be stated that this picture becomes less clear today, even
when we apply present-day highly advanced methodology for detecting and quan-
tifying translocation of even smaller particles into the body [19]. The reasons for
this are (i) the diverse character and the limited colloidal stability of the ingested
nanoparticles, (ii) the problem that the gastrointestinal tract is a site of very com-
plex processes where even symbiotic interactions between host cells and the resident
microbiome must be taken into account, (iii) the fact that the majority of literature
addressing biological effects of nanoparticles in human-relevant systems concerns
isolated cell systems or lung biology and less in vivo studies of processes in the
gastrointestinal tract.

In the following sections we will look into detail into the anatomy and physiology
of the gut, into reactions that modify or degrade nanoparticles after ingestion, into
the types and features of nanoparticles that should predispose for interaction, into
model systems to investigate those interactions, into the medical exploitation of
nanoparticles in the alimentary tract and into the ultimate fate and the risk ingested
nanoparticles may pose.

12.2 Architecture of the Gastrointestinal Tract

As part of the terrestrial ecosystem humans are in constant physical and chemical
interaction with their environment. Per day an adult human being breathes more than
10 m? air thereby resorbing about 500 1 or 700 g of oxygen, ingests 1-3 1 of water
and consumes pounds of food of which about 300-500 g of nutrients actually are
incorporated. In order to manage assimilation of such an extent in a timely manner
the cellular interface where the actual transport events occur must cover a substantial
surface area. In the airways, the site of gas exchange, the interface encompasses
about 75 m?, in the alimentary tract where water and solutes are taken up this area
is approximately 35 m? [20]. The large mucosal surface area of the alimentary tract
is not tailored evenly along the oro-rectal axis of the digestive system. At the site
of food and water ingestion—oral cavity, oropharynx and oesophagus—the mucosal
lining is plain and consists of multi-layered, partially keratinized squamous epithelia
which provide a robust barrier against mechanical stress as it may be caused by
movement of solid, undigested food constituents. The architecture of these epithelia
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Fig. 12.2 Predominant cell types in the mucosal lining of the alimentary tract. Left: Schematic
drawing of a stratified squamous epithelia lining the oral cavity, the oropharynx and the esophagus;
b columnar epithelium lining the assimilation-active mucosae from the stomach downwards. Right:
Electron micrographs of human tissue sections: ¢ squamous epithelium of human tonsil, displaying
the typical cell multilayer with masonry bond-type organization; d columnar epithelium of human
small intestine (ileum) displaying tight cell-to-cell contacts. The images were acquired in the context
of an extensive electron microscopic cell surface analysis study performed by some of the authors
[24]

resembles that of a brick wall where the bricks are staggered such that each brick
covers the gap beneath the rows above and below (Fig. 12.2a, ¢) [21]. In addition to
this masonry bond some kind of “molecular grout” or “mortar” between cells exists
which is hydrophobic in nature and seems to derive from membrane granules of the
epithelia and which seals the gaps [21-23]. Although such an architecture is perfectly
suited to withstand mechanical stress, it is inappropriate for translocation of nutrients
and water. For that reason the mucosae follow a different concept to fit the needs
of rapid substance exchange further down the alimentary tract. These are the sites
where large amounts of digestive fluids have to be secreted and where nutrients and
water have to be taken up. Thus, from the stomach downwards the mucosal lining no
longer consists of stratified squamous epithelia but of columnar epithelia of various
types whose hallmark is a monolayer of column-like cells that are sealed together
by tight junctions or zonulae occludens (Fig. 12.2b, d).

Tight junctions are gasket-like ribbons of membrane proteins that are linked inter-
nally to the cellular cytoskeleton and externally to their protein counterparts in neigh-
bouring cells, so tightly that even ions and water cannot pass through.

Although an elaborate tight stratum, the epithelium of the alimentary tract is not
designed to endure over the entire life span of an individual. On the contrary, it
renews rather rapidly. While the stratified squamous epithelia of the upper alimen-
tary tract replenish themselves within about 3 weeks, the columnar epithelium of
the lower gastrointestinal tract renews even faster, within less than a week [21]. In
order to prevent the building of an unguarded portal of entry at the site of a dying
cell, neighbouring vital columnar epithelial cells contact each other underneath a
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moribund cell and form tight junctions before the cell cadaver is sloughed off into
the lumen [25-28].

Tight junctions not only seal neighbouring cells together. Due to the fact that
they surround the entire cell like a waistband they separate the upper membrane
hemisphere from the lower one and do not allow membrane molecule diffusion from
one hemisphere to the other. As a consequence of this so-called cell polarisation a
structural specialization of the cell membrane in the “upper” and “lower” half and a
vectorial organization of transport systems exists. With its lower/inner hemisphere the
cell is anchored onto a fabric mesh of elastic extracellullar matrix proteins, the basal
membrane. With its upper/outer hemisphere the cell communicates with luminal
content. In order to provide more surface area for substance exchange, the luminal
outer membrane of each cell is stretched over a dense array of cytoskeletal spikes
thereby forming a brush-like structure, the so-called brush border or microvilli. In
analogy to the cellular level, the surface area is further increased macroscopically by
organizing the whole intestinal surface tissue in extensions—or villi—reaching into
the luminal pipe.

Anchored in the cell membrane of the epithelial lining cells, a fluffy layer of
interwoven glycoproteins, the glycocalyx, resides on top of the microvilli [24, 29].
The role of this glycocalyx is to protect the fragile membrane lipid bilayer against
luminal content and to provide an unstirred fluid layer into which nutrients can
diffuse and be taken up perpendicular to the bowel movement by the enterocytes, the
major assimilating cells. The glycocalyx produced by each cell is able to interlace
with that of neighbouring cells thereby creating a gap-less molecular fleece. Main
constituents of the glycocalyx are the membrane-anchored glycoproteins MUCS3,
MUCI12 and MUC17 [30], members of the mucin family of proteins which is named
after mucus, the slippery surface coat present on mucosal surfaces. Mucus represents
the outermost layer of defense on the epithelial lining. In contrast to the glycocalyx
it is neither produced by regular epithelial lining cells nor firmly attached to them
[31, 32]. Mucus is generated by goblet cells which mainly reside in the valleys
(“crypts”) between neighbouring villi. From these crypts the mucus is expelled like
from a nozzle and squeezed onto the glycocalyx by the moving luminal constituents.
Depending on the segment of the lower alimentary tract, the mucus blanket either
consists of a single layer of low density or of a double layer with dense inner and
light outer stratum [30]. The double layer is present on sites of little assimilation
and aggressive luminal matter, i.e. the stomach and the large intestine, whereas the
monolayer is found in the small intestine where nutrient uptake takes place, the pH
is near neutral and microbial colonization is low. The double layer design may thus
represent a barrier in the barrier where the outer film is offered for breakdown by
stomach fluid and colorectal flora [33] and the inner one acts as protective coating,
lubricant and trap for hazardous particulate luminal contents.
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Fig. 12.3 Potential fates of nanoparticles in the gastrointestinal tract. Ingested nanoparticles
are confronted first with the acidic milieu of the stomach and then with the highly active hydrolytic
enzymes in the intestinal tract. It can be expected that acid- or chelator-susceptible inorganic
nanoparticles will partly dissolve and small molecules, atoms or ions contained therein will be
released. Organic nanoparticles consisting of carbohydrate polymers or lipids could in part be
enzymatically degraded. Finally, absorption of low molecular weight components by physiological
uptake mechanisms may occur, and unchanged particles or shrunken remnants may also pass across
the barrier

12.3 Nanoparticulate Matter Confronting
the Gastrointestinal Tract

Whether or not ingested particulate matter poses a risk to an individual is difficult
to assess. In size, particulate matter may range from the macroscopic scale down
to the nanometer range. It may vary in shape and surface texture, and its resistance
to the luminal environment may differ considerably. In terms of its impact on the
host, size has an enormous influence: the bigger the particle the higher the physical
but the lower the physiological impact, and vice versa. A swallowed glass marble
or bead may traumatize the esophagus but will remain inert towards the molecular
and cellular processes in the gut. Ingested cake frosting will smoothly pass the upper
alimentary tract but its nanoparticulate color pigments may interact with luminal
content and the epithelial lining. For that reason ingestion of objects invisibly small
such as the pigment particles in the frosting have raised considerable safety concerns
in recent years. Small size, in particular in the nanometer range, enables the matter
to undergo interactions on the cellular and molecular level which are difficult to
predict. A lot of interactions and crossroads are possible for a nanoparticle in the
GI tract. Nanoparticles can be broken down, taken up, adsorbed to luminal matter,
become modified or be excreted or any of these processes may happen in combination
(Fig. 12.3).
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Fig. 12.4 Potential routes for nanoparticles and released ingredients across the intestinal
epithelium. Enterocytes can actively or passively take up low molecular weight compounds via
transporters, channels or pores, or via receptor-mediated or bulk endocytosis. Particulate matter is
taken up by specialized endocytotic cells (M cells) and handed over to macrophages, or sampled
from the lumen by dendritic cells. Break-up of tight junctions e.g. in a state of inflammation allows
nonspecific paracellular diffusion

The mucosal lining contains gateways via which the body can sample content of
the alimentary tract and can assimilate substances necessary for subsistence. These
gateways in principle also constitute the entrance way for nanoparticles or their
ingredients and break-down products. In a healthy individual, uptake generally occurs
atdesignated sites which in turn results in specific uptake mechanisms. These include
active or passive transport via distinct transporters or channels, receptor-mediated or
bulk endocytosis/pinocytosis and uptake via specialized cells. A main determinator
for uptake selectivity appears to be the size of the respective freight. In contrast,
paracellular leakage is usually a consequence of some pathologic barrier disturbance
and is rather non-specific regarding the transported goods (Fig. 12.4).

12.3.1 Controlled Uptake of Low Molecular Weight
Compounds

For the low molecular weight level one usually discriminates between nutrients,
essential salts and water, and low molecular weight xenobiotics. The former are indis-
pensable for growth and survival of the host and thus are translocated by dedicated
transport systems which reside in the apical membrane of the intestinal epithelial
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cells. Specific examples for this are summarized in Table 12.1. Xenobiotics usually
have no natural function inside the body, on the contrary, they even can be highly
toxic for an individual. While natural/environmental origin of xenobiotics is preva-
lent, anthropogenic materials become increasingly relevant as a source for these
substances. Uptake of such small xenobiotic molecules typically occurs by making
use of existing molecular transport systems (Table 12.1).

With regard to the incorporation of (nano)particulate matter, these systems are
not of relevance for the particles themselves, as even very small nanoparticles will
not fit into such transporters. Yet, a particle, as any ingested matter, usually will be
subject to strong physiological “attacks” in the alimentary tract. Susceptible nanopar-
ticles may be partially or completely degraded by digestive juices and release their
constituents. Of those, any metabolite of nutritional or physiological value, like
e.g. carbohydrates, lipids, amino acids, or inorganic ions, will be accepted by the
dedicated molecular transporters listed in Table 12.1. But nanoparticles can also
harbour non-physiological and/or toxic materials or they contain an excess of an
otherwise beneficial compound. Such luminally liberated substances may be viewed
as a collapsed (nano)particle shrunk to fit into an otherwise irrelevant gateway. Since
(nano)particulate heavy metal chalcogenids fall into this category and are abundant
nanomaterials, we will examplify the “shrink-to-fit” route with two types of nanopar-
ticles, iron oxide/sulfide nanoparticles and cadmium oxide/selenide nanoparticles.
Both may stem from abrasive and melding dusts or from biomedical labelling and
contrast agents.

Imaging-grade superparamagnetic iron oxide nanoparticles (SPIONs) consist of
an iron oxide core (usually magnetite Fe*(Fe3*),0,) and a designed shell to ren-
der them water soluble and to give them a desired function. Under the acidic pH
conditions prevalent in the stomach, the core is sensitive for dissolution releasing
Fe’* and Fe?* ions. Intestinal iron absorption in humans is specific for Fe** which
is better soluble at neutral pH in the duodenum and can be absorbed by the diva-
lent metal transporter 1 (DMT1; SLC11A2). Taken up into the assimilation-active
enterocytes it is then under the control of whole body iron regulation and released
via ferroportin exporter from the basolateral membrane into the blood stream, bound
to apotransferrin, transported to cells in need for iron, or when in excess stored in
ferritin molecules in cells of the liver, muscle, and bone marrow.

Using a radiolabelled-SPION as a model system for metal oxide nanoparticles,
the fate of these particles in the gastrointestinal tract was studied in mice. The uptake
of ¥Fe into the body from two different preparations was measured by whole-body-
counting after 7-14 days, when the non-absorbed part was completely excreted in
the faeces (Fig. 12.5) [58]. It should be noted that this technique is the most sensitive
and reliable method for detecting the iron absorption in vivo [59]. In one prepara-
tion, the oleic acid-stabilized lipophilic iron oxide cores (11 nm) were coated with a
polymer containing COOH-groups at the surface to make the particles water soluble
(polym.-SPION). In the other form, the lipophilic cores were embedded into lipopro-
tein—micelles that transport lipids and other hydrophobic substances in human blood
(“nanosomes”) [60]. It was found that from both forms about 5—7% of the °Fe-label
were absorbed into the body and used for haemoglobin synthesis, clearly indicating
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Fig. 12.5 Absorption of Fe- or 51Cr-labeled SPIONSs in mice [58]. a °Fe-labeled polymer-
coated SPIONSs or so-called “nanosomes” (oleic acid stabilized, hydrophobic SPIONs embedded
in chylomicron-like lipid micelles were administered by gavage to groups of mice (n = 4-5) and
the >Fe-whole-body-retention (WBR) was measured after 1-14 days. b Same procedure with > Cr-
labelled SPIONs, nanosomes, or CrCls (n = 8). Individual values of 51Cr—whole—body—retention
(WBR) after 7 days (=apparent gastrointestinal absorption) are given (figure taken from [58] under
Beilstein-Institut Open Access License 1.1; https://www.beilstein-journals.org/bjnano/terms#lic11)

a significant absorption from the gut (Fig. 12.5a). However, it remained questionable
if this numbers truly represented intact particle uptake. To test this, the iron oxide
cores were exchange-labelled with SICrCl; in a stable and homogenous form [58].

It is well known that the intestinal absorption of ionic Cr** in contrast to Fe?*
is extremely low in rodents [61]. The results from analogous experiments in mice
using the two forms of 3!'Cr**-spiked SPION showed that the absorption of Cr**
was extremely low as expected (0.01-0.02% absorption rate) (Fig. 12.5b). Thus, the
in vivo experiments virtually excluded the uptake of the two different forms of intact
nanoparticles, namely a typical polymer-coated iron oxide as well as a micelle-type
nanoparticle in mice. Therefore, the *°Fe-results in Fig. 12.5a must be interpreted
as a partial digestion of SPIONS in the stomach followed by absorption of released
ionic Fe?*.

Cadmium selenide is present in certain nanoparticulate semiconductors—so
called quantum dots (Qdots)—which are used as replacement for classical fluores-
cent dyes in biomedical imaging due to their extreme photostability. Being a heavy
metal chalcogenide like iron oxide, CdSe is also susceptible to digestive fluids and
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the potential release of Cd** from ingested Qdots is a major concern with respect to
biosafety. Many studies have demonstrated the toxicity of various Qdots in cell cul-
ture [62—67]. And as CdSe crystals are sensitive to acidic or oxidizing environments,
Qdots survive a gastrointestinal transit only when coated with special shells [68, 69].
Otherwise they rapidly lose their fluorescent properties, due to etching processes
(own observation; [70, 71]). In the latter case, the Cd>* is liberated and it is assumed
that cadmium ions misuse molecular transporters for divalent metals such as those for
Fe?*, Zn**, Mn?* or Ca* thereby entering the body. For example, Cd accumulation
is enhanced in animals fed a diet deficient in zinc (Zn), iron (Fe), and calcium (Ca).
Obviously, Cd can be absorbed through two main transporters: the divalent metal
transporter (DMT) 1, a preferential Fe-transporter, and calcium transporter (CaT)
1 [72]. However, when realistic dosing was applied in mice and rats no abnormal
behaviour or tissue damage was observed over the several months’ time span even
after systemic administration of Qdots [73-75].

Unlike with SPIONs, where the released but not absorbed iron is simply integrated
into the much larger pool on nonabsorbed food iron, the Cd** release from unpro-
tected Qdots may cause an intoxication of the host not only from ingested Qdots.
Released Cd** could also affects the luminal flora. It was shown in animal studies that
chronic oral Cd** intake reduced the total number of intestinal bacteria among which
the growth of Bacteroidetes spp. was significantly suppressed whereas the growth of
Lactobacillaceae spp. was not inhibited [76] or even increased [77]. This is in line
with another observation where certain lactobacillus species not only showed a high
tolerance against Cd>* but also bound this heavy metal ion and thus may act as detox-
ifying “enterosorbent” if present [78]. Moreover, the complete lack of an intestinal
flora and thus the lack of any microbial Cd** binders obviously increases cadmium
uptake and induces the expression of metallothioneins—heavy metal scavenger pro-
teins—by the host [79]. The widely used nanosilver when ingested could also work
in this direction. A chronic feeding of AgNP (50 and 200 ppm) over 60 days showed
nephrotoxic effects in Wistar rats [80]. These concentrations are below previously
reported lowest observed adverse effect level for bulk silver. The high surface of the
particle could release oxidised Ag* with the know high reactivity towards bacterial
proteins. All in all, heavy metal metabolism in the alimentary tract is a complex
process, and the intake of such substances may have far reaching physiological con-
sequences. This holds also true if those heavy metals are contained in nanoparticulate
matter because they may become luminally released.

However, regarding the release of toxic metal ions and chalcogenides such as Cd?*,
Ag*, Se2~, Te?~ etc., noble metal atoms such as Au, Ag, Pt, or any other ingredient of
nanoparticles in the gastrointestinal tract, it should be noted that this represents not an
entirely new situation for human health because these substances are present already
in the environment and in the food chain [81]. Especially the heavy metals burden
(Cd, Pd, Hg, Ag) follows the industrial development in many countries and the impact
to human health mainly from uncontrolled working processes in the past are quite
well investigated and are the basis of non-occupational or occupational exposure
limits. That does not mean that no effects are awaited. In the lack of conclusive study
data on effects and mechanism in the gut, it can only be estimated that the amount
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of toxic materials released from ingested natural or engineered nanoparticles in the
gut should be below harmful levels of environmental, health and safety protection.

12.3.2 Controlled Uptake of Macro- and Supramolecular
Entities and Particulate Matter

As the digestive system usually breaks down biopolymers into their monomeric build-
ing blocks, the advance of polymers that survived digestion (“too-fit-to-shrink™) is
suspicious. At best the polymer is an innocuous food constituent such as cellulose
or chitin. Being digestion-resistant it would be useless for the body but difficult to
excrete. At worst the polymer evolved to withstand the lumen of the gastrointestinal
tract for a particular purpose. Toxins of diarrhoea-inducing bacteria, such as cholera
toxin, are one example of the latter. They are secreted by pathogenic bacteria in order
to manipulate the host in favour of their own survival and dissemination. Cholera
toxin possesses a hydrodynamic diameter of about 6 nm [29]. If structures this small
can already pose a risk to the body and are metabolically worthless, incorporation
of even larger structures such as microbes is even less desirable. Nevertheless, for
the healthy organism it is indispensable to sample flora from the gut lumen in order
to monitor and re-adjust microbial homeostasis within the alimentary pipe. Thus,
several different, but always well-guarded doors along the gastrointestinal tract wall
exist in case of a vital, healthy mucosal epithelium (Fig. 12.4). At such sites, the
epithelium actively or passively samples macromolecules or larger entities and for-
wards them to the underlying mucosal immune system for further inspection. Due to
the inherent danger of those substances, their presence may even trigger de novo for-
mation of uptake/monitoring sites as is the case e.g. for cholera toxin which induces
formation of an epithelial cell type specialized in uptake and translocation of macro-
molecular and particulate matter—the so-called M cells [82]. M cells are a unique
variant of columnar intestinal epithelial cells. They lack a prominent glycocalyx,
and it could be shown that M cells are able to pick up digestion resistant matter that
adheres to their luminal cell membrane, such as choleratoxin B subunit-coated gold
or polystyrene nanoparticles [29, 83] (Fig. 12.6). The cargo is translocated into a
pocket which each M cell forms on the basolateral side and handed over to residing
phagocytic cells for immunological survey [84, 85]. Due to the local abundance of
specific differentiation inducing molecules M cells are most prominent above nodes
of organized mucosa-associated lymphoid tissue (O-MALT), the so-called Peyer’s
patches, which usually reside opposite the vascularization and abdominal suspension
of the gut pipe (mesenterium) [82, 86—89], but M cells can also be found within the
epithelial lining outside Peyer’ patches [90] and possibly be induced by proinflamma-
tory stimuli [82]. While M cells are mere transporters for attached matter, dendritic
cells (DCs) actively gather luminal content along the alimentary tract. In order to
gain access to the lumen, DCs either cooperate with M cells sending their protrusions
through a pore which the M cell forms through its cytoplasm [91], or they push their
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Fig. 12.6 Transcytosis via Peyer’s patch M cells. Left: Schematic depiction of an M cell: the
apical membrane is covered only by a rudimentary glycocalyx. Pathogens and other particulate
matter are picked up from the lumen by endocytosis and transported to the basolateral side. Here
they are released to be taken up by macrophages which reside in a pocket formed by the M cell.
Right: Electron micrograph of an M cell from mouse ileal Peyer’s patch. Macrophages in the M cell
pocket await the delivery of microbes endocytosed by the M cell from the gut lumen. Bar: 5 pm

protrusions between regular columnar epithelial cells. As the respective type of DC
also expresses tight junction proteins the generated hole via which the DCs pick up
luminal material can be sealed on the fly [86]. More recent findings even suggest an
active role of the glycocalyx for sensing of gut content. The mucin MUC17 which
is a major constituent of the intestinal glycocalyx was shown to relocate from the
apical surface to an intracellular vesicular pool distinct from classical endosomes
upon parasympathetic stimulation (carbachol) [92]. Gut content adherent to MUC17
may be ferried into the epithelium under those conditions and offered to underlying
immune cells for further examination.

A very special digestion-resistant polymer type which may be encountered in
the intestine are prions. Infectious prions are extremely stable (“too-fit-to-shrink™),
misfolded protein aggregates of 17-27 nm diameter [93] which—upon incorpora-
tion—catalyze misfolding of the respective counterpart in the host. Accumulation
of prion aggregates will eventually result in a dementia-like disorder, the so-called
spongiform encephalopathy, e.g. Creutzfeldt-Jakob disease in humans [94]. The dis-
ease is highly contagious and believed to be transmitted via the alimentary tract, sim-
ply by ingestion of prion-contaminated foodstuff. Transmission apparently occurs
via M cells as it was demonstrated that mice which do not develop M cells due to
a genetic defect are largely resistant to oral prion transmission [95], whereas mice
being triggered to form more M cells are highly susceptible to oral prion infection
[96].
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As mentioned above, sampling of potential microbial dwellers or intruders from
the glacis of the mucosal barrier is a controlled process exerted by M cells and
dendritic cells. Hence, both cell types are capable to pick up particles of microbial
size and above. M cells were reported to translocate particles of up to 10 pm in
diameter [97]; dendritic cells (DCs) are able to engulf particles of up to 15 pm
in vitro [98]. Yet, uptake appears to be most efficient with particles in the mid-to-
high-nanometer range (500 £ 250 nm) [97-102].

This is in strong contrast to early studies which reported incorporation of orally
administered particles in the size range of several hundred micrometers. In light of
the more recent findings on gastrointestinal barrier function and cellular transport
capacity—as described before in this chapter—it still remains an enigma how par-
ticles this big are able to traverse the mucosal lining. Passage due to paracellular
leakage seems to be the most plausible explanation at this point in time.

12.3.3 Uncontrolled Influx of Luminal Matter
via Paracellular Leaks

Ingress of particles considerably bigger than any of the gateways described above and
the occurrence of luminal bacteria in the peritoneal cavity [103] indicates that even
the staggered defences of the epithelial layer can be overcome by luminal matter.
Such events seem to occur rather frequently, and the mammalian gut appears to have
adjusted to such recurring epithelial leakages. For example, the polarized goblet cells
of the gastrointestinal tract express toll-like receptor 5 (TLRS), an innate immune
sensor for bacterial flagella, on their basolateral instead of their apical side [104]
such that it can act as a “leakage detector” underneath the epithelial tight junctions.
There are believed to be three main reasons for transmural flux of luminal matter:
(i) bacterial overgrowth in the lower small intestines due to a defect in the gastric
barrier and/or delayed intestinal clearance [103, 105]; (ii) deficiencies in the host
gastrointestinal immune defense [103]; and (iii) increased permeability and damage
of the intestinal barrier [103]. Barrier damage may either occur spontaneously or be
caused by trauma. The latter cause is the most frequent one; physical impacts onto
the abdomen, ingestion of rigid foreign objects or consumption of foods that contain
bone or wood splinter may be traumatic to the gastrointestinal lining. Spontaneous
perforation is less common and in most cases due to an underlying gastrointestinal
affliction. Luminal bacterial pathogens may contribute by secreting specific tight
junction-altering proteins or toxins [106—108]. Chronic inflammatory disorders such
as Crohn’s disease, colitis or celiac disease as well as intestinal infections are known
triggers for spontaneous fissures, too [109—111]. The inflammatory events predispose
for that by weakening tight junction integrity [112]. In an experimental set-up with
intestinal biopsies from patients suffering from inflammatory bowel disease it was
shown that the translocation of different nanoparticle types across the epithelium
was higher in inflamed tissue than in healthy mucosa [113].
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Fig. 12.7 Lack of an epithelial glycocalyx at cancerous lesions in the human intestine. The
schematic drawing illustrates how the presence of a glycocalyx on fully differentiated enterocytes
(left part) prevents access of nanoparticles to the epithelial surface. Lack of a glycocalyx on pre-
cancerous or adenoma regions (middle part) or on cancer cells (right part) allows attachment of
particles to the unprotected apical cell membrane. Electron micrographs beneath the scheme depict
typical examples of healthy epithelium (left), adenoma (middle) and cancer cells (right) in human
colon. A glycocalyx is only visible on the healthy epithelial cells. Bar: 1 pum

Cancerous or precancerous lesions also foster spontaneous damage of the gas-
trointestinal barrier [109]. Although barrier perforation was reported mostly in the
context of metastatic tumors, primary tumors of the large intestines may also pro-
mote access of luminal particulate matter to the epithelial lining. It was shown that
both, intestinal polyps and epithelial cancers lack a mature glycocalyx and thus
allow advance of particulate matter up to the cell membranes [24] (Fig. 12.7). Since
polyps and manifest cancers are not subject to epithelial renewal luminal particles
may accumulate at such sites. In light of this the hypothesis that the presence of
(nano)particulate luminal matter indicates tumorigenesis by these particles seems
questionable. The particles may simply accumulate at this site due to the lack of
epithelial renewal in combination with the lack of a glycocalyx.

Nevertheless, the possibility of luminal nanoparticles to accumulate specifically
at cancerous and precancerous intestinal lesions may provide a means to detect these
malignancies early on.
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12.3.4 Features Qualifying (Nano)Particulate Matter
Jor Gastrointestinal Uptake

Whether or not a nanoparticle adheres to an intestinal translocation site or is broken
down on route through the alimentary tract will depend on the properties of the parti-
cle itself and on the luminal environment. Particles have a certain size, shape and spe-
cial surface properties. In the initial studies presented at the beginning of this chapter
particle size was the most important parameter correlated with fate. Numerous stud-
ies investigate this relationship using spherical micro- and nanoparticulate objects.
However, particles are not always isotropic. Rod-, disk- or ellipsoid-like particles can
also be manufactured or be generated by nature (Fig. 12.1). If their long axis exceeds
the size of the cellular gateways uptake may occur only if the particle approaches
in a certain orientation. This influence of orientation was impressively demonstrated
for particle phagocytosis by macrophages [114] but no information exists on how
intestinal dendritic cells or M cells may cope with anisotropic nanoparticles, in par-
ticular when the aspect ratio is high. Beyond size and shape the particle surface
properties are an important criterion for particle handling by the host. Nanotech-
nologists have methodologies at hand to customize the surface of nanoparticulate
matter to their needs or liking and there are also numerous analytical tools to confirm
the desired surface design. Yet, most of these efforts may be futile attempts because
it is naive to assume that an ingested particle will not interact with luminal matter
on its way through the gut. Especially particles with hydrophobic and charged sur-
faces may eagerly adsorb hydrophobic or counterionic intestinal constituents (e.g.
lipids, nucleic acids, proteins, solute ions) and cover themselves with a so-called
corona (e.g. [115-117]). For systemically administered nanoparticulate preparations
the formation, composition and consequences of a corona became subject of intense
investigation in the last decade. Unfortunately, no information about a gastrointesti-
nal nanoparticle corona exists as yet. Only a few studies with bacteria have been
conducted. They show that the presence of soluble non-starch plantain-fibers sup-
presses intestinal infection of chicken by Salmonella spp. [118, 119] and blocks
adhesion of intestinal pathogens and commensals to M cells [120, 121] whereas the
presence of emulsifier in the diet such as polysorbate-80 increases M cell translo-
cation of bacteria [120]. As the cells were preincubated without washing it remains
unclear at this point whether the epithelial surface was passivated/activated by the
soluble non-starch plantain-fibres or the detergent or whether the bacteria adopted a
detergent or non-starch plantain-fibre corona that supported or prevented uptake.

In light of the latter it seems clear that luminal content can have a substantial
influence on particle uptake and translocation by the intestinal epithelium. The obser-
vation in the chicken-infection-study that only broccoli- and banana- but not apple-
and leek-plantain fibres excerted a protective effect again demonstrates how complex
the various influences on nanoparticle-host-interactions in the gut must be.
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Table 12.2 Examples of nanoparticles from natural source as well as engineered nanoparticles

Naturally occurring nanoparticles Anthropogenic nanoparticles
Source Chemical References Type/Class Constituent(s) | References
structure
Surface CaCOs3, [123-125] Inorganic Metals (nAu, |[126, 127]
water Al O3, nAg, nCu,
Si04*~ nPt)
Volcano SiO; Metal oxides [128]
ashes (FexOy,
7Zn0, TiOy)
Iceberg Fe304 Quantum [129]
sediments Dots (CdS,
CdSe, and
InAs)
Soot from C, Organic Non-
pyrolysis nanotubes, biogenic
Fullerene polymers
Mineral S
wells
Umbra MnO, Fe304 Biogenic [130]
polymers,
lipids
Bacteria and | Se-Protein Carbon- Fullerene, [131, 132]
fungi based carbon tubes,
Meteorites Fulleren carbon fibres
Plants and Adducts of [133-135] Carbon [136]
atmosphere oxidized black
terpens

12.4 Types of Nanoparticles Unintentionally Occuring

in the Alimentary Tract

A basic distinction is drawn between natural and engineered nanoparticles. The
mounting concern about a possible impact of nanoparticle exposure on human health
is based on the tacit assumption that nanotechnology with its increasing market of
engineered nanoparticles is exclusively responsible for this. However, what is disre-
garded in this context is the fact that nature itself is a large producer of nanopartic-
ulate matter which presents in manifold sizes, shapes and compositions and stems
from various sources (Table 12.2). It is estimated that those “natural” nanoparticles
formed by biogeochemical processes amount to several billon metric tons per year
which is orders of magnitude more than the current annual production of engineered
nanoparticles [122, 123].
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One of the main sources are eroded minerals which are carried into the atmosphere
by storms over arid areas (e.g. asian dust). Estimates are that the atmosphere contains
about 0.3 billion tons of submicron particles of which about a quarter precipitates in
wet state [137]. Among the biggest biological sources encompassing 10-30 million
metric tons per year are so-called secondary organic aerosols (SOAs) which are
formed continuously in the atmosphere from terpens (e.g. a-pinene) released by
plants [138]. Little is known whether and to what extent such natural nanoparticles
affect the environment but it seems reasonable to assume that nature can cope with
its own products. Consequently, there is a rapidly growing interest in mimicing those
natural production processes by so-called phyto- and phyco-nanotechnology. With
this it is already possible to generate natural-identical nanoparticles by bioreduction
or abrasion in bacterial or fungal processes [139].

In the usual sense, however, the term “nanoparticle” stands for manufactured
or engineered nanoparticles. Based on their composition, engineered nanoparticles
(ENPs) can be classified in three main groups (Table 12.2): inorganic, organic and
carbon-based nanoparticles [2].

The family of inorganic nanoparticles usually consist of elemental metal or of
metal chalkogenids. Of noble metals such as Ag, Au, Pt etc. rather stable nanopar-
ticles can be formed with physicochemical properties different to bulk material.
Nanosilver (nAg) particles typically measure 25 nm. They have an extremely large
relative surface area and release Ag* ions when placed in distilled water as solvent.
These ions vastly improve the bactericidal and fungicidal effectiveness of nAg by
denaturation or oxidation of respective microbiotic proteins. Based on these prop-
erties, nanosilver is widely used in cosmetics (creams, shampoos, deodorants, and
body lotions) as well as in textiles (socks, shirts, trousers, and active underwear). A
growing number of textiles are even fabricated with metal NPs in the structure (for
example 31-2,600 ppm of nAg in T-shirts). This additive offers biocidal properties
and prevents excessive sweating [127, 140].

Nanogold (nAu) particles are manufacturable in a wide size range between 1 and
100 nm and exhibit photothermal stability. Most valuable, however, are the special
optical properties of nAu which make them interesting for all kind of medical diag-
nostics, e.g. liquid-phase assays electron microscopy, predominantly, transmission
electron microscopy (TEM) or the so-called surface plasmon resonance spectroscopy
[126].

Among the metal chalkogenids, oxides are the most versatile nanostructures
because of their either metallic, semiconductor, or insulator characteristics. They
offer diverse and tunable structural, physical and chemical properties and functional-
ities which make them widely usable as optical, optoelectronic, magnetic, electrical,
mechanical, thermal, catalytic, photochemical tools. One prominent example already
presented above are superparamagnetic iron-oxide nanoparticles (SPION) consist-
ing of a y-Fe;04-core that is made water-soluble by a variety of different coating
materials which easily can be functionalized by any kind of bioorganic molecules
including antibodies, aptamers, and the like [128].

For nanoparticulate heavy metal sulfides, selenides and tellurides their unique
optical properties are the most interesting physical feature. Upon excitation those
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Quantum dots (Qdots), of which the already discussed cadmium selenide is an
archetype, emit fluorescent light whose wavelength can be adjusted with particle
size (2-10 nm). They are used in TV-screens and have been proposed as fluores-
cent labels for biomedical assays and imaging applications when fortified with a
protective organic shell [129].

Organic nanoparticles make up the most diverse group of nanoparticulate mate-
rials as almost all biogenic and non-biogenic organic polymers can be formulated as
nanoparticles with the right technology at hand. Family members range from spheri-
cal solid nanoparticles, dendrimers, over micelles and liposomes to drug conjugates.
Organic nanoparticles are the system of choice for drug delivery as discussed below.

Carbon based nanoparticles represent the third major class of anthropogenic
nanoparticles. To this class belong abundant products like amorphous carbon particles
and carbon black (CB) but also more sophisticated materials such as C60 fullerenes,
graphenes, carbon nanodots and single-walled carbon nanotubes (SWCNT) [131,
132]. Amorphous carbon particles, in particular carbon black, is produced in huge
amounts but not all carbon black comes in the nanometer scale. While carbon black
seed nanoparticles (nodules) are about 15400 nm in diameter, also particulates in
the high micrometer size can be manufactured [141, 142]. Amorphous carbon and
carbon black nanoparticles (CBNP) are made use of as pigments in cosmetics [143],
as catalysts [144] and possibly in future supercapacitor and flat screen designs [145,
146] as well as in bioassays [147]. Fullerenes and the other graphene-related car-
bon nanomaterials listed above will have an even broader field of application in the
years to come ranging from sun glasses [ 148] over energy storage (solar cells [149],
supercapacitors [150, 151], hydrogen stores [152—154]) to biomedical uses (antimi-
crobials [155], imaging, biosensors [156]) and possibly a lot of other applications
we do not even imagine by now.

12.5 Intentional Administration: Drug Delivery
and Contrast Agents

Peroral administration of drugs is the preferred route for self-medication. Unfortu-
nately, the gastrointestinal tract is also a hostile environment in which present-day
biological drugs (e.g. therapeutic antibodies, insulin, peptides, siRNA, aptamers, etc.)
barely survive. For that reason pharmaceutical scientists develop micro- and nanoen-
capsulation systems that fortify susceptible drugs against gastrointestinal breakdown.
Research in this area literally exploded within the last decade with a continuously
increasing number of encapsulation techniques, matrix variants, particle surface func-
tionalizations and drug loads. As a comprehensive presentation of this field would
be beyond the scope of this chapter, we will focus here only on the basic principles
of nanoparticulate gastrointestinal drug delivery systems.
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12.5.1 Nanoparticulate Drug Delivery Systems

The field of nanoparticulate drug delivery emerged in the last decade of the last cen-
tury, mainly driven by mucosal immunologists who realized the need for oral deliv-
ery systems in order to induce protective immunity at mucosal surfaces. Mucosal
immunity mainly relies on the formation and secretion of secretory antibodies of
the immunoglobulin A class which is induced if the respective antigen is taken
up by the mucosal antigen gatherers, M cells and dendritic cells. As those gather-
ers prefer particulate matter in analogy to the bacteria they usually pick, a micro-
to-nanoparticulate vaccine formulation is considered a logical solution [157-159].
Experimental mucosal immunization with particulate vaccines worked because the
amount of antigen required to induce an immune reaction is low, a “catalytic” amount
to use chemical terms. Nevertheless, particulate mucosal vaccines have not entered
the market as yet. Excited by the pioneering work in the vaccine field pharmaceutical
scientists envisioned the possibility to deliver degradation-sensitive drugs via the per-
oral route by protecting them in a micro/nanocapsule. In retrospective, the delivery
of encapsulated drugs across the gastrointestinal barrier “into the house” was not a
success story. However, dropping the parcel “right at the doorstep” turned out to be a
more favorable, yet still experimental approach. When the particles are able to reach
the epithelial glycocalyx or the covering mucus layer they are as close as it gets to the
recipient. In case of glycocalyx adhesion only a couple of hundred micrometers have
to be passed by a drug that is released by the adhering nanoparticle. In contrast to
the maze of obstacles and traps set by the luminal content the odds are considerably
higher for the drug to become incorporated as long as the underlying cell has the
right machinery for uptake. Using this approach, various drugs have experimentally
been delivered to the desired site of uptake [158, 160-162]. To meet that goal the
nanoparticulate drug formulation must be stable enough to reach their target cell
environment but at the same time be so fragile that the matrix desintegrates slowly
at the particle attachment site. Lipidic formulations meet that requirement [163] but
also poly-lactide-coglycolide and other hydrolysis susceptible polymers [162, 164].
In order to enable nanoparticle adherence lectins are often used as particle coating
because they mediate binding to the glycocalyx or the mucus [164, 165]. If the par-
ticles are to penetrate the mucus layer or have to “hide” in the mucus desintegrating
enzymes or reducing compounds (thiols) are employed [166]. A disadvantage of
micro- or nanoencapsulation is the slower Brownian motion of the particle as com-
pared to the free drug and the fact that an excreted particle that did not reach its
destination dumps at one push billions of drug molecules which thereby did not have
a chance to enter the body. Those disadvantages are a double-edged sword. While
low epithelial contact and rapid excretion of undesired nanoparticles is welcome,
the same processes make life miserable for parmaceutical scientists involved in the
development of nanoparticulate drug delivery systems.
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12.5.2 Particulate Matter for Contrasting
the Gastrointestinal Tract for Medical Imaging

The classical diagnostics of gastrointestinal diseases is based on endoscopic
investigations and x-ray exams with a barium sulphate swallow. Advances in non-
invasive imaging modalities including contrast enhanced ultrasound (CEUS), com-
puted tomography (CT), positron emission tomography (PET) and magnetic reso-
nance imaging (MRI) have in the last decades revolutionised the way in which the
gastrointestinal tract can be studied. Avoiding radiation exposure, MRI is, besides
CEUS, the most favourable technique combining excellent soft tissue contrast, spa-
tial resolution, and depth of penetration [167]. A variety of contrast agents has been
evaluated for MRI enterography including paramagnetic gadolinium chelates which
reduce the longitudinal T1-relaxation property and result in a brighter signal, and
superparamagnetic iron oxide based nanoparticles (SPION) which show size depen-
dent T1- or T2-effects. SPION have been used in clinical MRI for more than 20 years
[168], and over time, the FDA approved several SPION formulations, mainly for

Table 12.3 Characteristics of widely used clinical iron oxide nanoparticles

Generic Trade name Coating Hydrodynamic Blood References
name/product diameter half-life
number
Intravenous (i.v.)
Ferumoxides Endorem Dextran SPIO: 50-100 10 min [168-170]
AMI-25 Feridex
Ferucarbotran Resovist# Carboxy- SPIO: 60-80 nm | 12 min
SHUS55A (Japan) dextran

Resovist S Carboxy- USPIO: 6-8h

Supravist dextran 20-25 nm
Ferumoxtran-10 | Sinerem# Dextran USPIO: 24 h
AMI-227 (Europe) 20-50 nm
Feruglose Clariscan Carbohydrate- | USPIO: 2h
NC100150 polyethylene 11-15 nm

glycol

Ferumoxytol Feraheme# Carboxy- USPIO: 10-14h
AMI-7228 (USA) methyldextran | 20-30 nm
oral (p.o.)
Ferumoxsil GastroMARK# | Siloxane SPIO: [171,172]
AMI-121 (USA) 10-300 nm

Lumirem#

(Europe)

# Contrast media that are currently available for use in patients in countries listed. Other media have
already been withdrawn from the market in certain countries
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intravenous administration for indications including MR angiography, tissue perfu-
sion studies, and atherosclerotic plaque and tumor imaging (Table 12.3) [169].

The FDA approval of Ferumoxytol as an intravenous iron drug in 2009 and 2017
has led to a renaissance of “off-label” use of SPION also for a variety of MRI imaging
applications, in particular because these nanoparticles are regarded as safer contrast
agents compared to the frequently used gadolinium chelates, especially in patients
with renal insufficiency [170].

To date, Ferumoxsil is the only FDA-approved SPION for oral administration.
This contrast agent is composed of iron particles of about 10 nm, coated with a non-
biodegradable and insoluble matrix (siloxane) and suspended in viscosity-increasing
agents such as starch and cellulose. After oral administration, Ferumoxsil fills the
stomach and intestines and the T2 relaxation is enhanced, thereby darkening the con-
trast agent-containing portion of the gastrointestinal tract, distinguishing bowel from
organs and tissues adjacent to the upper regions of the gastrointestinal tract. Rou-
tine indication for Ferumoxsil is the Magnetic Resonance Cholangiopancreatography
(MRCP), the non-invasive imaging technique of choice to evaluate the pancreato-
biliary system, where the fluid in the biliary and pancreatic ducts is visualized with
heavily T2-weighted sequences [171]. In T2-weighted bowel MR imaging, Feru-
moxil is also routinely used to highlight Crohn’s disease lesions, and can detect
mural and transmural inflammation with the same accuracy as gadolinium-enhanced
T1-weighted MR [172].

Magnetic particle imaging (MPI) is a new imaging modality with extraordi-
nary contrast and sensitivity using superparamagnetic iron nanoparticles [173, 174].
Recently, first gastrointestinal applications for this method using a designed nanode-
vice have been published [175]. MPI-tailored, long-circulating SPIONs were injected
through the tail vein in a mouse model of induced acute gastrointestinal bleeding.
The captured tracer accumulation in the lower GI tract was monitored with excellent
contrast showing a bleed rate between 1 and 5 WL/min in this model. This could be an
important clinical translation in the future, because unclear gastrointestinal bleeding
is a major concern in internal medicine.

However, with all the described applications of nanoparticles as oral contrast
media for MRI, a possible uptake of intact or partly digested particles or particles
materials was not addressed so far, always relying on the expected low toxicity of
iron as essential trace element.

12.6 Fate of Ingested Particulate Matter: Beeline or Detour

Cells interact with their surroundings and will, upon contact, also try to incorporate
nanoparticles. It is well known from cell-culture studies that almost all mammalian
cells take up nanoparticles to some extent using a variety of uptake mechanisms
which are mostly nonspecific. Extensive in vitro studies have explored the features
of nanoparticles (size and physical properties) that influence their cellular uptake
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and intracellular processing resulting in elimination, degradation or storage of the
particles in the respective cell.

However, it should be asked at this point, how relevant these results are for the
in vivo situation. Despite their general capability to take up larger molecules and
particles, normal cells in the body will routinely not be involved in this process
because, in a close interaction between tissues, incorporated nanoparticles are rec-
ognized as exogenous materials and sequestered by mononuclear phagocytic system
(MPS) cells mainly in liver or spleen. When dealing with particles that are taken
up via the digestive tract, the central question is certainly how many of them are
capable of crossing the epithelial barrier at all before they can encounter any other
cells inside the body.

12.6.1 Measuring Gastrointestinal Particle Uptake in Model
Systems

The question of particle uptake/translocation at mucosal surfaces has incented numer-
ous investigations using different model systems which reflect the in vivo situation
and the compartments involved in particle-host-interaction to various degrees. In
vitro, ex vivo and in vivo systems for particle uptake studies have been developed
which shall address different aspects of the process [176].

In vitro cell culture systems use intestinal epithelial cells of various origin, with the
human colon carcinoma-derived cell line Caco-2 being the favourite tool. In culture,
Caco-2 cells differentiate into a columnar epithelial cell type upon reaching conflu-
ence, with several biochemical and morphological characteristics of small intestinal
enterocytes, e.g. microvilli and tight junctions [177-179]. Co-culture models, where
Caco-2 cells are mixed with other cell types, try to more closely imitate the in vivo
situation: Co-culture with the human adenocarcinoma cell line HT29 will introduce
a goblet-cell-type into the cell layer and lead to the formation of a mucus layer on
the apical cell surface [180, 181], induction of M cell formation is attempted by
co-culturing Caco-2 cells with lymphocytes isolated from murine intestinal Peyer’s
patches [182] or human Burkitt’s lymphoma B cells [183—185], and triple cultures
attempt to combine all these features [186]. Studies on particle uptake and translo-
cation are usually performed using a so-called transwell-system where the intestinal
epithelial cells are grown on permeable filter supports inserted into the wells of cul-
ture dishes. This way, both sides of a polarized cell monolayer are in contact with
a separate fluid compartment which shall render the system particularly versatile
for transport studies [178, 187]. In the different experimental set-ups, particle uptake
and/or translocation was observed to various degrees, obviously depending on factors
such as particle type, size, and surface modification. In most cases, particle acquisition
by the Caco-2 layer appears to follow an endocytosis/transcytosis mechanism, with
clathrin- or receptor-mediated endocytosis, macropinocytosis and lipid raft/caveolae
all contributing to the process [188—191]. Only rarely, opening of tight junctions
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and paracellular transport have been described [191]. With lipidic nanoparticulate
formulations which may desintegrate in the cells substantial uptake of a hydrophilic
fluorescent dye encapsulated in the particles could be observed [192] but in studies
where actual translocation in a transwell system was tested free cargo was transported
at least as good or even better than cargo formulated in lipidic nanoparticles [193].
In the few examples were stable particles were used and quantification was given at
all, translocation rate of particles was almost always well below 1% of all particles
offered [189, 190, 194]. The presence of M-like cells in the Caco-2 co-culture models
greatly increased translocation of plain latex or polystyrene particles between 100
and 1000 nm in size [183-185, 194]. However, the significance of these findings for
the in vivo situation must be regarded with caution, since the M cell concentration in
the human intestine (<5% in the FAE and <1%o in the total intestine) is far below the
value described in these studies (up to 30%). Also, co-culture with M-like cells did
not enhance transport of polyacrylic acid-coated iron oxide or silver nanoparticles
of <10 nm core size [194]. Thus, for in vitro systems uptake was reported quite often
but the taken-up particles seem to become trapped inside the cultured cells. This
is bad news with regard to drug delivery and good news in terms of nanoparticle
safety since the particle-laden cells would be sloughed off into the gastrointestinal
lumen within a few days. What still remains entirely unconsidered in those systems
is the question whether nanoparticles would actually gain access to the epithelial cell
membrane where they can be taken up. The apical cell membrane of Caco-2 cells is
far better accessible for particles than that of enterocytes in vivo because Caco-2 cell
layers display only a rudimentary often gappy glycocalyx of max. 30—50 nm hight
[29, 193, 195, 196] as compared to the continuous enterocyte glycocalyx in vivo
which is several hundred nanometers thick [24]. In co-culture studies with mucus
producing cells the important filter- and sink-like effect of an apical surface coat, in
this case mucus, was reported [160, 191, 197, 198]. Considering all of the above, it
seems questionable whether in vitro cell culture systems are able to yield robust and
valid data concerning nanoparticle translocation at the gastrointestinal mucosa.

In an attempt to more closely reflect the in vivo situation, some work has been
performed using ex vivo animal experiments. In the everted sac model, a segment of
the rat small intestine is dissected, flushed, turned inside-out, and the ends are ligated.
Uptake from the—former luminal—outside into the serosal compartment is analyzed
after incubation of the sac in the medium of interest. Using this method, uncoated
silica particles between 70 and 1000 nm were not absorbed through the intestine in
a measurable extent, but after surface modification with amine- or carboxyl groups,
uptake of 70-nm particles was demonstrated [199]. In the same system, polyami-
doamine dendrimers of approximately 3—7 nm diameter were clearly crossing into
the serosal compartment, whereby anionic nanoparticles displayed a higher transfer
rate than cationic ones [200].

Still more close to the in vivo situation is the isolated perfused rat intestine model.
Here, the complete small intestine of a rat including mesenteric artery and portal vein
is explanted. The organ is placed in a perfusion chamber where a constant supply
of nutrients and oxygen can be provided via the cannulated vessels (Fig. 12.8). In
this system, import into as well as efflux out of the gut lumen can be investigated
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Fig. 12.8 Nanoparticle uptake studies in an ex vivo model. Left: Isolated rat intestinal explant
in the perfusion chamber. Via the cannulated artery, the explant is supplied with artificial blood
plasma; particle samples can be applied luminally, and their final location in different compartments
(luminal, lymph, tissue) can be analyzed. Right: Entrapment of NPs in intestinal mucus. Cryostat
section of gut tissue after luminal application of fluorescent 20 nm particles into the lumen of the
isolated rat intestine. Bar: 50 pm

by separately collecting and analyzing the fluid from lumen, vascular perfusate and
lymph [201]. In particle uptake studies using the isolated perfused rat intestine and
luminally applied fluorescent polystyrene particles of 20, 40 and 200 nm in size,
no particles could be found in either vascular or lymphatic effluate samples, nor
were any particles detected by histological examination in the gut tissue. Instead, a
large fraction of the NPs was trapped in the mucus layer lining the intestinal wall
(Fig. 12.8) [202].

The few data obtained from the organ explant/ex vivo studies indicate only very
sparse, if any, uptake of nanoparticles in the size range between 20 nm and 100 nm
in the intestine, but particulate matter below 10 nm in size can cross the epithelial
barrier to a certain extent.

No matter how well an in vitro/ex vivo model performs, the most reliable answers
will be obtained by in vivo evaluations. With regard to the fate of ingested nanopar-
ticles, several animal models have been established and used in uptake and toxicity
experiments [203, 204]. Application of particles is usually done via feeding or intra-
gastric delivery, but the different experimental set-ups vary in their methodology to
detect and quantify uptake of nanoparticles into the body. An in vivo study can be
performed in two ways: “in situ”, i.e. by continuous or time-lapsed recording of the
consequences of a set trigger, or “‘ex situ”, i.e. by analyzing the outcome of a set
trigger once after a defined period of time.
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In situ analyses of nanoparticle-host-interaction require cutting-edge technologies
which allow detection of the particles inside the body in a time- and spatially-resolved
manner, ideally on microscopic scale [205]. Due to this demanding instrumental
requirements few studies have been conducted as yet on the in situ level, either
via intravital optical imaging after application of fluorescent probes, or by whole
body scintigraphy if radioactive particles were used. In general, the in situ acquired
data could only give a very limited overview of particle distribution; to date, this
approach is neither sensitive nor accurate enough for quantitative interpretations. For
example, when silica-based rhodamine-derivatized nanoparticles (20 and 100 nm)
or polymer-coated quantum dots (33—36 nm) were applied orally to mice and tissue
distribution was monitored at different time points with intravital imaging systems,
fluorescence signals were mainly visualized in the gastrointestinal region [68, 206].
Only subsequent ex situ imaging of dissected organs allowed some quantification
of the fluorescence signals in one study and proved dissemination of particles over
the body, with accumulation in lung, liver and kidney [206]. At the starting point
of the particle uptake process, intravital confocal microscopy revealed uptake of 20-
and 40-nm particles by intestinal epithelial cells and transport into the serosa and
the lymphatics of the intestine, but larger particles (100-2000 nm) were scarcely
internalized [207]. Here again, quantification of results was only relative, and no
absolute uptake rates could be deduced.

Ex situ analysis is the methodology of choice in most particle uptake studies,
simply because one needs less sophisticated instrumentation to analyse a faeces or
urine sample or post mortem resected tissue. In case of intestinal tissue which ought
to be most informative about the sites and degrees of particle entry the specimen is
either fixed, cut and investigated by classical microscopy (light or electron micro-
scopically). Alternatively, bulk analyses are performed where the whole tissue, blood
or excretion is digested selectively in solutions that either leave particles intact or
disintegrate them, too, with particle constituents becoming solutes. Intact particles
are then counted on filters or in Neubauer chambers, constituents from dissolved
particles are determined radiologically or spectroscopically, e.g. by fluorescence or
inductively-coupled plasma mass spectroscopy (ICP-MS) [203]. Each of these ex
situ techniques has its strengths and weaknesses. Only a careful combination of his-
tological and bulk analysis will provide the desired information about site and degree
of particle uptake [16]. Looking histologically, numerous studies report uptake of
particulate matter in the Peyer’s patches/follicle associated epithelium, presumably
via M cells, though most of those studies use particles above 1 pm in size [97, 99],
but location in/transport via villus regions was also observed with particles below
100 nm [207, 208]. Performing bulk analyses of tissues, organs and excretions after
oral nanoparticle exposure still reveals conflicting results. While in several studies
nanoparticles up to 100 nm in size were found—to various extents—in spleen, liver,
kidney, blood and urine [203, 204, 209], others describe that no measurable amounts
of nanoparticle material could be detected in any of these tissues [210, 211].

Ex situ bulk analyses is also the method of choice for the archetype food-borne
nanoparticle, titanium dioxide (titania), because the oxide is believed to be suffi-
ciently resistant to luminal content of the gut. Numerous studies have been con-



12 Fate and Translocation of (Nano)Particulate Matter ... 309

ducted in rodents with adverse effects to inner organs been detected [212]. In these
studies titania doses ranging from 1.5 to 5000 mg/kg body weight were used, with
a mean dosage of 453 mg/kg and a median dosage of 27.5 mg/kg. Even studies
on human volunteers were performed with the titanium content of blood samples
being determined [213-215]. In two of the three human studies elevated serum tita-
nium levels were found; whether or not those elevated levels caused any pathology
was not checked. In these three studies titania doses ranging from 0.31-5 mg/kg
body weight were used with a mean dosage of 2.26 mg/kg and a median dosage of
1.34 mg/kg. The latter doses were 200-fold (mean) or 20-fold (median) lower than
those used in rodents where pathology was observed. Yet, dosing in human beings
was still about 4100-fold (mean) or 2400-fold (median) higher than the estimated
daily titania nanoparticle intake of 7-69 year old humans (0.55 png/kg body weight)
in the Netherlands [216]. The daily Dutch titanium dioxide nanoparticle intake dif-
fers considerably from calculations for North-American citizens who are believed
to ingest about 1 mg titania nanoparticles per kg body weight and day [217]. Why
a North-American may ingest about 180-times more titania nanoparticles than the
average European cannot be clarified at this point. Even then is the dosing in the
rodent studies in which adverse effects of titania on inner organs were observed
on average 27-fold (median) to 450-fold (mean) higher than the food-borne titania
nanoparticle intake of North-Americans. For Europeans the animal models are over-
loaded by a factor of about 5000 (median) to 800,000 (mean). In light of this, it
seems questionable whether those models can faithfully predict possible risks for
human beings. In some of the (overloaded) rodent studies deposition rates in certain
inner organs were reported. In most cases the amount of titanium found was less
than 1% of the administered dose. Only in one study [218] a comprehensive analysis
of 11 tissues was conducted. Here a cumulative TiO, deposition of about 5% of the
administered amount was reported. Deposition was highest in Peyer’s patches and
the mesentery network which is in line with the particle uptake mechanisms pre-
sented above. Exogenous pigment was also found consistently in Peyer’s patches of
human beings beyond preschool age [219, 220]. The amount of those aluminium,
silicon and titania-containing deposits seems to increase with age.

Taken together, the majority of ex vivo and in vivo studies which most closely
reflect the situation in the human gastrointestinal tract show that incorporation of
digestion-resistant nanoparticles occurs in the alimentary tract but at a low rate and
preferentially at sites dedicated for collection of luminal matter. Nanoparticles may
be an inevitable by-catch and may ever have been. Whether or not the deposition rate
is higher nowadays than it used to be in the preindustrial age is open to debate.

12.6.2 Deposition, Breakdown and Excretion of Incorporated
Matter

The biological and toxical effects of nanoparticles depend on their ability to reach
and to interact with cells and organs in the body. The first step is uptake into the
body, which usually implies nanoparticle contact with and penetration of either of the
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Fig. 12.9 Uptake into and fate of nanoparticles in the body. The acronym ADME stands for
the pharmacokinetic processes involved: absorption, distribution, metabolism and elimination. The
fate of an iron-based nanoparticle (polymer-coated 3°Fe-labelled-SPION, 25 nm hydrodynamic
diameter) is depicted as an example showing the fast clearance from the blood (half-life 16 min),
degradation in the liver and use of iron in newly formed haemoglobin or storage in form of ferritin.
MPS, mononuclear phagocytic system (figure adapted from [221])

three main body barriers, namely the skin, the lung, and the mucous membrane of the
gastrointestinal tract (Fig. 12.9). The evaluation of the respective uptake mechanisms
is of great importance for basic science but also for developing effective and safe
nanomedical applications.

Different exposure conditions are not only of considerable impact on how much
nanoparticles are incorporated into the body, but also on how they may be distributed,
excreted or metabolised. In most currently used or planned nanomedical applications,
the respective nanodevice is administered by intravenous injection. Here, the com-
plete bolus dose is given into a peripheral vein. The particles are swirled around with
thousands of plasma proteins throughout the venous systems, are facing billions of
moving cells and the large surface area of vascular endothelial cells.

The intravenous application of nanoparticles can be regarded as a model of how
natural defense mechanisms cope with natural or xenobiotic particles larger than the
normal molecules [221]. Such particles are almost immediately covered by a protein
corona including specialized plasma proteins, so-called opsonins. Opsonins serve as
a signal for a fast clearance of these particles from the blood by uptake into cells of
the so-called Mononuclear-Phagocyte-System (MPS) mainly based in the liver and
spleen. Again, using a radiolabelled polymer-coated SPION (compare also Fig. 12.5),
it was shown that these particles upon injection in mice were rapidly taken up into
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the liver mainly by macrophages (Kupffer cell), but surprisingly also by sinus-lining
endothelial cells [222]. After some days, the *Fe-label was incorporated into newly
formed erythrocytes, indicating a complete degradation of the iron oxide cores and
use of the iron in the iron metabolism of the mice.

The intraperitoneal injection (i.p.) could also be an application modus for future
nanodevices in nanomedicine. In this context, it was shown that >*Fe-labeled SPION,
which were embedded into the lipid core of triglyceride-rich lipoproteins (TRL-Fe-
SPION) (nanosomes, similar to shown in Fig. 12.5) and injected i.p. into mice did
appear in the blood to a substantial extent (10.1 &= 0.91% of the injected doses after
24 h), whereas polymer-coated SPION were not able to escape the abdominal cavity
barrier [223].

However, the situation after intravenous or intraperitoneal injection is different
from dermal, pulmonal, or oral exposure which can deliver at most only the minor
fraction of particles that is able to cross the barrier by different mechanisms and
reaches specific cells in deeper layers of the skin, lung, or gastrointestinal tract
before these particles can enter small capillary blood vessels.

To detect and—even better—to quantify these small amounts of nanoparticles in
the body is a very tough experimental challenge. To quantify nanoparticles in bio-
logical surroundings, a number of methods have been used which attempt to exploit
specific chemical properties of the respective class of matter. Quantum dots, for
example, show a very strong and stable fluorescence which renders these particles
identifiable even in living tissue by confocal microscopy. In order to better separate
the signals from nonspecific noise, the wavelength of the fluorescence maxima can
even be tuned by simply changing the size of the particles. A number of drug deliv-
ery nanodevices have been used to document an apparent successful overcoming
of multiple gastrointestinal barriers using Quantum dots composite particles [224].
However, as discussed before, a true and sensitive quantification by fluorescence
alone is almost impossible, especially when only a small uptake of particles can be
expected.

As shown already in Fig. 12.5, radiolabelling of nanoparticles is a sensitive and
reliable technique and represents so far the methodological gold standard to inves-
tigate the translocation of nanoparticles into the body. But also with radiolabelled
probes, the detection of minor translocation processes requires special techniques and
equipment. °Fe is an isotope radiating hard y-rays which makes it easy to measure
small amounts of incorporated >°Fe in living mice by whole-body-counting. This
technique has been used successfully to measure particokinetics and biodistribution
in nanoscience. Consequently, much is known about iron-oxide based nanoparticles
including the uptake from the intestinal tract [58, 222, 225, 226].

The group of Wolfgang Kreyling has studied the translocation of radiolabelled
gold nanoparticles. The advantage of AuNP is the availability of a wide range of pos-
sible core diameters and Au can easily be neutron-activated to form 198 Ay, a weak
y-radiating isotope with rather short half-life (2.7 d). These characteristics make,
however, the analysis of low activities of '8 Au in tissue samples less sensitive com-
pared to >°Fe, especially when no whole body counter is available. When the translo-
cation of intratracheally instilled '°® Au-particles with different size (1.4-200 nm)
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was analysed in rats, low 198 Au activities were measured in different tissues such
as liver and spleen, with a significant translocation into organs only for the small
particles (1.4 and 2.8 nm) [227]. It appears likely that the small particles can cross
the very thin air-blood-barrier to the circulation. A similar approach was performed
with intra-esophagal installation of '°® AuNP. Again, only small amounts of '8 AuNP
reached the circulation (after 24 h, 0.37 &= 0.10% for 1.4 nm particles; 0.12 £ 0.02%
for 18 nm particles) with some methodological problems to properly define a reli-
able 100%-reference value for the short investigation time span of 24 h. The highest
amount of the applied particles was detected in the remaining carcass, which encom-
passed adipose tissue, bones, muscles and skin [228]. Thus, from the studies with
radiolabelled iron- or gold particles it can be concluded that nanoparticles with a
typical size of 10-20 nm are almost not absorbed from the normal intestinal tract of
rodents. The very small '8 Au-particles (1.4 nm) may be different, but also here is
the absorption very limited.

What remains unclear is the biodistribution of particles that can cross the epithelial
layer in the gastrointestinal tract. A true translocation of a particle through a cell has
so far not been unequivocally established. As mentioned above, many cells can
engulf particulate matter to a certain extent, and they will always try to degrade
xenobiotic particles with different success, macrophages being most potent for this.
As for the epithelial cells in the intestinal lining, intracellularly located particles may
face another fate altogether: Considering that the cells in the gastrointestinal tract
have a short half-life of several days only, a major fraction of particles taken up
directly by epithelial cells in the gut will not reach the circulation, but be expelled
by exfoliation. Another fraction may be taken up by tissue-based macrophages via
phagocytosis and will be metabolised within these cells, and components (including
e.g. radiolabels) will then reach the circulation. Some cells which have taken up
highly toxic nanoparticles could also die of apoptosis and remnant particles, located
in siderosomes may be taken up by other cells. Thus, the biodistribution will be very
much different from experiments with intravenous application with a more local
distribution apart from the MPS system.

12.7 Conclusions

Nanoparticles, most abundant from natural sources, but increasingly also as engi-
neered substances, are perpetually present in the environment and in the food chain.
Ingestion and uptake from the gastrointestinal tract represents one of the most rele-
vant routes for unintended exposure to nanoparticles.

A main process that nanoparticles have to face in stomach and intestine is diges-
tion mediated by hydrochloric acid as well as hydrolytic enzymes. Many nanopar-
ticles with limited colloidal stability will thereby shrink and liberate all kinds of
ingredients. Released low molecular weight components may then be taken up by
the intestinal epithelial cells utilizing transport mechanisms originally intended for
uptake of nutrients. As far as dietary useful components are concerned, their release
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from nanoparticles would simply contribute to nutrition. With any toxic ingredient
such as Cd** from Quantum dots, or Ag* from AgNP, release from nanoparticles
would fall into the field of toxicology of bulk materials. Yet, within all logical con-
siderations, the expected concentration should be well below any permissive limit
values.

It may be that very small sized nanoparticles can directly cross the intestinal
barriers to a small but significant degree, reach the circulation, but then are mostly
excreted by the kidneys due to their small size (<4-5 nm). A controlled uptake of
rather large particles in the micrometer size range can be mediated by M cells and
dendritic cells. However, due to the low number of these cells, this represents only a
limited uptake possibility for nanoparticles. Another uptake route for nanoparticles
could be the consequence of recurring epithelial leakages resulting in paracellular
influx. Inflammatory bowel diseases may trigger the formation of spontaneous fis-
sures, and—discussed at the moment—the gut epithelium may partly lose its barrier
function towards nanoparticles in diseases such as Crohn’s disease.

A matter of high relevance when looking at the fate of nanoparticles in the gas-
trointestinal tract is the issue of drug delivery since the oral application route is highly
attractive for the administration of drugs and mucosal vaccines. In this field, many
studies using larger drug-delivery nanoconstructs have been published. However,
successful achievement on the oral route was more often proclaimed than conclu-
sive experimental data was given. Clearly more in vivo studies in health and disease
using better quantification techniques are needed, because the relevance of cell cul-
ture studies for this purpose is more than questionable.

So far, the experimental evidence shows that the uptake of nanoparticles from the
intestine in vivo is very limited. It appears that the gastrointestinal tract is a very
complex organ that can quite well discriminate between valuable dietary ingredi-
ents, which are taken up by a battery of specific uptake mechanisms, and worthless
particles, which hardly can overcome effective barriers in the healthy gut.

Therefore, despite the risk of increasing amounts of engineered nanomaterial in
the food chain, a harmful acute or chronic poisoning with ingested nanoparticles
seems to be highly unlikely at this point in time.
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