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Is nano safe in foods? Establishing the factors impacting the
gastrointestinal fate and toxicity of organic and inorganic

food-grade nanoparticles

David Julian McClements' and Hang Xiao'

Nanotechnology offers the food industry a number of new approaches for improving the quality, shelf life, safety, and healthiness
of foods. Nevertheless, there is concern from consumers, regulatory agencies, and the food industry about potential adverse effects
(toxicity) associated with the application of nanotechnology in foods. In particular, there is concern about the direct incorporation
of engineered nanoparticles into foods, such as those used as delivery systems for colors, flavors, preservatives, nutrients, and
nutraceuticals, or those used to modify the optical, rheological, or flow properties of foods or food packaging. This review article
summarizes the application of both inorganic (silver, iron oxide, titanium dioxide, silicon dioxide, and zinc oxide) and organic (lipid,
protein, and carbohydrate) nanoparticles in foods, highlights the most important nanoparticle characteristics that influence their
behavior, discusses the importance of food matrix and gastrointestinal tract effects on nanoparticle properties, emphasizes
potential toxicity mechanisms of different food-grade nanoparticles, and stresses important areas where research is still needed.
The authors note that nanoparticles are already present in many natural and processed foods, and that new kinds of nanoparticles
may be utilized as functional ingredients by the food industry in the future. Many of these nanoparticles are unlikely to have
adverse affects on human health, but there is evidence that some of them could have harmful effects and that future studies are

required.
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INTRODUCTION

Nanotechnology involves the development, characterization, and
application of materials with length scales in the nanometer range
(typically 1-100 nm)." Controlling the structure and properties of
materials at this length scale can lead to novel properties that are
beneficial for certain commercial applications. In the food
industry, nanotechnology can be utilized to improve food quality,
shelf life, safety, cost, and nutritional benefits.? In some cases, the
nanomaterials used in the food industry are not intended to find
their way into the final food product, e.g., those used in packaging,
sensors, and antimicrobial treatments designed for sanitizing food
manufacturing plants. In other cases, nanomaterials are specifi-
cally designed to be incorporated into food products, such as
nanoparticles used as delivery systems or to modify optical,
rheological, or flow properties. This review article focuses on the
properties and potential safety of ingested nanomaterials, since
they are most likely to cause health concerns. It is important to
distinguish different potential sources of nanoscale materials
found in foods. Nanoscale materials are naturally present in many
commonly consumed foods, such as the casein micelles in milk or
certain organelles found in plant or animal cells>™ Engineered
nanoscale materials (ENMs) may be intentionally added to foods
(such as nanoparticle-based delivery systems), or they may
inadvertently find their way into foods (such as nanoparticles in
packaging materials that leach into the food matrix).>® ENMs are
typically nanoparticles whose composition, size, shape, and
interfacial properties are specifically designed to achieve one or

more functional attributes. In particular, ENMs may be used to
create delivery systems for nutrients, nutraceuticals, colors, flavors,
and preservatives, or they may be used to modify the texture,
appearance, or stability of foods. Finally, nanoscale structures may
be present in foods as the result of routinely used food processing
operations, such as homogenization, grinding, and cooking.”'® In
this case, the food manufacturer may not be intentionally trying to
create nanoparticles, but they are a natural consequence of the
processing operations used. Different types of nanoscale materials
that may be found in foods, and their potential origins are
highlighted in Table 1.

Potentially, nanoparticles may exhibit either acute or chronic
toxicity, but the latter type is the most important in foods since
relatively low levels of nanoparticles are likely to be consumed
over an extended period. In general, the toxicity of ingested
nanoparticles depends on their ability to damage cells or organs
within humans, thereby adversely affecting human health or
wellbeing.'" Cellular or organ damage can occur in various places
within the gastrointestinal tract (GIT), as well as after absorption of
the nanoparticles into the body."" Moreover, nanoparticles may
damage the microbial cells that normally populate the human GIT,
which could indirectly alter human health.'?

TYPES OF NANOPARTICLES IN FOODS

In general, the nanoparticles present in foods can be conveniently
categorized according to their composition, as either organic or
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physical or covalent interactions.

Inorganic nanoparticles

packaging

Table 1. Examples of different kinds of nanoscale materials that might be present within foods and their origin

Nanoscale Origin Characteristics Products

material

Organic nanopatrticles

Casein Natural Protein-mineral clusters Milk, cream

micelles

Cell Natural Ribosomes, vacuoles, lysosome etc. Meat, fish, fruits, vegetables, spices
organelles

Oil bodies Natural Phospholipid/protein-coated triglyceride droplets Plants, seeds

Lipid ENP Solid particles or liquid droplets coated by emulsifiers Some beverages, sauces, dressings, creams
nanoparticles

Protein ENP Clusters of protein molecules held together by physical or Mainly in development
nanoparticles covalent interactions

Carbohydrate ENP Small solid fragments extracted from starch, cellulose, or Mainly in development

chitosan. Clusters of polysaccharide molecules held together by

Iron oxide ENP FeO nanoparticles used to fortify foods with iron.
Titanium ENP TiO, nanoparticles used as whitening agents

dioxide

Silicon ENP SiO, nanoparticles used to control powder flowability
dioxide

Silver ENP

Ag nanoparticles used as antimicrobials in foods, coatings and Meat, food packages, containers, coatings

Nutritional supplements, sausage casings

Candies, chewing gums, bakery goods, milk
powders.

Salts, icing sugar, spices, dried milk, and dry
mixes

Key: ENP engineered nanoparticle, which may be intentionally or unintentionally added

inorganic, since this factor has a major impact on their
gastrointestinal fate and potential toxicity.

Inorganic nanoparticles

Many types of nanoparticles used in foods are mainly composed
of inorganic materials, such as silver, iron oxide, titanium dioxide,
silicon dioxide, or zinc oxide.'® These particles are either crystalline
or amorphous solids at ambient temperature, which may be
spherical or non-spherical, have different surface characteristics,
and come in different sizes depending on the initial materials and
preparation conditions used in their fabrication. Inorganic
nanoparticles also vary in their tendency to dissolve under
different solution conditions (such as pH and ionic strength) and
in their chemical reactivities, which has a major impact on their
GIT fate and toxicity.

Silver nanopatrticles.  Silver (Ag) nanoparticles are used in a variety
of applications within the food industry. They have been used as
antimicrobial agents in foods and food packaging materials.'*'®
For example, manufacturers have claimed that silver nanoparticles
are used for their antimicrobial effects in certain types of food
containers in the US (e.g., Kinetic Go Green basic nanosilver food
storage container, Oso fresh food storage container, and
FresherLonger™ Plastic Storage bags).'” It is possible that some
of these silver nanoparticles may migrate from these containers
and into foods so that they could be ingested by humans.'’~'?
Silver nanoparticles may also form spontaneously within biological
media (such as GIT fluids or foods) when soluble silver salts
interact with other components present.?’ It has been estimated
that adults may consume between 20 and 80 pg/day of silver, with
only a fraction of this being in the form of nanoparticles.'? At
present there is still limited information about the potential
toxicity of silver nanoparticles ingested with foods,'> with some
studies reporting no toxicity and others reporting appreciable
toxicity. The GIT may be particularly susceptible to silver
nanoparticle-induced toxicity since it contains the first tissues
exposed to dietary nanoparticles after ingestion. However, the
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adverse effects of silver nanoparticles on the GIT remain
inconclusive. Several animal studies have reported that dietary
intake of silver nanoparticles caused lymphocyte infiltration,
pigmentation of villi, discharge of mucus granules, and an
abnormal mucus composition in the intestine.?2* Animal studies
have reported that silver nanoparticles can accumulate in various
organs after ingestion, including the liver, kidneys, spleen,
stomach, and small intestine.">*?° These results suggest that
silver nanoparticles can be absorbed by the GIT into the systemic
circulation, and then be distributed throughout various organs.
However, only a small fraction (<1%) of ingested silver nanopar-
ticles typically accumulate in tissues, which suggests that the
majority of them were excreted in the feces or urine.®® At the
levels used in this study (2000 and 250 mg/kg body weight for
single and multiple doses, respectively), no toxicity of the silver
nanoparticles was found after oral gavage.”® Another rat feeding
study reported no major toxic effects of ingestion of silver
nanoparticles over a 28-day period (30, 300 and 1000 mg/kg day),
but that there was some slight liver damage at the highest levels
used.?® Other studies have also reported some adverse impacts on
liver and kidney function of mice upon repeated ingestion of silver
nanoparticles.>’?® It was suggested that 125mg/kg of silver
nanoparticles may be the limit above which adverse effects on
liver may be observed.?® In summary, animal studies have shown
that silver nanoparticles may accumulate in the body and have
toxic effects when ingested at sufficiently high levels, but it is not
clear whether these levels are close to those actually achievable
through food consumption. In future studies, it will therefore be
important to carry out long-term chronic toxicity studies using
nanoparticle levels that are more similar to those actually
consumed in the human diet. In addition, further studies are
required to determine if silver nanoparticles dissolve in gastro-
intestinal fluids, and to assess whether there is a difference in
behavior of silver when ingested in a soluble or nanoparticle
form.?° Indeed, a study in which rats were fed either soluble or
nanoparticle forms of silver found that the organ distribution of
the silver was similar in both cases.
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Numerous studies using cell culture models have reported that
silver nanoparticles may promote cytotoxicity through various
mechanisms.3®*" Cell culture studies have also shown that the
effect of silver nanoparticles depends on their size, with smaller
ones being more cytotoxic than larger ones,? as well as on the
nature of the coating on their surfaces.3* An important factor
contributing to the toxicity of silver nanoparticles is their ability to
generate reactive oxygen species (ROS) thereby promoting
oxidative stress, which results in damage to cell membranes,
organelles, and the nucleus.'>** In addition, they may disrupt
normal biochemical functions, such as ATP production, DNA
replication, and gene expression.>® The strong antimicrobial
activity of silver nanoparticles may also alter the nature of the
gut microbiota, especially if they reach the colon.'*** The effects
of the food matrix on the behavior of silver nanoparticles are
ignored in cell culture studies, but one recent study showed that
certain food components did have an appreciable impact on the
absorption and toxicity of silver nanoparticles in intestinal cells.>
A common issue with cell culture studies is that the dose of
nanoparticles used is much higher than would ever be found in
practice, and is therefore not physiologically relevant.

Zinc oxide. Zinc oxide (ZnO) nanoparticles may be used as a
source of zinc in supplements and functional foods, since this is an
essential trace element needed to maintain human health and
wellbeing.*®* ZnO nanoparticles may also be utilized in food
packaging as antimicrobial agents to prevent contamination of
foods with harmful bacteria®” or as ultraviolet (UV) light absorbers
to protect foods that are sensitive to UV light exposure® In
principle, nanoparticles in packaging may leach into food
products and therefore be ingested as part of the human diet.>
However, a recent risk assessment suggests that this does not
occur to an appreciable level for ZnO nanoparticles® The
antimicrobial activity of ZnO nanoparticles has been partly
attributed to their ability to penetrate into microbial cells and
generate ROS that damage key cellular components thereby
leading to cytotoxicity.?” This mechanism could lead to adverse
health effects in humans if this type of nanoparticle were ingested
in sufficient quantities and then absorbed by the human body.
Several rodent feeding studies have demonstrated particle size-
dependent effects on the intestinal uptake of ZnO nanoparticles,
with a smaller particle size leading to a higher uptake.**™** One
study reported that a single oral dose of ZnO nanoparticles caused
hepatic injury, kidney toxicity, and lung damage.** Interestingly,
one study showed that ZnO nanoparticles were not toxic when
used in isolation, but that they become toxic when mixed with
ascorbic acid.>® This suggests that it is important to measure the
impact of specific food components on the toxicity of this type of
nanoparticle.

ZnO nanoparticles may be spherical or non-spherical solid
particles that are usually highly aggregated when dispersed in
aqueous solutions.3®*° These aggregates are typically many times
larger than the individual nanoparticles, with their size and
structure depending on solution conditions, which is likely to have
a major effect on their GIT fate and toxicity. Feeding studies with
frogs have shown that zinc oxide nanoparticles exhibit greater
toxicity than a dissolved form of zinc, which was attributed to their
greater capacity to induce oxidative damage in cells.*® This study
highlights the importance of establishing the physical form of zinc
when ZnO nanoparticles are ingested.

Iron oxide nanopatrticles.
utilized in foods as colorants or sources of bioavailable iron.
The range of applications of iron oxide as a food colorant in the
United States are highly limited, i.e., up to 0.1 wt% in sausages as
part of casings.> It was estimated that the mean intake of iron
oxide from consumers of these products was around 450 pg/
day.’’ However, the levels of iron consumed may be considerably

Iron oxide (Fe,0s) nanoparticles may be
47-50
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higher for consumers who take mineral-fortified supplements or
functional foods.>®> For example, iron taken in the form of
enriched/fortified foods ranges from 10 to 23 mg/day, while that
from dietary supplements may range from 10 to 32 mg/day.>? It
should be stressed that this type of iron is not usually delivered in
the form of iron oxide or as nanoparticles. However, if iron oxide
nanoparticles were used for this purpose, then they could be
present at these levels. Iron oxide nanoparticles may come in
different sizes, shapes, and crystalline forms, which may alter their
toxicity.>® It has been proposed that the ability of iron oxide
nanoparticles to generate ROS is the most likely mechanism for
their potential toxicity.*® A study where iron oxide nanoparticles
were orally administered at about 3 mg/kg body weight to rats
over a 13-week period reported that they did not accumulate in
tissues or produce toxicity.>* Another rat feeding study with much
higher oral dose (250-1000 mg/kg body weight) of iron oxide
nanoparticles for 13-week also did not find their tissue accumula-
tion or toxicity in both male or female rats.>

Titanium dioxide (TiO,) nanoparticles. TiO, particles are used as
functional ingredients in certain foods to provide characteristic
optical properties such as increased lightness and brightness.>®
Typically, the TiO, ingredients utilized in the food industry as
lightening agents are optimized to have particle sizes of 100-300
nanometers to increase their light scattering properties.>® Never-
theless, these ingredients contain a range of different particle sizes
and there may be a significant proportion of particles with
diameters <100 nm, which can therefore be considered to be
nanoparticles.>” For example, the mean diameter of the particles
in food grade TiO, (E171) powders obtained from several
manufacturers was reported to be about 110 nm, with >36% of
the particles being below 100nm.*® The estimated dietary
exposure of humans to TiO, nanoparticles has been reported to
be up to 1.1 and 2.2 mg/kg body weight/day in the UK and US,
respectively.”® Chewing one piece of chewing gum can result in
an intake of 1.5-5.1 mg of TiO, nanoparticles.>® It is noteworthy
that the amount of TiO, nanoparticles consumed was 2-4 times
higher for children than for adults, which may be due to the fact
that products heavily consumed by children had some of the
highest levels of TiO, nanoparticles, such as candies, gums,
desserts, and beverages. TiO, nanoparticles may vary in their sizes,
shapes, crystal form, interfacial properties, and aggregation states,
which will impact their GIT fate and toxicity. A representative
scanning electron microscopy image of titanium dioxide particles
is shown in Fig. 1. The most common crystalline forms in food-
grade titanium dioxide particles are anatase and rutile, which are
polymorphic forms that have different crystal packing and
physicochemical properties.®® The surface composition of food-
grade titanium dioxide particles may also vary depending on the
source, with different levels of phosphorous, aluminum and silica
being detected by X-ray analysis.?® In addition, organic molecules
may also be present at the particle surfaces, which will also impact
their interfacial characteristics, such as {-potential, hydrophilicity,
surface energy, and chemical reactivity.

A recent review of 16 animal studies concluded that TiO,
nanoparticles not only concentrate, accumulate, and magnify in
the tissues of mammals and other vertebrates, but that they also
have a very limited elimination rate.®® Acute and subchronic
studies of the oral toxicity of TiO, nanoparticles have been carried
out in rodents. A single oral dose of TiO, nanoparticles (25, 80, or
155 nm at 5000 mg/kg body weight) resulted in their accumula-
tion in the liver, spleen, kidney, and lung tissues of mice, and also
led to hepatic injury, nephrotoxicity and myocardial damage.®' In
another study, the anatase form of TiO, nanoparticles (5 nm) was
intragastrically administered to mice at 62.5, 125 and 250 mg/kg
body weight for 30 days? At the higher dose, the TiO,
nanoparticles caused damages to liver function, the hemostasis
blood system, and immune response.®® In the intestine, TiO,
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Fig. 1

Some examples of different kinds of organic and inorganic nanoparticles that may be present within foods, such as: a lipid

nanoparticles (protein-coated oil droplets); b protein nanoparticles (polysaccharide-coated zein particles); ¢ Titanium dioxide nanoparticles (all

images taken in our laboratory)

nanoparticles induced inflammatory cytokine production, T-cell
proliferation, hypertrophy, and hyperplasia in the mucosal
epithelium.®*®* In contrast other studies have reported little
accumulation or toxicity of ingested TiO, nanoparticles. For
example, a study where TiO, nanoparticles (mixture of anatase
and rutile at 21 nm) were repeatedly administered (260-1041 mg/
kg) to rats did not report any significant toxicity or TiO,
accumulation in tissues or urine, but reported high concentrations
of titanium dioxide in feces, suggesting that the TiO, nanoparti-
cles were mostly eliminated.®

The observed contradictions between different animal studies
on the accumulation and toxicity of TiO, nanoparticles may arise
for a number of reasons. Firstly, there are differences in the oral
dose, crystal form, particle size, aggregation state, and surface
characteristics of the nanoparticles used. Second, the impact of
the food matrix and GIT passage on the properties of the
nanoparticles are often ignored, or taken into account differently.
Third, the type of animal model and analytical methods used to
determine accumulation and toxicity may vary. For example, it has
been shown that the age of the experimental animals used is an
important factor. The same doses (up to 200 mg/kg body weight
per day for 30 days) of TiO, nanoparticles (anatase at 75 nm) were
used to treat both young (3-week-old) and adult (8-week-old)
rats.%® Heart injuries, liver edema, and non-allergic mast cell
activation in stomach tissue were observed in young animals, but
only slight toxic effects were observed in adult animals.%® This
finding is particularly important given that the amount of TiO,
nanoparticles consumed by humans is estimated to be appreci-
ably higher for children than adults.

Numerous cell culture studies have suggested that TiO,
nanoparticles may be absorbed by model epithelium cells and
produce cytotoxicity depending on their particle characteristics,
such as dose, size, crystal form, and surface coating.?”””" The
ability of TiO, nanoparticles to exhibit these toxic effects has been
attributed to numerous mechanisms, including generation of ROS
species that damage key cellular constituents, interference with
efflux pumps and nutrient transporters, induction of inflammation,
and alteration of the gut microbiota.'*’>’® Anatase TiO,
nanoparticles were reported to be more toxic to cells than rutile

npj Science of Food (2017) 6

nanoparticles due to their higher photo-catalytic activity.”* A cell
culture study showed that a mixture of anatase and rutile forms
caused more severe cytotoxic and genotoxic damage than pure
anatase or pure rutile titanium dioxide nanoparticles.”> However,
this result is in contrast to another animal study where a mixture
of anatase and rutile forms of TiO, nanoparticles did not cause
significant toxicity in rats.®> One possible reason is that cells were
exposed to pristine-TiO, nanoparticles in the serum-free media
used in the cell culture study, but they were exposed to coated
TiO, nanoparticles in the animal studies (because the nanoparticle
surfaces adsorb substances from the surrounding GIT fluids). This
discrepancy may therefore be due to differences in the biological
fate and toxicity of TiO, nanoparticles with different interfacial
properties. Indeed, it is well documented that the presence or
absence of serum in cell culture media modulates the absorption
and toxicity of nanoparticles in cell culture models.”®””

Silicon dioxide nanoparticles. Silicon dioxide (SiO,) nanoparticles
are added to certain powdered foods as anticaking agents to
enhance flow properties, e.g., salts, icing sugar, spices, dried milk,
and dry mixes.”®”® Silicon dioxide particles are usually amorphous
solid spheres. The majority of particles in food-grade SiO,
ingredients (E551) are usually in the 100 to 1000 nm range, but
there may also be a significant population of smaller particles. It
has been estimated that the intake of SiO, is around 20-50 mg/
day per person.'? Studies have reported that the individual
nanoparticles in commercial SiO, ingredients typically have
diameters from about 10 to 50 nm, but that these nanoparticles
often exist in the form of larger clusters, usually in the range
100-1000 nm.%° Cell culture and animal feeding studies suggest
that high levels of SiO, nanoparticles may cause adverse effects,
such as cytotoxicity and generation of ROS.2%®! A recent study
suggested that SiO, nanoparticles accumulate in the liver at levels
that could cause a health risk.2* Another study showed that
feeding of amorphous SiO, nanoparticles to mice for 10 weeks
increased the level of ALT (alanine aminotransferase), suggesting a
potential adverse effect on the liver®> Conversely, a study that
employed oral administration of silicon dioxide nanoparticles to
rats over a 13-week period reported no accumulation or toxicity.>*
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Therefore, no clear conclusion on the toxicity of silicon dioxide
nanoparticles can be drawn based on the available evidence.

General comments. The authors note that many of the review
articles published in this area emphasize that there is currently a
lack of detailed understanding about the gastrointestinal fate and
toxicity of different kinds of inorganic nanoparticles, and that
there are often inconsistencies between different studies. There
are a number of factors that may contribute to this uncertainty.
The types and levels of nanoparticles used in different studies vary
considerably, and the levels used in cell culture and animal studies
are often much higher than those that would ever be consumed
by humans. In addition, simple cell culture models (such as Caco 2
cells) cannot mimic the complexity of animal and human GITs. It
should also be noted that the levels of inorganic nanoparticles
reported to accumulate in tissues are often misleading, since the
analytical techniques used only measure the concentration of
specific elements present (such as Ag, Zn, Fe, Ti, or Si) rather than
the physical form (e.g., dissolved, nanoparticle, or microparticle).
Finally, food matrix effects are often ignored, and may have a
pronounced impact on the behavior of nanoparticles in the GIT
(see later). It is therefore clear that further systematic research
using well-defined nanoparticles and test methods are urgently
needed (Section 6).

Organic nanoparticles

This type of nanoparticle is primarily composed of organic
substances, such as lipids, proteins, and/or carbohydrates. These
substances tend to be liquid, semi-solid (gelled), or solid (crystal-
line or amorphous) at ambient temperatures depending on their
composition and processing conditions. Most organic nanoparti-
cles commonly used in foods are spherical, but they may be non-
spherical under some circumstances (e.g., nanofibers). Organic
materials vary considerably in their behaviors within different
regions of the human GIT, e.g, they may dissolve, precipitate,
aggregate, or be digested in the mouth, stomach, small intestine,
or colon depending on their compositions and structures. In
general, it is thought that organic nanoparticles are less toxic than
inorganic ones, because they are often fully digested within the
human GIT and are not bio-persistent. Nevertheless, there may be
certain circumstances where they could cause toxicity (Section 5).

Lipid nanoparticles. Lipid nanoparticles are widely present within
many commercial food products, and are being investigated for
their application in other products®* Beverage emulsions, such as
soft drinks, fortified waters, fruit juices, and dairy drinks, contain
small oil droplets dispersed in water.2> An appreciable fraction of
the oil droplets in these products falls into the nanoscale range (d
<100 nm). Lipid nanoparticles are also being developed as
colloidal delivery systems to encapsulate, protect, and release
hydrophobic bioactives, such as colors, flavors, antimicrobials,
antioxidants, nutrients, and nutraceuticals.®®° The major advan-
tages of using lipid nanoparticles for these applications is that
they can increase the bioavailability and/or functional perfor-
mance of encapsulated components, they can be designed to be
optically transparent (which is desirable for clear foods and
beverages), and they can increase the physical stability of the
product (since small particles are less susceptible to gravitational
separation and aggregation)2*°° Different types of lipid nano-
particles may be present in foods, including micelles, vesicles, oil
droplets, and fat crystals, which vary in their compositions,
structures, and dimensions. The diameter of lipid nanoparticles
may vary from a few nanometers (surfactant micelles) to a few
hundred nanometers (oil droplets or solid lipid nanoparticles). The
type of molecules present at their surfaces determines the
electrical characteristics of lipid nanoparticles.

Food-grade lipid nanoparticles are usually comprised of either
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neutral lipids (such as triacylglycerols (TAGs), diacylglycerols
(DAGs), monoacylglycerols (MAGs), hydrocarbons, and terpenes)
or polar lipids (such as free fatty acids (FFAs), surfactants, and
phospholipids).”® The GIT fate of lipid nanoparticles depends on
their susceptibility to hydrolysis by digestive enzymes, such as
lipase and phospholipase.”’ Many types of lipids are hydrolyzed
by lipases in the GIT, including TAGs, DAGs, and phospholipids.
These lipids usually have a hydrolysable ester bond that is cleaved
to release FFAs and MAGs. FFAs and MAGs can be incorporated
into mixed micelles and then be absorbed by the epithelium
cells.”" Digestible lipid nanoparticles are usually rapidly hydro-
lyzed in the GIT due to their high specific surface area, which
means that they are unlikely to be directly absorbed in their intact
state. Consequently, one would not anticipate that this type of
nanoparticle would promote toxicity due to absorption and
accumulation in intestinal cells and other organs. On the other
hand, their ability to increase the bioavailability of hydrophobic
bioactive agents may lead to some unforeseen undesirable effects
(Section 5).

Certain types of lipid nanoparticles that are currently used in
foods, or that may be used in the future, are not digested by the
enzymes in the GIT.°>®" This may occur because the oil phase itself
used is indigestible, such as the terpenes and hydrocarbons found
in some flavor, essential, or mineral oils. Alternatively, this may
occur because the oil droplets are coated by an interfacial layer
that inhibits the digestive enzymes from hydrolyzing the
encapsulated lipids.®? In these cases, it may be possible for
indigestible lipid nanoparticles to be absorbed intact by the
human body. Nevertheless, to the authors’ knowledge there have
been no studies on the potential fate of this type of nanoparticle
after absorption, or of their potential toxicity.

Protein nanoparticles. The most common protein nanoparticles
found in foods are the casein micelles found in bovine milk and
other dairy products, which are small clusters of casein molecules
and calcium phosphate ions.>* As this type of nanoparticle has
been widely consumed by humans for many centuries there is
little concern about its potential toxicity. Indeed, the nanostruc-
ture of casein micelles probably arose through nature’s need to
provide an efficient method of delivering nutrients (proteins and
minerals) to infants.”®> Recently, there has been interest in
developing other types of protein nanoparticle for application in
foods.f49*> In particular, protein nanoparticles are being devel-
oped to create delivery systems to encapsulate, protect, and
deliver bioactive agents, such as colors, flavors, preservatives,
vitamins, minerals, and nutraceuticals (similar to lipid nanoparti-
cles). Protein nanoparticles usually consist of a cluster of
aggregated protein molecules held together by physical interac-
tions (e.g., hydrophobic, hydrogen bonding, van der Waals, or
electrostatic attraction) or covalent bonds (e.g., disulfide bonds).
Physical bonds are usually formed by altering solution conditions,
such as pH, ionic strength, solvent quality, and ingredient
interactions, whereas covalent bonds are formed using specific
chemical or biochemical reaction conditions. The type of proteins
used and the nature of the bonding between them determine the
GIT fate of protein nanoparticles. Protein nanoparticles may vary in
size from a few nanometers (individual globular proteins) to
hundreds of nanometers (e.g., casein micelles, zein, gliadin, whey,
and soy protein particles). Typically, protein nanoparticles are
spherical, but it is possible to create fibrous structures and other
shapes. The electrical charge of protein nanoparticles goes from
positive to negative as the pH is increased from below to above
the isoelectric point. Protein nanoparticles that are digested in the
upper GIT are unlikely to promote toxicity since they produce
similar digestion products as conventional forms of proteins (i.e.,
amino acids and peptides). Nevertheless, the type of peptides
produced may be altered, which could alter their allergenicity
profile. Indigestible protein nanoparticles could be absorbed by
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Fig. 2 Food nanoparticles vary in particle characteristics, such as dimensions, morphology, composition, aggregation state, and charge

the body or they could interact with the gut microbiota, which
could have some unforeseen effects. Protein nanoparticles could
also have some effects on human health by altering the
bioavailability and/or bioactivities of encapsulated substances,
such as minerals, vitamins, or nutraceuticals (Section 5.5).

Carbohydrate nanopatrticles. Carbohydrate nanoparticles are
typically assembled from digestible or indigestible polysacchar-
ides, such as starch, cellulose, alginate, carrageenan, pectin, and
xanthan.”®®” These nanoparticles can be created by breaking
down larger structures found in nature, such as starch granules,
chitosan fibrils, or cellulose fibrils. Alternatively, they may be
fabricated by promoting the association of polysaccharide
molecules, e.g., by changing temperature, utilizing enzymes, or
adding specific mineral ions. Carbohydrate nanoparticles may be
spherical or non-spherical depending on their origin, and they
may be digestible or indigestible within the upper GIT. Certain
types of starches are rapidly hydrolyzed by amylases arising from
the mouth and small intestine, and thereby converted into
oligosaccharides and glucose.’® Conversely, other types of starch
have structural organizations that make them more or less
resistance to hydrolysis by digestive enzymes in the GIT. Most
other polysaccharides used to fabricate carbohydrate nanoparti-
cles, collectively known as dietary fibers, are not digested in the
upper GIT (mouth, stomach, and small intestine), but may be
fermented by enzymes released by the microbiota in the lower
GIT (colon). The digestibility of dietary fibers has a major impact
on the potential GIT fate of carbohydrate nanoparticles. Carbohy-
drate nanoparticles that are fully digested in the upper GIT are
unlikely to exhibit any toxicity since they produce similar digestion
products (simple sugars) as conventional forms of carbohydrates.
However, indigestible carbohydrate nanoparticles could be
absorbed by the body or interact with the gut microbiota, which
could have some adverse health effects. Like protein nanoparti-
cles, carbohydrate nanoparticles could also affect human health
by altering the bioavailability and/or bioactivities of encapsulated
substances (Section 5.5).

Complex nanoparticles. Many types of nanoparticles utilized in
foods are fabricated using combinations of different ingredients,
such as lipids, proteins and carbohydrates.””?%'% For example,
coacervates are typically formed by electrostatic complexation of
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oppositely charged proteins and polysaccharides. Lipid nanopar-
ticles coated by nanolaminated layers can be formed by
successive electrostatic deposition of oppositely charged biopo-
lymers onto lipid droplet surfaces. These nanolaminated layers can
have a pronounced influence on the GIT fate of the ingested
particles. If the coatings remain intact, are impermeable, and
indigestible in the GIT, then they may inhibit the digestion of the
materials inside of the particles.

General comments. As mentioned earlier there have been few
studies on the potential fate of organic nanoparticles after
absorption, or of their potential toxicity. This is partly due to the
challenges in analytically detecting organic nanoparticles within
complex biological matrices that contain similar components
(such as lipids, proteins, and polysaccharides). The development of
suitable analytical techniques and protocols for this purpose
would be a useful focus for future research.

CHARACTERISTICS OF FOOD NANOPARTICLES

The nanoparticles found in food and beverage products vary
considerably in their physiochemical and structural properties
(Fig. 2), which determines their GIT fate and propensity to cause
toxicity. Consequently, suitable analytical tools are required to
characterize nanoparticle properties, which have been reviewed
elsewhere.”'”'~1%% |n this section, we focus on the ways that
nanoparticles may vary.

Composition

The nanoparticles found in foods may consist of inorganic (e.g.,
silver, titanium dioxide, silicon dioxide, iron oxide, and zinc oxide)
and/or organic components (e.g., lipids, proteins, and carbohy-
drates). Nanoparticle composition plays a major role in determin-
ing their GIT fate. Lipids, proteins, and starches can be digested by
proteases, lipases, and amylases in the mouth, stomach, small
intestine, or colon. However, some organic substances used to
fabricate food nanoparticles (such as dietary fibers and mineral
oils) may not be digested in the upper GIT. Inorganic nanoparticles
are also not digested in the GIT, but some of them may be fully or
partially dissolved as a result of alterations in pH or dilution.'*”®
Any nanoparticles that are not digested or absorbed in the upper
GIT will reach the lower GIT where they may alter the
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microbiome.'?3* The ability of inorganic nanoparticles to produce
toxicity is often associated with their chemical reactivity, which
depends on their composition. For example, some inorganic
nanoparticles dissolve and release ions that promote undesirable
chemical or biochemical reactions (e.g. silver nanoparticles),
whereas others are relatively inert (e.g., titanium dioxide
nanoparticles).'®*

Dimensions

Food nanoparticles vary considerably in their dimensions, ranging
from a few nanometers (surfactant micelles) to a few hundred
nanometers (lipid, protein, or carbohydrate nanoparticles),
depending on the materials and processes used to create them 2
Nanoparticle dimensions influence their GIT fate and toxicity
through a number of mechanisms.%'%>"% First, smaller nanopar-
ticles are usually dissolved or digested more rapidly in GIT fluids
than larger ones with similar compositions. Second, the ability of
GIT components (such as digestive enzymes, phospholipids, bile
salts, or mineral ions) to interact with nanoparticles is likely to
increase as their size decreases because of the increase in surface
area. Third, the penetration of nanoparticles through the mucus
layer coating epithelium cells usually increases as their size
decreases relative to the pore size of the biopolymer network.
Fourth, the uptake of nanoparticles by intestinal epithelium cells
through tight junctions, active transport, or passive transport
mechanisms depends on particle size.

Interfacial properties

The GIT fate of food-grade nanoparticles, and therefore their
potential to have adverse health effects, is often influenced by
their interfacial characteristics.>>'%”'° Nanoparticles in foods and
within the GIT are typically surrounded by a coating of adsorbed
substances (sometimes referred to as a “corona”), which
determines the electrical charge, hydrophobicity, thickness,
digestibility, and chemical reactivity of the interface. These surface
properties will determine the behavior of the nanoparticles in the
GIT, such as their ability to penetrate biological barriers (such as
the mucus layer or intestinal epithelium cells), their interaction
with other components within the GIT (such as mucin, digestive
enzymes, bile salts, mineral ions, or proteins), and their aggrega-
tion states (such as individual particles or clusters).

Aggregation state

Food-grade nanoparticles may exist as isolated individual
particles, or they may form clusters that vary in size, morphology,
and strength. Typically, nanoparticles in clusters are held together
by physical forces, such as Van der Waals, electrostatic, hydrogen
bonding, and hydrophobic forces. The aggregation state of the
nanoparticles is therefore often highly dependent on environ-
mental conditions, such as pH, ionic strength, ingredient
interactions, and mechanical forces. The dimensions of nanopar-
ticle clusters may be much greater than the dimensions of the
individual nanoparticles, which has a major impact on their GIT
fate, such as their ability to move through the gastrointestinal
fluids, mucus layer, or epithelium cells. Consequently, it is always
important to determine the actual effective dimensions of the
nanoparticles at the site of actions, rather than the dimensions of
the original nanoparticles added in foods.

FOOD MATRIX AND GIT EFFECTS ON NANOPARTICLE
CHARACTERISTICS AND BEHAVIORS

A major factor that has been frequently ignored in the studies of
the biological fate of ingested food nanoparticles is their
interactions with various components within complex food
matrices and GIT.%'® Foodborne inorganic NPs are consumed
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as part of a food or beverage that may contain a variety of
molecular and colloidal species that can interact with food
nanoparticles and alter their biological fate. These interactions
may occur within the food itself, or during the passage of the food
nanoparticles through the GIT. The interaction of a food or GIT
component with nanoparticles may alter their physicochemical
properties in the Gl tract and therefore their biological fate and
function (e.g., absorption and toxicity). Indeed, the results of many
previous studies have been highly limited because they used
unrealistic test systems that ignored food matrix and GIT effects.

Food matrix effects

Prior to ingestion, nanoparticles are typically dispersed within
food matrices that vary considerably in their compositions,
structures, and properties. Foods are composed of different types
and levels of constituents (such as water, carbohydrates, fats,
proteins, and minerals) that are assembled into different structural
features (such as bulk phases, biological cells, polymers, droplets,
bubbles, particles, and networks). Foods are produced using
various processing operations (such as mixing/separation, cooling/
heating, concentration/dilution, hydration/dehydration, and
mechanical action). The physicochemical and structural properties
of nanoparticles may therefore be changed considerably when
they are dispersed in food products, which would play an
important role in determining their subsequent GIT fate and
toxicity. For example, the interfacial composition and properties of
food-grade nanoparticles changes appreciably when they are
added to foods or when they enter the GIT because of the
adsorption of surface-active molecules from the surrounding
environment."'*""" Moreover, it has been reported that certain
flavonoids in foods can be tightly bound to the surface of
inorganic nanoparticles.''? The interaction between these food
components and nanoparticles may significantly alter the
biological fate of these nanoparticles. Although knowledge of
food matrix effects is critical for understanding the gastrointestinal
fate of food nanoparticles, this important factor is currently
ignored in most studies. Consequently, this should be an
important focus for future research in this area.

GIT effects

After ingestion, nanoparticles travel through the complicated
environment of the GIT before they are absorbed or exhibit their
toxic effects® (Fig. 3). Initially, nanoparticles pass through the
mouth, which has an approximately neutral pH and encounters
saliva that contains mucin, digestive enzymes (such as amylase),
and electrolytes. The nanoparticles then move through the
esophagus and into the stomach, where they are exposed to
highly acidic gastric fluids (pH around 2-3) that contain digestive
enzymes (gastric lipase and pepsin) and electrolytes. The
nanoparticles then pass through the pylorus sphincter and enter
the small intestine (pH around 5-7) where they are exposed to
saliva fluids that contain bile salts, phospholipids, digestive
enzymes (pancreatic lipase, proteases, and amylase), and electro-
lytes. If the nanoparticles are not absorbed in the upper GIT, then
they will reach the colon (pH 6-7) where they will encounter
colonic bacteria and undigested food components. If the
nanoparticles are originally trapped within a food when they are
ingested, then they may be released into the GIT fluids as the food
matrix is disrupted and digested."'*™"'® The GIT region where they
are released will therefore depend on the composition and
structure of the food.

Some of the most important properties of GIT fluids that may
alter nanoparticle characteristics are highlighted here:

pH and ionic strength: The pH and ionic composition of the
gastrointestinal fluids depend on the nature of the food
consumed and the specific GIT region (mouth, stomach, small
intestine, or colon). These parameters determine the surface
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(1) Mouth ©

(2) Esophagus

(3) Stomach

(4) Small
Intestine

(5) Large
Intestine

Fig. 3 Schematic diagram of the different regions of the human
gastrointestinal tract that nanoparticles must pass through. The
diagram of the human body was taken from http://en.wikipedia.org/
wiki/Digestive_tract (Copyright free). The characteristics of the
different regions, such as pH and composition, and briefly described
in the main text

potential and electrostatic interactions of nanoparticles, which
influences their aggregation state and interactions with other
components.

Surface-active components: Gastrointestinal fluids contain
surface-active components that may arise from the ingested food
or from the GIT, such as surfactants, proteins, bile salts,
phospholipids, and FFAs. These surface-active components may
adsorb to nanoparticle surfaces and alter their interfacial proper-
ties and subsequently their biological fate. For example, the
interfacial properties of inorganic nanoparticles is changed
appreciably when they enter the GIT, which impacts cellular and
tissue response to the nanoparticles."’”'"® Even after cellular
uptake, inorganic nanoparticles may interact with cellular and/or
blood proteins, which can further modify their biological
fate.76'1 19-121

Enzyme activity: Gastrointestinal fluids contain digestive and
metabolic enzymes that may change the properties of certain
types of nanoparticles. For example, nanoparticles containing
starches, proteins, or lipid may be digested by amylases,
proteases, or lipases. Consequently, the properties of the
nanoparticles reaching specific regions within the GIT may be
very different from those of the ingested nanoparticles.

Biopolymers: Gastrointestinal fluids contain biopolymers that
may also alter the properties of nanoparticles. These biopolymers
may arise from the ingested food or be secreted by the GIT, e.g,,
proteins, polysaccharides, and glycoproteins. Biopolymers may
adsorb to nanoparticle surfaces and change their interfacial
properties, or they may alter their aggregation state by promoting
or opposing flocculation. For example, adsorbing biopolymers
may promote bridging flocculation, whereas non-adsorbing
biopolymers may promote depletion flocculation.

Mucus layer and GIT surfaces: The GIT consists of a series of
tubes and chambers with complex surface morphologies, e.g., villi
and micro-villi. These surfaces are usually coated by a thin layer of
mucus that acts as a barrier to the direct interaction of
nanoparticles with the underlying epithelial cells.'® The nature
of the mucus layer and GIT surfaces depend on their location
within the human body (e.g., mouth, stomach, small intestine, and
colon). Ingested nanoparticles may adhere to, travel through, or
be adsorbed by the mucus layer and GIT surfaces depending on
their characteristics.

GIT microbiota: Numerous species of bacteria reside within the
human GIT, with the majority populating the large intestine. GIT
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bacteria may generate products that change the properties of
ingested nanoparticles (such as enzymes or biopolymers). Con-
versely, ingested nanoparticles may change the properties of GIT
bacteria.'” In particular, many types of inorganic nanoparticles
have antimicrobial properties and may therefore alter the balance
of different bacterial species in the colon, potentially leading to
adverse health effects.'>'® The presence of inorganic nanoparti-
cles in the colon may also impact the bioactivity of other
substances (such as antibiotics), possibly by damaging bacterial
cell walls.'*

Mechanical forces: Ingested nanoparticles are containing within
gastrointestinal fluids that are subjected to various kinds of
mechanical forces as they pass through the GIT (such as
mastication in the mouth, peristalsis in the esophagus and small
intestine, and churning in the stomach), which may alter the
properties of the nanoparticles. In particular, mechanical forces
may alter the aggregation state of nanoparticles by breaking
down weakly flocculated systems.

As a result of these factors, the properties of nanoparticles are
changed appreciably as they pass through the GIT, which will alter
their GIT fate and potential toxicity. For example, there may be
changes in the composition, dimensions, surface properties,
physical state, and aggregation state of nanoparticles (Fig. 2),
which should be taken into account when establishing their
potential toxicity. The importance of this effect is highlighted by a
recent study, which reported that the interfacial properties of
inorganic (magnetite) nanoparticles co-ingested with bread were
altered in a way that promoted their uptake by intestinal
epithelium cells.'®® Another in vitro study showed that the
presence of a digested food matrix enhanced the absorption of
silver nanoparticles by intestinal epithelium cells.'** These
findings demonstrated that the characteristics of the nanoparticles
inside the GIT may be appreciably different to those of the original
(pristine) nanoparticles, which is often ignored in biological fate
and toxicity assessments of food nanoparticles potentially leading
to unrealistic and misleading results.

POTENTIAL MECHANISMS OF ACTION OF NANOPARTICLE
TOXICITY

Ingested nanoparticles may cause toxicity due to numerous
physicochemical and physiological mechanisms depending on
their compositions, structures, and properties. This section high-
lights some of the most important mechanisms of nanoparticle
toxicity.

Interference with normal GIT function

The presence of nanoparticles in the gastrointestinal fluids could
interfere with normal GIT functions. The small size of nanoparticles
means they have a high specific surface area, which offers a large
area for adsorption of any surface-active components in the GIT.
For example, digestive or metabolic enzymes could adsorb to
nanoparticle surfaces thereby altering their normal GIT function.
Many globular proteins are denatured after adsorption to particle
surfaces due to the change in their thermodynamic environment,
which could lead to a reduction in the catalytic activity of some
enzymes. Consequently, high levels of nanoparticles could reduce
the rate or extent of starch, lipid, or protein digestion within the
GIT. This effect is mainly important for inorganic nanoparticles, but
it may also be important for some organic nanoparticles
(particularly indigestible ones).

An estimate of the potential magnitude of above effect can be
obtained by considering the impact of inorganic nanoparticles on
the digestion of lipid droplets. In this mixed system, the lipase
molecules could adsorb to the surfaces of either the lipid droplets
or the nanoparticles. The fraction of the total surface area
(nanoparticles + droplets) due to the droplets is given by the
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following equation:

a
¢1 + (/’2d1/d2

Here ¢; and ¢, are the volume fractions and d; and d, are the
diameters of the lipid droplets and inorganic nanoparticles,
respectively. This equation shows that the fraction of lipid droplet
surface area decreases as the concentration of inorganic
nanoparticles increases or their diameter decreases. As an
example, assume there is 5% lipid droplets in the small intestine
(¢, =0.05) as well as some inorganic nanoparticles (d, =100 nm).
The concentration of inorganic nanoparticles required to reduce
the amount of lipase adsorbed to the lipid droplet surfaces by
50% would be:

Q=

d
(/’2 =d—j¢1

Thus, there would have to be inorganic nanoparticle levels of 5,
2.5, 1, 0.5, 0.25, 0.1 and 0.05% for lipid droplets with diameters of
100, 200, 500, 1000, 2000, 5000, and 10,000 nm, respectively.
Typically, the concentration of inorganic nanoparticles in the small
intestine is likely to be a fraction of a percent, and so this effect is
only likely to be important for relatively large lipid droplets at
relatively low concentrations. In addition, the effect is likely to be
less than predicted by the above equations for a number of
reasons: (i) the inorganic nanoparticles may aggregate in the GIT,
which reduces their exposed surface area; (i) the lipase molecules
may adsorb more strongly to the lipid droplet surfaces than to the
inorganic nanoparticles surfaces; (iii) there may be other surface-
active substances in the GIT that compete with the lipase for the
surfaces of the inorganic nanoparticles. Indeed, recent experi-
ments in our laboratory have shown that mixing titanium dioxide
nanoparticles with lipid droplets only caused a slight decrease in
lipid digestion. Other substances in the GIT fluids involved in the
digestion of macronutrients may also adsorb to the surfaces of
inorganic nanoparticles, such as bile salts and phospholipids.

There has been little research in this area, and so it is difficult to
assess any potential harmful effects associated with this mechan-
ism. At the worst, one might expect that there would be a
reduction in the rate of lipid, protein, or starch digestion, but that
these components would eventually be fully digested due to the
bodies’ ability to secrete additional enzymes and other digestive
components when needed. Due to the relatively low levels of
inorganic nanoparticles normally ingested, the authors do not
anticipate that this mechanism will be a major health concern.

Some types of inorganic nanoparticles may also be able to
physically disrupt important structures within the GIT, such as the
tight junctions or microvilli, thereby altering normal nutrient
absorption and the protective function of the epithelium cells.'?
The presence of nanoparticles in the GIT may also stimulate an
immune response, which could have adverse effects on human
health, and so this possibility should be tested for food-grade
nanoparticles.'*

Accumulation within specific tissues

The results of animal studies suggest that certain types of ingested
nanoparticles are absorbed within the GIT and accumulate in
numerous tissues.'> Presumably, these nanoparticles travel across
the mucus layer and are then absorbed by active or passive
transport mechanisms. After they have been absorbed into the
cells, the nanoparticles may be metabolized, transferred out of the
cells, or accumulate within the cells. These processes depend on
nanoparticle characteristics such as composition, dimensions,
morphology, aggregation state and interfacial properties. The
accumulation of nanoparticles within specific tissues may lead to
long-term problems if they exhibit toxic effects above a certain
accumulation threshold. This mechanism of action is likely to be
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most important for inorganic nanoparticles that are bio-persistent
(not normally digested or metabolized in GIT).

Cytotoxicity and cellular malfunction

Nanoparticles may produce toxicity in cells through a variety of
different mechanisms, depending on their composition and
structure.'? One of the most important factors contributing to
the toxicity of inorganic nanoparticles is their ability to generate
ROS, such as singlet oxygen, superoxide, hydrogen peroxide and
hydroxyl radicals.*® These ROS may then cause damage to cell
membranes, organelles, and the nucleus by interacting with lipids,
proteins, or nucleic acids.">***° As a result, many biochemical
functions required to maintain cell viability, such as ATP
production, DNA replication, and gene expression, may be
adversely affected.®®* A number of studies have reported the
ability of inorganic nanoparticles to increase the generation of
ROS in cells and to produce cytotoxicity, including silicon dioxide
nanoparticles,®’ ZnO nanoparticles,>®*'“¢'?” and silver nanoparti-
cles.”> Some inorganic nanoparticles produce toxicity by generat-
ing ions (such as Ag* from silver nanoparticles or Zn * from zinc
oxide nanoparticles) that interact with the normal functioning
cellular components (such as proteins, nucleic acids, or lipids)
required to maintain biochemical processes. These mechanisms of
action are most likely to be important for inorganic nanoparticles
that are absorbed by the intestinal cells, since most organic
nanoparticles are digested before being absorbed. However, it is
still unclear about the extent to which inorganic nanoparticles
would produce cytotoxicity when they are consumed as part of a
complex diet under normal conditions.

Altered location of bioactive release

The encapsulation of bioactive agents (nutrients or nutraceuticals)
within nanoparticles may alter the location of their release and
absorption within the GIT. For example, a bioactive agent that is
normally released in the mouth, stomach, or small intestine could
be released within the colon. As a result, the physiological
response and biological impact of the bioactive agent may be
altered by nanoencapsulation, which could have potentially
adverse health effects. For example, the encapsulation of
digestible lipids within nanolaminated dietary fiber coatings may
inhibit the rate and extent of lipid digestion in the upper GIT,* so
that high levels of undigested lipids reach the colon. These lipids
may then be fermented by the colonic bacteria, which could cause
gastrointestinal problems. Alternatively, an antimicrobial agent
may be encapsulated within a nanoparticle that is not digested
within the upper GIT, so that it reaches the colon, where it could
alter the nature of the colonic microflora, which could again have
adverse health effects.

To the authors knowledge there have been few specific studies
on this mechanism of potential toxicity of nanomaterials, and
further work in clearly needed. These effects are likely to be highly
system-specific, depending on the nature of the encapsulated
bioactive and nanoparticle used, and would therefore need to be
established on a case-by-case basis.

Enhancement of oral bioavailability

One of the most widely studied applications of nanotechnology in
the food industry is for the encapsulation and delivery of
hydrophobic bioactive agents, such as certain nutrients and
nutraceuticals.”” Numerous in vitro and in vivo studies have
shown that delivering these bioactive agents within nanoparticles
(rather than within larger particles or in bulk phases) can greatly
increase their bioavailability. For example, nanoemulsions have
been shown to increase the bioaccessibility or bioavailability of
carotenoids,'?® curcumin,'® coenzyme Q10,'*%'3!" -3 fatty
acids,'*?> and fat-soluble vitamins.'*® There are a number of
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Fig. 4 Schematic representation of the change in the concentration
of a bioactive substance in the systemic circulation after ingestion.
Changing the dimensions of the particles used to deliver a bioactive
substance may alter its release, transport, absorption, and metabo-
lism in the GIT, thereby altering its concentration-time profile in the
systemic circulation

different physicochemical mechanisms that may be responsible
for this improvement. In particular, the nanoparticles may increase
the bioaccessibility, chemical stability, and/or absorption of the
encapsulated bioactive agents.2” In general, nanoparticles tend to
be digested or dissolved more rapidly in the GIT and/or release
any encapsulated components more rapidly because of their small
size and high surface area. This will lead to differences in the
pharmacokinetics of the bioactive agents within the systemic
circulation (Fig. 4). A change in the exposure level of bioactive
agents within the blood could have potentially adverse health
effects. The biological effects of many bioactive agents depend on
their exposure levels in the blood and specific tissues. If the
exposure level is too low, then the bioactive agent will have little
biological impact. If the exposure level is too high, then it may be
toxic. Thus the concentration should be within a certain
intermediate level to have the most beneficial biological effects.
This effect is likely to be highly system-dependent. In particular, it
will depend on the toxicity profile of the bioactive agent. Some
bioactive agents can be consumed at relatively high levels and
have little toxicity, and therefore the ability of nanoparticles to
boost their bioavailability should not have any adverse con-
sequences. On the other hand, boosting the bioavailability of
some bioactive agents could cause health problems. Vitamin E (a
mixture of tocopherols and tocotrienols) is essential for maintain-
ing human health and performance. However, consumption of
high doses of vitamin E may increase the risk of various chronic
diseases.”** Much of the studies establishing the upper limits for
the adverse health effects of bioactive agents have not taken into
account the nature of the delivery systems used. Thus, the level
where toxic effects are observed could be appreciably lower in
cases where nanoparticle delivery systems greatly increase the
bioavailability of the bioactive agents being tested.

Nanoparticles may increase the bioavailability of bioactive
agents through two different approaches: delivery systems or
excipient systems.”®> In delivery systems, the bioactive agent is
encapsulated within the nanoparticles. In excipient systems, a
food containing nanoparticles (excipient food) is consumed with a
bioactive-rich food (such as fruits or vegetables). In both cases, the
delivery or excipient system is specifically designed to increase the
bioavailability of the bioactive agents by increasing the bioacces-
sibility or absorption, or by modulating any transformations (such
as chemical or biochemical reactions) of the bioactive agents in
the GIT.

Enhancement of pesticide bioavailability

The ability of nanoparticles to greatly increase the oral bioavail-
ability of hydrophobic substances could also have adverse health
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effects by promoting the uptake of undesirable non-polar
substances in foods, such as certain pesticides and hormones.
For example, a food product that contains lipid nanoparticles
(such as a beverage, sauce, dressing, or cream) may increase the
bioavailability of hydrophobic pesticides on fruits or vegetables
consumed with them. At present there is little information on this
mechanism, and there is a need for further studies. This
mechanism is likely to be most important for foods containing
lipid nanoparticles (nanoemulsions) that are consumed with foods
potentially containing high levels of hydrophobic pesticides or
hormones (such as some fruits and vegetables).

Interference with gut microbiota

Nanoparticles that reach the colon may interact with colonic
bacteria and alter their viability, thereby changing the relative
proportions of different bacterial species present.'>'? The type of
bacteria populating the human colon is known to play a major
role in human health and wellbeing.'*®'3” Consequently, any
change in the gut microbiota due to the presence of food-grade
nanoparticles could have adverse health effects. This is an
important area that requires further research to determine the
impact of specific nanoparticle characteristics on the gut
microbiota and the resulting health implications.

CURRENT STATUS AND FUTURE RECOMMENDATIONS

The study of the potential toxic effects of food-grade nanopar-
ticles has increased considerably in the past few years. Research-
ers from many disciplines have studied the potentially toxic effects
of various kinds of organic and inorganic food nanoparticles. The
results of these studies have led to considerable insights into the
type of food nanoparticles that may cause adverse health effects,
as well as into the possible physicochemical and physiological
mechanisms involved. Nevertheless, there is still a considerable
amount of confusion in this area and many contradictory results,
with some studies suggesting that a particular type of nanopar-
ticle does not produce toxicity, whereas other studies showing
that they are toxic. There are a number of reasons for these
discrepancies:

® Nanoparticles with different physicochemical properties were
used, such as internal composition, surface composition,
physical state, crystal form, dimensions, shape, aggregation
state, and dose. In many studies, the properties of the
nanoparticles were not adequately characterized or reported.
® Different test methods were used to establish their potential
toxicity, such as physicochemical, cell culture, microbial,
animal, and human feeding studies. Moreover, the test
methods used often vary considerably from laboratory-to-
laboratory, which makes it difficult to directly compare results.
® The effects of the dietary patterns, food matrix, and passage
through the GIT were often ignored. These factors may have a
major impact on nanoparticle characteristics, behavior, and
toxicity.
It is clear that standardized methods need to be developed to

adequately test nanoparticle toxicity under reproducible and
realistic conditions.

CONCLUSIONS

There is considerable interest in utilizing both organic and
inorganic nanoparticles within foods because of their potential
for improving food quality, safety, or nutritional attributes.
However, the small size of nanoparticles means that they may
behave differently within the human body than the larger
particles or bulk materials conventionally utilized as food
ingredients. As a result, there is a need to better understand the
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GIT fate of ingested nanoparticles and to characterize their
potential toxicity. At present there is a relatively poor under-
standing of the GIT fate and toxicity of most types of food-grade
nanoparticles, and it is not possible to make a single general
recommendation about the safety of all nanoparticle types.
Instead, the safety of nanoparticles should be judged on a case-
by-case basis depending on the nature of the nanoparticles, as
well as the properties of the food matrix they are dispersed within.

In the authors’ experience, different mechanisms of action are
likely to be more or less important for different types of
nanoparticles. For inorganic nanoparticles, their ability to be
absorbed by the body, accumulate in certain tissues, and produce
cytotoxicity are likely to be the most important mechanisms. For
organic nanoparticles, their ability to enhance the bioavailability of
potentially toxic substances (such as pesticides or hormones) or
substances that are only toxic at high levels (such as certain fat-
soluble vitamins) are likely to be more important mechanisms.
Nevertheless, more research is needed to establish the potential
magnitude and importance of these effects.
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