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Review of the properties of food-relevant nanoparticles including gastrointestinal 

tract exposure, transport, and immunogenicity. 
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Nanoparticles (NP) are being incorporated into consumer products, and the growing list of products 

containing NP components leads to increasing probability of human exposure and environmental 

release. However, our understanding of the biological interactions of such materials and their potential 

impact upon human health lag far behind the technology. Human exposure can occur via three routes, 

inhalation, dermal exposure and gastrointestinal exposure. This critical review focuses on toxicity 

induced by food-relevant NP (nanoscale silica (SiO2), titanium dioxide (TiO2), zinc oxide (ZnO), and silver 

(Ag)), in epithelial cells of the gastrointestinal (GI) tract, and pathophysiological responses to oral NP 

administration in vivo. A series of recommendations for modifications of the experimental approaches 

toward greater consistency, and for future research are suggested. 
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ABSTRACT 
 
Nanoparticles (NP) are being increasingly incorporated into foods and food packaging, however, 
our understanding of the biological interactions of such materials and their potential impact upon 
human health and disease lag far behind the technology itself. In response to this knowledge gap, 
many investigations are being directed toward assessment of toxicity induced by food-relevant 
NP in epithelial cells of the gastrointestinal (GI) tract, and pathophysiological responses to oral 
NP administration in vivo. Studies have focused upon various aspects of toxicity including cell 
death, inhibition of cell proliferation, oxidative stress, and organ injury and dysfunction, as well 
as other responses. While data generated by these studies have provided useful information, 
results have been at times inconsistent and in some cases contradictory. Herein we review the 
properties of food-relevant NP, including GI tract exposure, transport of NP, and 
immunogenicity. Then we critically review the major findings of a cross-section of studies of GI-
related biological interactions of nanoscale silica (SiO2), titanium dioxide (TiO2), zinc oxide 
(ZnO), and silver (Ag), with particular focus upon the variation in results in the context of 
administered NP dosage, specific assay methods employed, uncertainties in NP physicochemical 
properties, and other factors that might influence experimental outcomes. We conclude with a 
series of recommendations for modification of the experimental approach toward greater 
consistency, and for addressing several important issues that have thus far been understudied.   
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1. Introduction 
 

Nanoparticles (NP) are defined as particles with at least one dimension less than 100 nm. 
Naturally occurring organic NP include proteins and some viruses. Humans have utilized the 
optical properties of NP dating back to Roman times. Copper and gold NP were used by Romans 
to color glass.1 Beginning in the Middle Ages, glazes used to make lusterware contained copper 
and silver NP for their iridescent properties.2, 3 Michael Faraday’s experiments on the interaction 
of light with gold NP dispersions are considered the beginning of modern colloid science and 
thus nanoscience.4 

There is currently considerable interest in the use of NP for technological applications. 
NP have a greater surface area per unit mass than the bulk material, which means that there are 
many more reactive exposed atoms.5 Thus, nanoparticles, e.g., nanosized gold, are effective 
catalysts.6 The quantum confinement effect also contributes to the unique electronic and optical 
properties of semiconductor NP, such as quantum dots, which fluoresce differently based on 
size.6 
 NP are being increasingly incorporated into consumer products, however, our 
understanding of the biological interactions of such materials and their potential impact upon 
human health and disease lag far behind the technology itself. This lack of knowledge has been 
noted by the media in recent science news articles.7, 8 The growing list of products containing NP 
components increases the probability of human exposure, which can occur via three routes. 
Inhalation is the primary exposure mechanism for airborne NP such as the nanoscale fraction of 
particulate air pollution or factory dusts. Inhaled NP can accumulate in the lungs and possibly 
enter the circulation through inter-alveolar septal capillaries. There is also evidence that inhaled 
NP can reach the brain by traversing the olfactory bulbs in the nasal cavity.9 Dermal exposure is 
the primary route for NP in cosmetics, sunscreens, and other products applied to or in contact 
with the skin. It is currently not known whether such NP are able to penetrate the stratum 
corneum and reach the epidermis and underlying tissues in undamaged skin. The third major 
route, and the focus of this review, is gastrointestinal exposure through NP ingestion. Ingestion 
may be intentional, as is the case for nanoscale food ingredients, or unintentional/accidental, as 
in the case of NP in food packaging leaching into package contents or for infants and young 
children for whom placing objects in their mouths is a major mechanism of exploration of their 
environment.  
1.1 Nanoparticles in food 

 Nanotechnology is currently of interest to both the food and food packaging industries. 
NP applications are being considered to enhance flavor and texture, improve nutrient 
bioavailability, control flavor, color, or nutrient release in consumer-activated products, and 
reduce the fat needed to create the same taste, texture, and consistency.10 In food packaging, 
nanomaterials are of interest to improve the stability, flexibility, and gas barrier properties of 
packaging, to actively utilize antimicrobial or oxygen scavenging NP to keep food fresh longer, 
to add nanosensors which can detect and respond to the freshness of the package contents (i.e., 
color change), and to make packaging biodegradable. Although there is great interest by the food 
industry in utilizing nanotechnology, many of the aforementioned products are not yet on the 
market. The Project on Emerging Nanotechnologies has attempted to inventory consumer 
products using NP.11 This inventory currently identifies 117 food and beverage products 
incorporating nanotechnology including food, food storage products, dietary supplements, and 
products used for cooking.11  
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A 2012 study which analyzed 89 consumer food products found titanium in many of 
these products, especially sweet foods such as candies, gums, icing, and powdered sugars.12 They 
also showed that although food-grade TiO2 particles, E171, had an average size of 110 nm, the 
size distribution was broad and 36% of these particles were less than 100 nm and thus classified 
as NP. Figure 1c shows an electron micrograph of the E171 titania particles, and Figure 1d 
shows the particles extracted from chewing gum. They estimated a daily exposure to TiO2 in the 
US to be 0.2-0.7 mg TiO2/kg body weight/day for adults and 1-2 mg TiO2/kg body weight/day 
for children under the age of 10 due to greater consumption of sweets. A study that isolated TiO2 
from chewing gum found that >93% of TiO2 particles in the gum were less than 200 nm and 18-
44% were less than 100 nm. It was also shown that approximately 95% of the TiO2 in the gum is 
swallowed when it is chewed, so consumers are being exposed to much of this TiO2.

13 Food-
grade silica, E551, is used as an anti-caking agent and is present in many powdered food mixes,14 
with 4-43% of the silica being less than 200 nm. Figure 1a shows the electron micrograph of the 
E551 particles, and Figure 1b shows the particles after extraction from powdered sugar. This 
study estimated exposure to nanosilica to be 1.8 mg/kg body weight/day for the average adult.14 
Silver NP have applications as antimicrobial agents and are of particular interest to the food 
packaging industry. Figure 2b shows an electron micrograph of typical Ag NP. Ag has been 
incorporated into food storage containers and used as antimicrobial coatings on utensils, 
cookware, and appliances,11 and there is the potential for Ag NP in food contact materials to 
migrate into food. Other NP of interest include zinc oxide (ZnO) and magnesium oxide (MgO) 
for their antimicrobial properties, and nanoclay in films to limit gas permeation.10 Figure 2a 
shows an electron micrograph of commercial ZnO NP, and appears in different size and shapes.  
 

  

   
Figure 1: Transmission electron micrographs of A) E551, commercial food-grade silica, B) silica 
isolated from Sweet’N Low® (inset), C) E171, commercial food-grade TiO2, and D) TiO2 
isolated from Wrigley’s Extra® gum (inset).15 Reprinted with permission from John Wiley and 
Sons. 

A) B) 

C) D) 
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An analysis of 86 wheat breads and 49 wheat biscuits from 14 different countries (the 
majority were from Italy) by Environmental Scanning Electron Microscopy revealed that 40% of 
the samples contained microparticulate and nanoparticulate contaminants, involving iron, lead, 
tungsten, titanium, aluminum, silicon, and silver.16 This study suggests that consumers may be 
exposed to NP arising as environmental contaminants in foods even when they are not being 
intentionally added to food products.  

Considerable effort and resources have been invested in studies of the biological 
interactions and potential hazards of ingested NP. While many of these studies have been very 
informative, reported results (summarized in this review) have been somewhat inconsistent and, 
in some cases, contradictory, likely at least partially as a consequence of the variety of 
methodologies employed in the investigations. In addition, the relevance of results to actual 
human post-ingestion NP exposure has, in many studies, been limited by the immensity of the 
NP doses administered in in vitro and in vivo experiments as compared to estimates of actual 
human exposure. 
 

 
 

 
Figure 2: Transmission electron microscopy micrographs of A) ZnO NP17 (reprinted 
with permission; Copyright 2013 American Chemical Society) and B) Ag NP18 (reprinted with 
permission from Elsevier). 
 
 
 

Support 

A) 

B) 
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1.2 NP characteristics relevant to toxicity 

In health and safety studies with NP to date, it has been recognized that characteristics 
including size, shape, material, surface charge, solubility, and surface chemistry are all important 
in determining the toxicity of NP, as shown in Figure 3. The NanoRelease Food Additive project 
recently published an article outlining some of the NP properties important in the GI tract 
including particle size, shape, and surface properties.19 Not only are characteristic NP properties 
important to consider for their biological effects, but they may also be modified by the conditions 
of the GI tract.19 Thus, it is important to not only investigate the role of NP characteristics in 
vitro, but also to confirm the importance of these characteristics using in vivo studies where the 
NP will be interacting with the entire GI tract and the body as a whole. 

 
Figure 3: The nanoparticle characteristics outlined here are some of the properties that determine 
nanoparticle behavior and toxicity. 
 
1.2.1 Solubility 

In vivo, the solubility of NP determines their biopersistence. Soluble or degradable NP 
may not remain long enough to accumulate during chronic exposure. The solubility of 
amorphous silica in water is approximately 115 ppm at 25°C,20 which is greater than other forms 
of silica including quartz.21 It has been suggested that solubility of silica will play a large role in 
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determining its toxicity due to its limited persistence.21 In vitro, NP may dissolve in cell culture 
media. Soluble NP are also likely to begin dissolving in the storage solution. One study showed 
that ~14% of citrate-stabilized Ag NP in water will dissolve at 25°C after 3000 hours while 70% 
dissolves at 37°C.22 Thus, it is important to be aware of the possible dissolved species present 
before in vitro or in vivo NP exposure. In vivo, NP will quickly come into contact with digestive 
enzymes and fluids. The low pH environment of the stomach may accelerate dissolution of NP. 
One study with various Ag NP showed that exposure to simulated stomach fluid for 15 minutes 
caused aggregation and partial dissolution of Ag NP along with precipitation of AgCl on the 
surface of the particles.23 Ag NP toxicity is mediated through Ag ions and similar toxicity has 
been observed using Ag NP and Ag ions at comparable doses (based on dissolved Ag).24 
Dissolved ions, particularly Ag ions, may form complexes with other species within the culture 
media or in cells, but are still largely available to interact with cells. 

Studies have shown that intracellular as well as extracellular ZnO NP dissolution can 
mediate toxicity and the role of these pathways may vary by cell type.25 Thus, dissolution 
occurring both within and outside of cells may be important to provide toxic ions.  

NP are internalized by endocytosis and transported through the endocytic pathway to 
lysosomes. In lysosomes, the pH is lowered to degrade cellular debris as well as extracellular 
materials and this acidic environment may increase the rate of NP dissolution within cells. It has 
been shown that silica NP solubility in artificial lysosomal fluid (at pH 5.5) was 5.0%, ZnO NP 
solubility was 100%, and TiO2 and Ag NP solubility were both 0%.26 The lack of Ag NP 
solubility in lysosomal fluid may be due to formation of precipitates that remain associated with 
the Ag NP surface,23 which is the reason free Ag ions were not detected in artificial lysosomal 
fluid.27, 28 Studies in alveolar macrophages have shown that silica NP can lead to disruption of 
lysosomal membranes. This is likely a result of the inability of silica NP to be degraded in the 
lysosomes rather than a consequence of lysosomal NP dissolution. This increased lysosomal 
permeability may be involved in the induction of apoptosis.29, 30 A study in THP-1 macrophages 
showed that treatment with 10.7 nm ZnO led to lysosomal destabilization and eventually cell 
death.31 This was proposed to be an effect of dissolution of ZnO within the lysosomes, creating 
Zn2+ which damages the lysosomal membrane and is released into the cell where these ions can 
damage organelles and potentially lead to cell death.31  

It is known that Ag NP dissolution intracellularly is important and may provide a 
continual source of Ag ions,32 and there is evidence that Ag NP dissolution also occurs within 
lysosomes. Ag NP have been localized to lysosomes after cell internalization in spermatogonial 
stem cells33 and BEAS-2B lung epithelial cells.28 In earthworms, citrate-coated Ag NP were 
shown to decrease lysosomal stability.34 One study showed that lysosomal degradation of GSH-
Ag NP released Ag ions when incubated in a lyososmal-mimic mixture for 12 hours and 
lysosomal degradation of Ag NP was necessary in human fibroblasts to induce oxidative stress.35 
Collectively, it is clear that NP solubility both extracellularly and intracellularly will play a role 
in the toxicity of the NP. Thus, toxicity of soluble NP may depend on whether the ions produced 
upon dissolution are toxic. 
1.2.2 Size 

Size will determine the movement of NP through the mucus layer and the proportion of 
NP internalized by intestinal epithelial cells. Optimal particle diameters for the most efficient 
endocytosis of NP have been estimated to be 54-60 nm for spherical particles,36 27.4-30.6 nm for 
cylindrical particles,36 and, calculated using a different model, 50-60 nm for spherical particles.37 
NP size-dependent uptake efficiency was confirmed by an in vitro study in human cervical 
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cancer cells which found that 50 nm spherical gold particles were internalized more efficiently 
than 14, 30, 74, or 100 nm particles.38 However, a study in human colon adenocarcinoma cells 
found that 100 nm polystyrene particles were taken up better than 50, 200, 500, or 1000 nm 
particles.39 This difference may indicate that NP material type or other characteristics such as 
surface coating can alter the optimal size for cellular uptake.  

In vivo, when gold NP of 1.4, 5, 18, 80, and 200 nm were administered by 
intraesophageal instillation, significantly more 1.4 nm NP entered the circulation and 
accumulated in blood, kidney, and urine reticulendothelial system after 24 hours, suggesting that 
smaller particles are distributed most readily. However, the 18 nm particles accumulated the 
most in the heart and brain,40 suggesting that accumulation may depend on other factors that 
regulate exocytosis. In agreement with this conclusion, the study with gold NP showed that 
although 50 nm particles were internalized most efficiently, the smallest NP were exocytosed 
more efficiently such that 14 nm particles were exocytosed more than 30, 50, 74, and 100 nm 
particles.38 This difference in efficiency of endocytosis and exocytosis of NP will be important 
for NP accumulation and induction of toxicity. 
1.2.3 Shape 

 Shape can play a role in the efficiency of NP uptake. Internalization efficiency based on 
NP shape may also be dependent on cell type. A study in HeLa cells showed that transferrin-
coated gold spherical NP were found to be internalized more (14 and 50 nm sizes) than 20×30, 
14×50, or 7×42 nm transferrin-coated gold nanorods, but the nanorods were exocytosed more 
efficiently than the spheres.41 Similarly, 14×40 and 14×74 nm gold nanorods were taken up less 
efficiently by HeLa cells than 14 and 74 nm gold spherical NP.38 The cell internalization of 
nanorods with a lower aspect ratio was higher in both of these studies. This was confirmed in 
another study showing that shorter rods (with lower aspect ratios) were internalized more by 
HeLa cells than longer rods.42 However, once NP were internalized, cytotoxicity was 
independent of the aspect ratio or length of nanorods.42 Contrary to these studies, internalization 
of 15×50 nm cetyltrimethylammonium bromide-coated gold nanorods was found to be more 
efficient than that of 15 or 50 nm gold spheres in monocytes and macrophages isolated from 
human blood.43 It is possible that these differences are due to the professional phagocytic 
character of monocytes and macrophages, which may internalize NP differently than HeLa cells. 
Regardless, NP shape may play a role in the bioavailability of NP to cells and the body. 
1.2.4 Surface charge 

Administration of negative and positive 2.8 nm gold particles by intraesophageal 
instillation to rats revealed greater entry of the negatively-charged particles into the circulation 
and a trend of greater accumulation of negatively-charged particles in the examined tissues 
including the liver and urine.40 Neutral iron oxide NP (dextran-coated) were poorly internalized 
by cells. Either negatively-charged (heparin or DMSA-coated) or positively-charged 
(aminodextran-coated) iron oxide NP were better internalized by cells, but the positively charged 
particles accumulated more in cells.44 Another study showed differences in the interaction of 
positive versus negative quantum dots with cell surface scavenger receptors on murine 
macrophages in serum-free media and negatively-charged quantum dots were internalized more 
slowly by cells, suggesting different methods of internalization.45 

Surface charge of particles may dictate how they interact with other biological fluids such 
as the mucus lining the intestinal tract. Net neutral or near neutral but highly charged 
polyelectrolyte NP composed of polyacrylic acid and chitosan (mimicking the densely charged 
but net neutral surface of many viruses) can migrate better through mucus than similar particles 
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with different ratios of polyacrylic acid and chitosan with a net positive or negative charge.46 
Negatively-charged particles can bind to mucin strands through hydrophobic adhesive 
interactions and positively-charged particles can bind strongly to the negatively-charged 
glycosylated mucins.47 Thus, charge will be an important factor in determining the fraction of NP 
able to reach the intestinal epithelial surface.  
1.2.5 Surface coatings/corona 

It is known that proteins and other biomolecules will adsorb to the surface of NP in 
biological systems.48 The protein corona is composed of two layers, a tightly bound hard corona 
covered by a more transient, loosely-associated soft corona layer.48 Some studies have observed 
that NP will induce cell damage only in the absence of a corona. Silica NP were found to be 
internalized more by HeLa and A549 cells treated with serum-free media to prevent formation of 
a corona.49 Silica NP in serum-free media were also shown to have a stronger adhesion to the cell 
membrane and caused greater cell damage and toxicity in A549 cells. After one-hour exposure of 
silica NP in serum-free medium to cells, coronas composed of cytosolic, cytoskeletal, and cell 
membrane proteins had formed on NP, which may be the cause of the cell damage and toxicity 
observed.49 Agglomeration of NP in the presence of serum may also play a role in decreased 
toxicity of these particles to cells, as was observed with silica NP in mouse fibroblast cells.50 
Protein adsorption to NP and the composition of the corona can alter how NP are recognized and 
internalized by cells51 as well as NP interactions with intracellular components. Thus, the protein 
corona and the exact nature of the surface of NP are likely to play an important role in the 
response to NP. The presence of serum in cell culture media used for in vitro studies may be an 
important factor in the subsequent NP toxicity.  

 

2. In vitro models of digestion 

 The digestive tract creates a barrier that prevents most unwanted food components from 
penetrating further into the body. The main purpose of the digestive tract is to break food into its 
more basic components, specifically sugars, lipids, amino acids, vitamins, minerals, which can 
then be absorbed and used by our bodies. Enzymatic digestion is then continued in the stomach, 
largely by pepsin, which digests proteins and is active in the acidic environment ranging from pH 
1 to pH 5 depending on whether the stomach is empty or full.  

After 1-2 hours in the stomach, the resulting chyme is released into the duodenum where 
it mixes with pancreatic digestive enzymes, bicarbonate, and bile from the liver, which neutralize 
the acidic chyme.52 Bile salts form micelles with hydrophobic cores where lipids and solubilized 
fats can be digested by pancreatic lipase and other enzymes.  
 Various researchers have developed in vitro digestion models and there is variation in 
what treatment has been considered “digestion”. Despite this variation, digestion is shown to 
affect nanoparticle dissolution and aggregation and may alter NP toxicity. A study that added 
silica NP to sample food matrices and subjected these NP to an in vitro digestion procedure 
showed that both the food matrix and the stage of digestion likely play large roles in the 
bioavailability of silica NP. The digestion consisted of saliva (pH 6.8), gastric juice (pH 1.3), 
duodenal juice (pH 8.1), and bile juice (pH 8.2) components, all of which were composed of 
many representative salts, sugars, enzymes, and mucins. They added food-grade E551 silica to 
model food matrices (hot coffee, instant soup, and pancake). Before digestion, 30% of E551 in 
coffee was nanosized (5-200 nm) while 13% and 5% were nanosized in soup and pancakes, 
respectively. Large agglomeration of silica was observed in the gastric digestion stage due to the 
low pH (the isoelectric point where silica is neutrally charged occurs at pH 2-3) and the high 
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electrolyte concentration. However, after full digestion, 80% of E551 in coffee was in the nano-
size range (5-200 nm) while approximately 15% of E551 added to soup and pancake was nano-
sized.53 Despite the differences in available NP depending on the food matrix, this study did 
detect some E551 available as NP in the intestinal environment in all foods tested.  

Several studies have analyzed NP toxicity after in vitro digestion and found it to be 
slightly different from the toxicity induced by NP that did not undergo digestion. One study 
simulated gastric and intestinal digestion of 14 nm silica and < 10 nm ZnO NP in solutions 
consisting of representative ionic and pH conditions but no digestive enzymes. They compared 
NP, which were not subjected to this digestion, to the digested NP in Caco-2 intestinal epithelial 
cells. Analysis of the NP suspensions before and after digestion revealed that less than 10% of 
both silica and ZnO NP dissolved, and the soluble fraction changed very little after digestion. 
Both silica and ZnO NP were found to be taken up by cells and induced reactive oxygen species 
(ROS) formation in cells, particularly at doses of 80 µg/cm2, but simulated digestion of the NP 
largely inhibited ROS production. However, digested NP induced similar toxicity to cells based 
on the reduction of the tetrazolium salt WST-1 by cellular enzymes (at doses of 5-20 µg/cm2) 
and were able to induce similar induction of interleukin-8 (IL-8) secretion at 20 µg/cm2 as the 
undigested NP.54 Thus, digestion of NP seems to be able to change NP toxicity mildly, but not 
inhibit its toxicity altogether. Another study subjected 7 nm Ag NP to an in vitro digestion in 
saliva for 5 minutes at pH 6.4, gastric juice for 2 hours at pH 2, and intestinal juice for 2 hours at 
pH 7.5. These digestive solutions contained ionic components as well as mucins, enzymes, salts, 
and other digestive components. They observed a slight reduction (requiring 10 µg/mL vs. 5 
µg/mL) and 12-24 hour delay in Ag NP cytotoxicity after the digestion as detected by impedance 
measurements, but this difference was not observed using the CellTiter Blue assay.55 They 
suggest this is due to an increase in particle aggregation that hinders Ag ion release, once again 
showing that digestion is able to alter NP toxicity. Based on these studies, it is clear that both the 
food matrix and the digestive process could modify the toxicity of a given NP. 
 

3. GI tract exposure to NP  

While absorption of orally ingested materials occurs to some degree along the entire alimentary 
canal (GI tract), the bulk of absorption takes place in the small and large intestines with the large 
intestine mostly dedicated to absorption of water. There are several specific mechanisms by 
which ingested NP traverse the epithelial barrier and reach the portal circulation in healthy small 
intestine (Figure 4) including regulated internalization and active transport through intestinal 
epithelial cells (transcytosis),  strictly regulated paracellular transport through inter-epithelial 
tight junctions, and transcytosis through intestinal M cells in the process of immunologic 
sampling of intestinal contents by lymphoid follicles of Peyer’s patches. Under conditions of 
intestinal disease in which permeability is pathologically enhanced, paracellular transport may be 
increased as a consequence of dysregulation of intercellular tight junctions, and NP in the 
intestinal lumen may pass unimpeded through regions of epithelial damage or denudation. 

Since inorganic NP are not digestible (although ZnO has been observed to dissolve in the 
low pH environment of the stomach), once ingested they may pass through the entire length of 
the GI tract and be eliminated in feces. Alternatively, they may follow the path of digested 
nutrients and traverse the intestinal epithelium to enter the capillaries of the villi. From there the 
NP would proceed through the intestinal veins to the hepatic portal vein and to the liver. NP that 
remain in the vasculature can pass through the liver, ascend the inferior vena cava to the right 
heart, traverse the lungs via the pulmonary circulation and return to the left heart. From the left  
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Figure 4: Cross section of the intestinal epithelium illustrating potential mechanisms by which 
ingested nanoparticles traverse the epithelial barrier in healthy and diseased intestine. 
Internalization and active transport to Peyer’s patch lymphoid follicles by M cells (A); active 
transcellular transport through epithelial cells (transcytosis, B); limited paracellular transport 
through tightly regulated intercellular tight junctions (C); unrestricted migration through foci of 
damaged or denuded epithelium (D); dysregulated transcellular migration through intercellular 
tight junctions of abnormal permeability (E). 

 
heart, the NP would enter the systemic circulation with the potential of reaching all other organs 
of the body. 
 Each step of this journey provides the opportunity for the NP to interact with tissues they 
contact. The NP may be acutely toxic to the intestinal epithelial cells or may disrupt their barrier 
function. NP that traverse the epithelial barrier and reach the portal circulation may accumulate 
in the liver and induce an inflammatory response or otherwise disrupt hepatocyte function 
through induction of oxidative stress or other responses. NP that pass through the liver and reach 
the systemic circulation may accumulate in other organs and similarly induce inflammation or 
otherwise disrupt organ function. Note that even a small fraction of ingested NP crossing the 
epithelial barrier to reach the circulation could potentially accumulate in tissues to significant 
levels over a lifetime of consumption. 
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3.1 Estimated dose, potential distribution and potential biological interactions 

 The length and diameter of the small intestine vary considerably among individuals, 
making the mucosal surface area, the interface through which absorption occurs, difficult to 
estimate. Adding to this difficulty is the presence of circular mucosal folds (plica circularis) and 
intestinal villi, finger-like projections of mucosa into the lumen, as well as the presence of 
microvilli on the luminal surface of intestinal epithelial cells (enterocytes). Hence, estimates of 
the small intestinal mucosal surface area span a broad range from 30 m2 to 200 m2.56, 57 Dekkers 
et al.14 have estimated daily ingestion of SiO2 NP in foods at 1.8 mg/kg body weight, and Weir et 
al.12 have estimated foodborne TiO2 NP ingestion at 0.2 – 0.7 mg/kg body weight per day. 
Assumption of a 70 kg adult and even distribution of the ingested NP over the entire mucosal 
surface of the small intestine generates the mucosal exposure estimates shown in Table 1.  
 

 

Nanoparticle 

Estimated 

daily ingestion 

Estimated mucosal surface area 

30 m
2
 200 m

2
 

SiO2 1.8 mg/kg 0.42 µg/cm2 0.063 µg/cm2 
TiO2 0.2 – 0.7 mg/kg 0.047 – 0.163 µg/cm2 0.007 – 0.024 µg/cm2 
Table 1: Estimated small intestinal mucosal epithelium NP exposure based upon estimated daily 
NP ingestion and mucosal surface area. 
 
 The exposure levels shown in Table 1 must be qualified by several factors. First, the 
assumption that ingested NP are distributed evenly over the entire intestinal epithelial surface is 
obviously an oversimplification. The contents of the GI tract are not static, but rather propelled 
forward by peristalsis. Hence, the residence time of materials in a given location will affect the 
opportunity for their absorption. In addition, the epithelium is covered by a layer of mucus which 
may impede NP from reaching the underlying enterocytes. Alternatively, NP that become 
trapped in the mucus may accumulate to higher levels in a given location, and if immobilized 
adjacent to the enterocyte membrane, NP may be more likely to be absorbed. Still, the intestinal 
epithelial dosages estimated in actual human NP exposure (as described above) are far lower 
than those applied in many experiments, which have been as high as 100 µg/cm2 in vitro and 
2000 mg/kg/day in vivo. 
 

4. Transport of nanoparticles  

Because of the importance of nutrient absorption within the small intestine, intestinal 
architecture is specialized for maximal surface area. The epithelial layer is composed of villous 
projections and crypts of Lieberkühn between villi (Figure 4). The villi are vascularized for 
quick delivery of nutrients to the bloodstream.58 
4.1 In vitro intestinal epithelial models 

Several continuous cell lines are commonly used to study the intestinal epithelium, 
including Caco-2, HT-29, and T84 cells. If cultured under appropriate conditions, these cells 
form tight junctions, produce mucus, form microvilli on the apical side of the cells, and generally 
exhibit the characteristics of in vivo intestinal epithelial cells.59-61 Caco-2 cells were isolated from 
a patient with colon adenocarcinoma and observed to form a brush border of microvilli at 
confluency that expressed some small intestinal hydrolases including sucrase-isomaltase, 
alkalkine phosphatase, and aminopeptidase.62 However, this cell line is made up of 
morphologically heterogeneous cells, not all of which formed the brush border structure. Thus, 
brush border-expressing Caco-2 cells were cloned to form the C2BBe1 cell line.63 These cells 
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have been extensively characterized and used to study brush border formation. When grown on 
filter supports, confluent C2BBe1 cell monolayers become polarized with distinct apical and 
basolateral sides. The brush borders of confluent C2BBe1 cells are very similar to those in vivo 
and express many of the same microvillar proteins including villin, fimbrin, sucrase-isomaltase, 
myosin I, fodrin, and myosin II.63, 64 

There are at least two drawbacks with using these in vitro models. The first issue is that 
the paracellular permeability of the Caco-2 cell line is limited, as reflected in the high 
transepithelial electrical resistance (TEER) values (230-1000 Ω cm2). Such high values are not 
reflective of the entire intestinal tract, since the small intestine (duodenum, jejenum and ileum) 
has TEER values as low as 30-100 Ω cm2. Thus, the Caco-2 model will have lower permeability 
than expected in the small intestine in vivo.65 This has led to the development of cell culture 
models, including the intestinal epithelial cell line 2/4/A1, which display permeabilities closer to 
that of the small intestine.66 The second drawback of these in vitro models is that they do not 
contain the full diversity of epithelial cell types found in vivo. Although there is some mucus 
production by these cell lines, the mucus layer is often patchy and not as dense as found in vivo. 
This lack of cell diversity also contributes to the increased permeability of in vitro cell models, 
as epithelial permeability is likely to be underestimated in cell models without M cells, even 
though these cells make up only a small proportion of the epithelium. To address some of these 
issues, models that are more sophisticated have been developed to better represent the full 
complement of epithelial cells.  

One study used a tri-culture of Caco-2 and HT29-MTX cells cultured above Raji B cells 
to create monolayers containing M cells and Goblet cells.67 This study investigated the effects of 
polystyrene NP on iron absorption and found that treatment of cells with 50 or 200 nm NP at 
doses of 2×1013 ~50 nm particles/mL or 1.25×1012 ~200 nm particles/mL (estimated as 
equivalent to potential pharmaceutical doses) increased iron uptake and transport across the 
epithelial layer in this tri-culture model. This was accompanied by decreased TEER values, 
suggesting disruption of the epithelial barrier, which is likely allowing the increased iron 
transport. This increase in iron transport was confirmed in vivo in broiler chickens fed 
polystyrene NP for 2 weeks, indicating that this in vitro model may be representative for what 
will occur in vivo.67 Thus, these models provide a way to more closely represent relevant features 
of the intestinal epithelium in an in vitro system.  
4.2 Possible routes of transport of NP 

In order for ingested NP to penetrate into the body beyond the GI tract, NP will have to 
be transported across the intestinal epithelium. NPs can be endocytosed by cells and transported 
transcellularly. A study that treated Caco-2 cells with < 40 nm TiO2 NP found NP both within 
and below cells of the monolayer without detecting changes in intercellular junction structure. 
Based on the intact cellular junctions, lack of cell death to create gaps in the epithelium, and the 
presence of NP within cells, the authors concluded that TiO2 NP transport was most likely 
transcellular.68 Many other studies have reported internalization of NP by Caco-2 cells, 
suggesting that transcellular transport is possible across the intestinal epithelium.69-74 Ingested 
NP can also undergo paracellular transport between cells when there is a gap in the epithelium or 
increased permeability of the tight junctions. This is likely to play a role in NP transport in 
diseased intestines, which may have greater epithelial permeability, and, depending on disease 
severity, more gaps in the epithelium. Finally, NP can be phagocytosed by M cells. Because of 
their function to sample luminal contents, an in vitro co-culture model of M cells was able to 
transport five times as many chitosan-DNA NP across the epithelial layer as Caco-2 cells 
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alone.75 This suggests that M cells may be an important means of NP transport across the 
epithelium. However, since there are vastly more enterocytes than M cells, enterocytes will still 
play a large role in NP transport. It has been observed for many years that Peyer’s patches 
contained pigmented macrophages and this pigment was determined to consist of granular 
aluminum, silicon, and titanium, which was presumably taken up from the diet, and was 
generally in the size range of a few hundred nanometers in diameter.76 This further suggests that 
NP transport by M cells will be important and this accumulation of inorganic food additives in 
macrophages and potentially other cells of the intestinal epithelium will likely only amplify as 
NP are more frequently used and these particles are more readily transported across the 
epithelium. 
 

5. Immunogenicity of ingested nanoparticles 

Upon introduction of foreign material such as NP into the body, the question that arises is 
whether that material will be immunogenic. This has been explored for NP used in foods that 
come into contact with the intestinal immune system. Immune cells such as lymphocytes, 
dendritic cells, and macrophages are found in the lamina propria beneath the intestinal 
epithelium in addition to those that reside within lymphoid follicles. These cells can respond to 
antigens transported across the epithelium. There is also evidence that dendritic cells of the 
lamina propria extend processes between cells of the epithelium to sample antigens in the lumen 
while preserving the tight junctions between the cells.77 Luminal IgA plays a large regulatory 
and defensive role in the intestinal immune system. When these cells recognize pathogenic 
bacteria or pro-inflammatory disease states, intestinal epithelial cells promote an inflammatory 
response by secreting the chemokine IL-8 and the pathogen-elicited epithelial chemoattractant to 
recruit neutrophils.78 

Since one of the major chemokines released by intestinal epithelial cells is IL-8, many in 
vitro studies have evaluated IL-8 secretion as an indication of an immune response elicited by 
food-relevant NP treatment. Multiple studies have shown that NP do induce IL-8 secretion and 
some of these papers are summarized in Table 2. A 3-fold induction in IL-8 secretion was 
observed in undifferentiated Caco-2 cells treated with 15 nm but not 55 nm silica NP at 32 
µg/mL in serum-free media.72 In another study, both 14 nm silica NP and 10 nm ZnO NP 
induced IL-8 secretion in Caco-2 cells at a dose of 20 µg/cm2. IL-8 expression and secretion was 
similar using NP that had undergone in vitro digestion and those that had not undergone 
digestion. Silica NP increased IL-8 mRNA expression much more strongly in undifferentiated 
cells than differentiated cells and this trend held for IL-8 protein secretion as well. For ZnO NP, 
there was only slight induction of IL-8 mRNA expression in either differentiated or 
undifferentiated cells, but IL-8 secretion was strongly induced in differentiated cells. The fact 
that there was no induction of IL-8 secretion in undifferentiated cells is likely because ZnO NP 
treatment at this dose induces significant cytotoxicity to cells.54 Another study showed that TiO2 
(21 nm), Ag (20-30 nm), and ZnO NP (20 nm) all induced IL-8 secretion in Caco-2 cells at doses 
of 10 and 100 µg/mL after 48-hour treatment. Ag NP induced the most IL-8 production, 
followed by ZnO NP and finally TiO2 NP, which induced only slightly increased IL-8 
production.79 In SW480 cells (another colon carcinoma-derived cell line), only TiO2 NP slightly 
increased IL-8 generation while almost no IL-8 was detected in ZnO-treated cells, likely due to 
toxicity of the ZnO to cells.79 Treatment of Caco-2 cells with 50-70 nm ZnO NP increased IL-8 
production after 6 and 24 hours at doses of 1 and 2.5 µg/cm2. Similarly, IL-8 production 
increased after 24-hour treatment of cells with <25 nm TiO2 NP at doses of 1 and 2.5 µg/cm2.  
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Nanoparticles Dose Cells IL-8 Ref. 

15 nm silica 32 µg/mL Undifferentiated 
Caco-2 

3-fold induction in IL-8 secretion 72 

55 nm silica 32 µg/mL Undifferentiated 
Caco-2 

No induction in IL-8 secretion 72 

14 nm silica, 
digested and 
undigested 

20 µg/cm2 Caco-2 IL-8 secretion, greater increase in IL-8 
mRNA and IL-8 secretion in 
undifferentiated cells 

54 

19 nm silica 27 µg/mL Caco-2 Little IL-8 release 69 
21 nm TiO2 10 and 

100 
µg/mL 

Caco-2 
SW480 

Slight increase in IL-8 production 
Slight increase in IL-8 generation 

79 

< 25 nm TiO2 1 and 2.5 
µg/cm2 

Caco-2 Increased IL-8 production 80 

15 nm TiO2 27 µg/mL Caco-2 Little IL-8 release 69 
20 nm ZnO 10 and 

100 µg/ml 
Caco-2 
SW480 

IL-8 production 
No IL-8 production (likely due to 
toxicity) 

79 

50-70 nm ZnO 1 and 2.5 
µg/cm2 

Caco-2 Increased IL-8 production 80 

50-70 nm ZnO 3 and 5 
µg/cm2 

LoVo ~ Double the amount of IL-8 release in 
untreated cells 

81 

20-30 nm Ag 10 and 
100 
µg/mL 

Caco-2 
SW480 

Significant IL-8 production 
No IL-8 production 

79 

PVP-capped < 
20 nm Ag 

39 µg/cm2 Caco-2/THP-
1/MUTZ-3 co-
culture 

Induced IL-8 release in co-culture but 
not Caco-2 monoculture. Less IL-8 
induction was observed after pretreating 
cells with IL-1β to induce an 
inflammatory state prior to Ag NP 
treatment 

82 

25 nm Ag 
spheres and 80-
90 nm Ag rods 

27 µg/mL Caco-2 Significant IL-8 release 69 

Table 2: Summary of literature showing an immune response to NP treatment in intestinal 
epithelial cells. 
 
However, there was no release of IL-6 or tumor necrosis factor-α (TNF-α) observed after 
treatment with ZnO or TiO2 NP.80 Polyvinylpyrrolidine (PVP)-capped Ag NP (< 20 nm) induced 
IL-8 release beginning at doses of 39 µg/cm2 in a co-culture model containing Caco-2 cells 
grown on top of human macrophages (THP-1) and dendritic cells (MUTZ-3) embedded in 
collagen, but did not induce IL-8 release in monocultures of Caco-2 cells until a dose of 312.5 
µg/cm2 Ag NP.82 Co-cultures treated with IL-1β for two days to induce an inflammatory state 
also increased IL-8 production after treatment with Ag NP, but to a lesser extent than in the non-
inflamed co-cultures.82 A study interested in NP use in paints found that 19 nm SiO2 and 15 nm 
TiO2 NP induced only slight IL-8 release in Caco-2 cells, but Ag NP (25 nm spheres and 80-90 
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nm rods) induced a more significant IL-8 release at 27 µg/mL after 48-hour treatment.69 
Treatment of LoVo cells (colon carcinoma-derived epithelium) with 50-70 nm ZnO NP at 3 and 
5 µg/cm2 for 24 or 48 hours increased IL-8 release to approximately double the amount released 
in untreated cells.81 These studies suggest that ingested NP may be able to induce some immune 
response although this likely depends on the NP properties. 

Several studies outside of the intestines have linked induction of inflammation by NP to 
oxidative stress. A study in J774 murine macrophages showed that IL-1α mRNA expression 
(which leads to TNF-α release) after treatment of cells with PM10 was dependent on both calcium 
signaling and ROS production.83 Work with silica NP has suggested that ROS induced by silica 
NP treatment can trigger proinflammatory responses.84 Treatment of RAW264.7 macrophages 
with 12 nm silica NP showed that silica induced ROS generation and depletion of glutathione 
(GSH) beginning at 5 ppm silica NP and these macrophages also generated NO, which plays a 
role in signaling related to inflammation. Administering silica NP intraperitoneally to mice at 50 
mg/kg caused an increase in NO as well as inflammatory cytokines in blood, suggesting that this 
inflammatory reaction could be related to ROS generation.84 From these and similar studies, it is 
not clear whether oxidative stress induced by NP is solely responsible for induction of 
inflammatory responses or if NP can also directly induce inflammation, but these responses do 
seem to be related and likely feed into one another.  

Several of the previously reported studies that observed IL-8 induction in intestinal 
models also observed oxidative stress in these cells, suggesting that the immunogenicity may be 
connected to oxidative stress.54, 72, 80, 81 However, other studies did not observe oxidative stress in 
cells,69, 79 suggesting that an inflammatory response is not necessarily dependent on oxidative 
stress.  

Although studies investigating immunogenicity in vivo are more limited, there is some 
evidence that NP administered orally may cause inflammatory responses. TiO2 microparticles 
(Kronos® 1171, 260 nm) and NP (66 nm) administered to mice by gavage at a dose of 100 mg/kg 
body weight/day for 10 days all increased inflammatory cytokines in the ileum including 
interferon-γ (IFN-γ), TNF-α, IL-4, IL-23, and TGF-β, and increased CD4+ T cells in duodenum, 
jejunum, and ileum of treated mice.85 However, other studies have suggested that some NP may 
not stimulate an immune response or may even induce a tolerogenic response. Administration of 
10, 75, and 110 nm Ag NP to rats at doses of 9, 18, and 36 mg/kg body weight/day for 13 weeks 
resulted in decreased expression of mucins, Toll-like receptors, and the T cell regulation genes 
FOXP3, GPR43, IL-10, and TGF-β in the ileum, suggesting that Ag NP may be leading to a 
greater tolerance of bacteria by the intestines.86 Based on these studies, further investigation is 
required to determine the ability of specific NP to induce an immune response when ingested.  

 

 

6. Critical review of the toxicological effects of the most commonly used inorganic 

nanoparticles  

We now focus on the toxicity of the food-relevant NP SiO2, TiO2, ZnO, and Ag in more detail 
based primarily upon studies reported in the last five years. Key details of each study are listed in 
Tables 1S-8S (Supplementary Section) and the following text summarizes this work, followed 
by critical assessments of these bodies of work. 
6.1 Silica nanoparticles 

 E551, the common food-grade silica additive, is a form of synthetic amorphous silica 
(SAS, Figure 2a,b shows the electron micrographs). SAS exists in four forms including 
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pyrogenic silica, precipitated silica, silica gel, and colloidal silica.87 E551 has not been used in 
the majority of published in vitro experiments. Rather, most studies have used amorphous silica 
NP, in many cases without specification of the particular form. While these NP may represent 
the nano-scale fraction of E551, as previously discussed, NP size, charge, surface chemistry, and 
other properties all play significant roles in determining NP toxicity, and the specific 
characteristics of the NP used in experiments are not always clearly described in publications. 
This may at least partially explain why results of studies of NP biological interactions taken 
collectively have been fraught with inconsistencies and, in some cases, contradictions.  
6.1.1 Acute in vitro cellular toxicity (Table 1S) 

A number of investigations have focused on the assessment of direct acute toxicity of 
silica NP to intestinal epithelial cells and other cell lines in vitro, as detailed in Table 1S. Among 
such conditions are the specific compositions/properties of the silica NP including naked, 
pristine SiO2 NP and NP that have been coated with various materials. Likewise, administered 
NP dosage and exposure times have varied among in vitro and in vivo studies over a very broad 
range. 

A study of 25-30 nm colloidal silica NP in six cell lines (both mouse and human lung, colon, 
and macrophage cell lines) demonstrated that macrophages were most sensitive to silica NP-
induced toxicity, showing 20% reduction in viability in response to 1.9 µg/mL and 
approximately 50% reduction at 12.5 µg/mL, while the colon cells were the least sensitive, 
showing 20% reduction in viability in response to 59.1 µg/mL and approximately 50% reduction 
at 100 µg/mL.88 This suggests that silica NP toxicity likely differs between cell and tissue types 
and silica NP may be less toxic in the intestines than in the lungs.  

Silica NP have been shown to be able to mediate toxicity through oxidative stress 
generation resulting in DNA damage and induction of apoptosis.89 This mechanism of toxicity 
has been observed in multiple intestinal epithelial cell studies to date. A study in which Caco-2 
cells were exposed to 15 nm silica NP showed decreased cell viability at a dose of 32 µg/mL and 
an increase in caspase-3 activation in cells at 64 µg/mL, indicating initiation of apoptosis.72 The 
silica NP were genotoxic to cells and increased the frequency of micronucleus formation. In 
addition, a slight increase in ROS production was observed in response to 15 nm silica NP 
treatment at 32 µg/mL.72 Thus, the authors concluded that oxidative stress is likely involved in 
induction of cell death and DNA damage by silica NP. A study in Caco-2 and human gastric 
epithelial cells (GES-1) demonstrated that 10-50 nm silica NP induced LDH release, a decrease 
in cell viability based on the Cell Counting Kit-8 (CCK-8) assay, a partial inhibition of cell 
proliferation, a slight S phase cell cycle arrest in GES-1 cells and S and G2/M phase arrest in 
Caco-2 cells, and a slight increase in ROS generation. Neither induction of apoptosis nor 
necrosis was observed in this study, but ROS generation may be contributing to the silica NP-
induced decrease in viability and cell cycle arrest. Since these effects were observed at high 
silica NP doses (often 200 µg/mL), the authors conclude that silica NP are safe below doses of 
100 µg/mL.90  

A study in differentiated and undifferentiated Caco-2 cells showed that 14 nm silica NP 
were internalized by both types of cells and induced ROS formation. Silica NP induced toxicity 
in undifferentiated cells based on the reduction of the tetrazolium salt WST-1 by cellular 
enzymes after 4- and 24-hour treatments at doses of 20 µg/cm2 and 5 µg/cm2, respectively, but 
no toxicity was apparent in differentiated cells.54 Results of these experiments clearly indicate 
that cellular differentiation state is an important factor in cellular sensitivity to NP-mediated 
cytotoxicity.  
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A study with various types of NP in serum-starved Caco-2 cells showed that 14 nm silica 
NP were toxic to cells at doses of 20 and 80 µg/cm2 based upon both LDH release after 4 and 24 
hours and a decrease in metabolic activity (WST-1 assay). The silica NP also induced DNA 
damage and glutathione depletion in cells, implying a role for oxidative stress.91 A study 
measuring HT-29 cell proliferation by impedance demonstrated similar proliferation between 
untreated control cells and cells treated with 10 µg/mL 25 nm Rhodamine B-embedded silica 
particles, but slight inhibition of cell proliferation in response to treatment with 100 nm meso-
tetra(N-methyl-4-pyridyl) porphine tetratosylate salt (TMPyP)-embedded silica particles. The 
investigators observed an increase in cell death, especially after treatment with 10 µg/mL ~100 
nm silica particles (up to 40%). There was a slight increase in double-strand DNA breaks as 
determined by phosphorylated histone H2Ax foci, particularly with 100 nm silica.92 Although the 
authors did not evaluate ROS production or initiation of oxidative stress, their observations are 
also consistent with a ROS-mediated mechanism of toxicity, which may lead to DNA damage 
and cell death. 

As alternatives to oxidative stress/ROS, data generated by several investigations have 
supported other mechanisms of cellular toxicity induced by silica NP. One such mechanism is 
silica NP-induced increase in lysosomal permeability and destabilization of cellular lysosomes. 
The inability of the lysosome to degrade silica NP causes a loss of lysosomal membrane integrity 
and can lead to ROS-independent initiation of apoptosis in silica NP-exposed cells.89 A study 
performed in HT-29 cells with 12 and 40 nm silica particles reported an increase in cell 
proliferation (significant but relatively small) after treatment with 93.8 µg/cm2 12 nm silica NP 
for 24, 48, or 72 hours as measured by the sulforhodamine B assay (measures sulforhodamine B-
bound protein to determine cell number). Increased LDH release and decreased mitochondrial 
activity was observed and effects were more pronounced in proliferating cells than confluent 
cells. ROS production was not observed and little DNA damage was detected after silica 
treatment, indicating that toxicity was likely not mediated through oxidative stress. Treatment 
with 12 nm silica NP increased total cellular glutathione and γ-glutamylcysteine-ligase needed to 
synthesize glutathione at a dose of 31.3 µg/cm2 and above. This increase in GSH seems to be due 
to an upregulation in the ERK1/2 (extracellular signal-regulated kinases) pathway rather than 
oxidative stress. The MAPK (mitogen-activated protein kinases)/ERK1/2 pathway can help 
regulate the cell cycle and thus may also be responsible for the increased cell proliferation.93  

In contrast to the investigations summarized above, other studies have demonstrated no 
toxicity of silica NP in intestinal epithelial cells. A study of Caco-2 and colon carcinoma RKO 
cells showed minimal toxicity induction by 10 nm silica NP at doses of up to 100 µg/cm2 based 
upon formazan assays. Cells exposed to 50 µg/cm2 silica NP for 4 hours also showed minimal 
changes in gene expression as determined by whole genome microarray analysis.94 Another 
study of undifferentiated Caco-2 cells in serum-containing culture medium (20%) treated with 32 
and 83 nm fluorescent silica NP demonstrated no cellular toxicity. These NP were internalized 
by cells and agglomerated near the cell nucleus, but no cytotoxicity (WST-1 assay) or 
genotoxicity (comet assay) was observed in cells treated with up to 200 µg/mL NP.73 These 
different outcomes (compared to the NP-mediated toxicities summarized above) may suggest a 
protective effect of serum in the culture medium, which has been shown to ameliorate silica NP 
toxicity.95   

Our own studies of silica NP-mediated acute toxicity in intestinal epithelial cells likewise 
demonstrated minimal effect. C2BBe1 cells (a Caco-2 sub-clone) were exposed for 24 hours to 
well-characterized 12 nm SiO2 NP, either pristine or following treatment with digestive enzymes, 
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at a concentration of 10 µg/cm2. Necrosis, apoptosis, membrane damage, and mitochondrial 
activity were measured by Sytox Red stain, Annexin V stain, LDH assay, and MTT assay, 
respectively. Data generated by these assays and shown in Figure 5 demonstrated no decrease in 
viability or mitochondrial activity. Repeated weekly 24-hour NP treatments likewise induced no 
decrease in cell viability.17 However, continuous exposure of actively proliferating cells to silica 
NP did moderately attenuate proliferation.18  
 
6.1.2 In vivo studies of ingested silica NP (Table 2S) 

While in vitro experiments have provided useful data regarding acute direct effects of NP 
upon intestinal epithelial cells, the biological interactions of ingested NP potentially extend far 
beyond the intestinal epithelium. In this regard, in vitro studies are extremely limited in their 
ability to model interactions that might follow absorption of NP across the intestinal epithelial 
barrier. Hence, a number of studies of the impact of orally administered silica NP, conducted 
primarily in rodents, are reviewed here.   

Repeated oral administration (20 mg SAS/kg body weight/day) for up to 5 days in rats 
resulted in very little accumulation of silicon in any organ as detected by inductively coupled 
plasma-dynamic reaction cell-mass spectrometry (ICP-DRC-MS).96 Although there seemed to be 
slightly more accumulation of silicon in liver and spleen of females over males, the authors 
concluded that there is very little absorption of silica from the GI tract. A long-term study in 
which 20 and 100 nm negatively-charged colloidal silica NP were administered to Sprague-
Dawley rats by gavage at doses of 500, 1000, and 2000 mg/kg body weight/day for 90 days 
revealed no clinical signs of toxicity over the treatment period. Necropsy results did show 
differences in organ weights of lung and liver in the 20 nm NP treatment groups and in kidney, 
lung, submandibular gland, and ovary in the 100 nm NP treatment groups. However, these  

 

  
Figure 5: Toxicity of 24-hour treatment of C2BBe1 cells with 10 µg/cm2 SiO2, TiO2, and ZnO 
NP based on the Sytox Red assay (measuring necrotic cell death), the Annexin V assay 
(measuring apoptosis), the LDH assay (measuring membrane damage), and the MTT assay 
(measuring metabolic activity). Significance as compared to untreated controls was determined 
using Student’s t-test (* indicates p < 0.01, ** indicates p < 0.001).17 Reprinted 
(adapted) with permission. Copyright 2013 American Chemical Society. 
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changes did not seem to be dose-dependent or correspond to histopathological observations, 
leading the investigators to conclude that these effects were not related to silica ingestion.97 

Several studies have provided evidence that ingested silica NP traverse the intestinal 
epithelium. One such study of orally administered 70, 300, and 1000 nm silica particles in mice 
for 28 days at 2.5 mg/day provided no indication of NP toxicity or tissue injury following 28-day 
silica administration and concluded that silica NP induced no toxicity in these animals. However, 
absorption studies using an everted gut sac method did demonstrate silica NP absorption across 
the epithelium. The everted intestinal segment was incubated for 45 minutes in a suspension of 
70 nm pristine silica NP, or silica NP functionalized with either carboxyl or amine groups to 
analyze the impact of NP surface charge, and found greater absorption of the carboxyl-
functionalized silica, although absorption of the amine-functionalized particles was more 
efficient than the unlabeled 70 nm silica particles. Surprisingly, there was no significant 
difference in the absorption of 70 nm particles over 300 or 1000 nm particles, but there was some 
degree of absorption of all particles over background levels.98 These experiments suggest that 
silica NP are indeed absorbed across the intestinal epithelium. This observation was confirmed 
by a study utilizing silica NP with incorporated Rhodamine B isothiocyanate to allow in vivo 
imaging of the NP distribution in mice, which showed significant localization of fluorescent 
signal to kidneys as well as lungs and liver of treated mice beginning as early as two hours after 
administration.99  

We have likewise demonstrated that orally administered silica NP traverse the intestinal 
epithelium. In order to insure that the presence of a fluorescent label on the surface of the NP 
does not modify their interaction at biological interfaces, we synthesized 20 – 30 nm silica NP 
with fluorescent cores of either quantum dots or Rhodamine 6G. Extensive analysis of NP 
demonstrated surface characteristics quite similar to commercial silica particles. Following 
administration to mice by gavage, fluorescent silica NP were localized by confocal fluorescence 
microscopy in kidney, lung, spleen, and brain, in addition to multiple segments of the GI tract, as 
shown in Figure 6.100 

Some studies have also demonstrated sufficient GI absorption of silica NP to induce 
toxicity. In one such investigation, 30 nm and 30 µm silica particles (silica obtained from rice 
husk) were administered to mice in their diet for 10 weeks (total silica intake was 140 g silica/kg 
body weight). Apparent liver toxicity was observed in the nano-fed group based upon increased 
alanine aminotransferase (ALT) and evidence of fatty liver in H&E staining.101 Another study in 
which two silica NP materials, SAS (7 nm particles) and NM-202 (10-25 nm particles), were 
orally administered to mice for 28 days at NM-202 doses of 100, 500, or 1000 mg/kg body 
weight/day, or SAS doses of 100, 1000, or 2500 mg/kg body weight/day, noted minimal to 
modest silica accumulation in several tissues, increased liver fibrosis after 84-day exposure, and 
moderately increased expression of fibrosis-related genes.102 

Several in vivo and in vitro studies of silica interactions have reported that lower doses of 
NP allow greater absorption and lead to greater toxicity. Van der Zande et al.102 showed that 
more silica NP seemed to be absorbed through the GI tract at lower doses and found that in 
simulated in vitro intestinal conditions, the silica had stronger gel-like properties at higher 
concentrations, which may decrease its bioaccessibility and thus absorption through the GI 
epithelium. The investigators proposed that the relatively high pH and salt concentrations present 
in the intestine would enhance the gelating behavior of silica. Thus, this may be an important  
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Figure 6: Confocal microscopy of tissue sections from mice treated daily for four days with 
Rhodamine 6G/silica nanoparticles. Nanoparticles (green) were observed in GI tract tissues 
including stomach (A) as well as non-GI tract tissues including lung (B), spleen (C), kidney (D), 
and brain (E). Sections were stained with DAPI (cell nuclei; blue). Red staining is E-cadherin 
(junctions between epithelial cells) in stomach, lung, spleen, and kidney, and GFAP in brain.100 
Reprinted with permission from Dove Medical Press. 
 
factor for studies performed with high doses of silica NP, but will be less of an issue at actual 
human exposure levels of silica.102 In another study, nanoscale SAS administered orally to rats 
induced a slight increase in micronucleated cells in colon crypts at only the lowest dose, 5 mg/kg 
body weight/day of NM-200 and NM-201.103 Based upon van der Zande’s proposal, the absence 
of this effect at higher doses could be attributed to gelation of the silica, leading to lower 
absorption. However, the suspension of silica used to administer NP to rats in this study (6 
mg/mL) was a lower concentration than what was tested by van der Zande et al. (9 mg/mL), so it 
seems unlikely that there would be much gelation of silica at the administered doses.102, 103 An in 
vitro study using 100 nm TMPyP-embedded silica particles demonstrated greater toxicity at 
lower doses (10 µg/mL) than at the highest doses (150 µg/mL). The authors suggest that this 
could be a protection response by cells that is initiated at a certain level of toxicity.92 However, 
this could also be due to gelation of the silica NP at the higher doses reducing both 
internalization by cells and toxicity. 
6.2 Titania nanoparticles 

 TiO2 is the naturally occurring oxide of titanium and can be purified from ilmenite ore 
(FeTiO3). TiO2 exists in multiple crystal structures including rutile, anatase, and brookite. 
Anatase and rutile TiO2 phases are the most commonly synthesized and used.104 Anatase TiO2 
has been reported to be more reactive than rutile TiO2.

105, 106 TiO2 NP can consist of a mixture of 
rutile and anatase phases,107 and the proportions of rutile and anatase is relevant when assessing 
NP toxicity. Food-grade TiO2, E171, has a broad size distribution with average particle size of 
110 nm12 (electron micrograph shown in Figure 2c,d). As noted above in the discussion of silica, 
the specific compositions/properties of the TiO2 NP used in experiments have varied and have 
not been consistently thoroughly described. Likewise, administered NP dosage and exposure 
times have varied over a very broad range. 
6.2.1  Acute in vitro cellular toxicity (Table 3S) 

TiO2 NP have been shown to cause cytotoxicity via oxidative stress-dependent pathways 
leading to DNA damage, cell cycle arrest or delay, and mitochondrial dysfunction, particularly in 
pulmonary and inhalation models.107 However, experiments in intestinal epithelial cells are 
generally in agreement that TiO2 NP are nontoxic. A study in Caco-2 cells treated with TiO2 NP 
(<40 nm) showed a decrease in epithelial monolayer integrity by decreased TEER measurements 
and a loss of localization of γ-catenin to cell adherens junctions beginning at 6 days after 
continuous TiO2 NP treatment and continuing to 10 days at an acute dose of 1000 µg/mL. No 
decrease in TEER was observed after acute exposure and no induction of cell death was 
observed after acute or chronic exposure.68 These investigators also observed cellular 
internalization of TiO2 and apparent transport of TiO2 across the epithelium as determined by 
confocal microscopy of the cell monolayer at different depths. Studies of transport across the 
epithelium in a transwell system revealed that a similar total mass of TiO2 was transported 
through the epithelial layer regardless of dose. Cells responded to TiO2 treatment by increasing 
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intracellular-free calcium which can regulate calcium-dependent enzymes, but this response was 
attenuated over a period of 14 days.68  

In another study, P25 TiO2 (25% rutile and 75% anatase) treatment (100 µg/mL) of the 
intestinal epithelial cell lines Caco-2 and SW480 demonstrated slight toxicity as measured by 
MTT assay in SW480 cells with TiO2 suspended in buffered synthetic freshwater (to mimic NP 
contamination in drinking water) but no toxicity in cell culture media or in Caco-2 cells.79 The 
differences in toxicity observed between the cell culture media and synthetic freshwater could be 
due to the absence of or differences in composition of the protein corona on NP in the freshwater 
versus the culture medium. However, minimal toxicity was observed in either cell type under all 
conditions. No induction of ROS production was observed by TiO2 in either cell type, but there 
was a slight increase in IL-8 production after TiO2 treatment in both cell lines at doses of 10 and 
100 µg/mL.79  

A study in Caco-2 cells investigated differences between cellular treatment with bulk 
TiO2, P25, nano-anatase, and nano-rutile forms of TiO2. There was no change in LDH release 
after treatment with any of the TiO2 particles at a dose of 1 mg/L (1 µg/mL). The investigators 
observed cellular accumulation of TiO2 that seemed to be due to active cellular internalization, 
with anatase internalized more rapidly than rutile forms of TiO2, suggesting that the specific 
physical characteristics of TiO2 affect its biological interactions. The authors also observed TiO2-
mediated changes in cellular electrolytes. All forms of TiO2 induced depletion in potassium and 
elevation of magnesium, and P25 or anatase TiO2 induced elevation of calcium.108  

Another study comparing anatase (4, 7, or 215 nm) to anatase/rutile TiO2 NP mixtures 
(22 or 25 nm) in Caco-2 cells showed that anatase/rutile but not anatase-only samples induced 
LDH release, decreased metabolic activity (to ~70%) at 80 µg/cm2, and induced DNA damage at 
20 µg/cm2. No decrease in total cellular glutathione was observed, suggesting that these 
responses may not be mediated by oxidative stress.106 Although the toxicity induced by the 
anatase/rutile TiO2 NP was mild, this study suggests that rutile TiO2 NP may be the toxic 
component for these cells. However, this conflicts with results of research performed in other 
cell types including fibroblasts and lung epithelial cells, which showed that anatase TiO2 was 
100 times more toxic than rutile TiO2.

105 Thus, some other difference between these NP 
formulations may be contributing to the differences observed in cytotoxic potential.  

Treatment of Caco-2 cells with 20-60 nm TiO2 NP did not induce cytotoxicity up to a 
dose of 20 µg/cm2 even though TiO2 NP did increase cellular ROS. There was a decrease in cell 
proliferation to ~80% of the control as measured by the colony forming assay at 20 µg/cm2, but 
overall toxicity was considered to be negligible.80 However, the increased ROS production 
indicates that these NP may be capable of inducing toxicity at higher doses. Another study used a 
3D intestinal model in which human macrophages (THP-1) and dendritic cells (MUTZ-3) were 
embedded in collagen on a transwell insert and Caco-2 cells were then grown on top of this 
layer. TiO2 NP (7-10 nm) did not induce toxicity or inflammation in the co-culture model under 
inflammatory or noninflammatory conditions,82 confirming the safety of TiO2 NP in a more 
complex in vitro model incorporating immune cells. Nano-TiO2 isolated from chewing gum  
elicited minimal toxicity in Caco-2 and GES-1 (gastric epithelium) cells based upon LDH release 
and WST-8 assay up to a dose of 200 µg/mL, although pure P25 TiO2 decreased cell viability by 
approximately 20% in GES-1 cells.13 While a slight increase in ROS production was observed in 
response to exposure to chewing gum-extracted nano-TiO2, the authors concluded that the NP 
were relatively safe. Thus, although TiO2 NP seemed minimally toxic in these studies, there is 
some indication that mild toxicity induced by TiO2 NP may be mediated by oxidative stress. This 
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may be of particular significance considering that consumers are being exposed to this form of 
TiO2. 

We have demonstrated minimal toxic effect of TiO2 NP in intestinal epithelial cells. 
Similar to our experiments with silica, C2BBe1 cells were exposed for 24 hours to well-
characterized 20-25 nm TiO2 NP, either pristine or following treatment with digestive enzymes, 
at a concentration of 10 µg/cm2. Necrosis, apoptosis, membrane damage, and mitochondrial 
activity were measured by Sytox Red stain, Annexin V stain, LDH assay, and MTT assay, 
respectively. Data generated by these assays demonstrated no decrease in viability or 
mitochondrial activity, as shown in Figure 5. Repeated weekly 24-hour NP treatments likewise 
induced no decrease in cell viability.17 However, continuous exposure of actively proliferating 
cells to TiO2 NP did moderately attenuate proliferation.18 

Several studies have shown that TiO2 NP can disrupt normal microvilli structure in 
intestinal epithelial cells. Even if TiO2 NP do not induce acute toxicity, disruption of important 
structures such as microvilli may affect normal cellular functions, particularly nutrient absorption 
across the intestinal epithelium. A study in which C2BBe1 cells were treated with food-grade 
E171 TiO2 and TiO2 particles isolated from the candy coating of chewing gum demonstrated that 
both forms of TiO2 could disrupt the brush border (microvilli) in these cells at a dose of 0.1 
µg/cm2 and that this effect is not simply due to sedimentation of aggregated particles.74 This 
disruption was characterized by limp rather than erect microvilli and fewer total microvilli. The 
investigators also observed cellular internalization of TiO2 24 hours after treatment with this 
dose, which could require remodeling of the actin cytoskeleton and further disruption of the 
brush border.74 Further, the low dose of TiO2 used in these experiments is more representative of 
actual intestinal epithelial cell exposure estimated in human consumption. In another study, 
scanning electron microscopy of Caco-2 cells treated with <40 nm TiO2 NP revealed disruption 
of cell microvilli leading to decreased numbers of microvilli and changes in shape. Microvilli no 
longer stood erect and seemed to be absorbed into cells. Unlike toxicity (decrease in TEER was 
observed at 1000 µg/mL), this effect was observed at doses as low as 10 µg/mL, which may 
again represent more physiologically relevant exposure levels.68 These studies necessitate 
continued in vivo studies to further investigate the effects of TiO2 NP exposure on microvilli.  
6.2.2 In vivo studies of ingested titania NP (Table 4S) 

Despite minimal direct acute in vitro toxicity of TiO2 NP in intestinal epithelial cells, the 
in vivo impact of TiO2 NP ingestion depends greatly on NP absorption across the GI epithelium 
and into the circulation. A study estimating the ability of NP to cross a Caco-2 monolayer using a 
transwell system and 18 nm TiO2 NP demonstrated that an amount just above the detection limit 
of 0.4% of the applied concentration of NP (100 µg/mL) was able to cross the Caco-2 
monolayer.109 When 100 mg/kg body weight of TiO2 NP was orally administered to mice, the 
authors observed no significant increases in TiO2 in tissues 24 hours following administration,109 
which is in agreement with the low-level transport of TiO2 NP across the epithelial layer 
observed in vitro. However, they did observe significant TiO2 uptake in at least one isolated 
Peyer’s patch by TEM analysis.  

In a separate study, investigators orally administered 21 nm TiO2 NP (80% anatase, 20% 
rutile) to rats daily for 13 weeks at 260.4, 520.8, and 1041.5 mg/kg body weight/day. A slight 
increase in the titanium content of blood in treated animals was observed, which was only 
significant in male rats. There was no increase in TiO2 content of liver, kidney, spleen, or brain, 
as measured by ICP-MS. The authors also did not detect increased titanium in the urine, but there 

Page 27 of 48 Environmental Science: Nano

E
nv

ir
on

m
en

ta
lS

ci
en

ce
:N

an
o

A
cc

ep
te

d
M

an
us

cr
ip

t



26 

was considerable titanium in feces, suggesting that little TiO2 was absorbed through the GI 
tract.110  

In contrast, other investigators have reported the presence of TiO2 NP in tissues after oral 
administration in vivo, suggesting greater intestinal absorption than described above. Mice 
administered a single oral dose of 5 g/kg body weight of 25, 80, or 155 nm TiO2 particles 
showed evidence of liver injury at 2 weeks post-NP administration as indicated by increased 
ALT, aspartate transaminase (AST) and LDH serum levels, hydropic degeneration around the 
central hepatic vein, and spotty necrosis in hepatocytes. Also, increases in blood urea nitrogen 
and pathological changes in the kidney (swelling in renal glomeruli, proteinic liquid-filled renal 
tubules) indicated renal injury.111 A study of toxicity induced by ingestion of TiO2 also showed 
liver and kidney damage 7 days after a 5 g/kg body weight administration of TiO2 NP, as well as 
slight increases in ROS production and decreases in glutathione peroxidase and superoxide 
dismutase (SOD) levels in various tissues.112 These findings indicate that potential toxicity or 
other biological interactions of ingested nanoscale TiO2 NP may extend beyond the GI tract. 
Indeed, NP that traverse the GI epithelium and reach the circulation may distribute to, and have 
an impact upon, nearly any organ/tissue of the body. 
6.3 Zinc oxide nanoparticles 

 Zinc oxide (ZnO) NP are used in biosensors, light emitting diodes, photo-detectors, and 
in sunscreens to absorb UV radiation,113 and are of interest to the food industry. ZnO also has 
antimicrobial properties. ZnO particles have a wurtzite crystal structure and NP are often 
synthesized using the sol-gel method or hydrothermal method, which allows for control of NP 
shape and size (Figure 2a shows an electron micrograph of commercial ZnO NP).113  As with 
other NP reviewed above, the specific physicochemical characteristics of ZnO can have 
profound impact upon their interactions at biological interfaces.  
6.3.1 Acute in vitro cellular toxicity (Table 5S) 

 Various studies have suggested that ZnO NP toxicity is due to dissolution of the NP 
either outside cells or within cells leading to increased availability of zinc ions able to interact 
with enzymes and other cell components. It has been demonstrated in various models that ZnO 
NP mediate toxicity through oxidative stress, and lysosomal destabilization and mitochondrial 
dysfunction contribute to the cytotoxic response.25 These mechanisms appear to apply to 
intestinal epithelial cells as well. In one study, 90 nm ZnO NP at 10 µg/mL decreased Caco-2 
cell viability and inhibited cell proliferation based on live/dead cell staining, and CCK assay 
demonstrated a decrease in cell activity (decreased proliferation + increased cell death) to a level 
less than 30% of control cells after 24-hour treatment. ZnO NP increased ROS production up to 
2.5 times that of control cells, increased cellular glutathione, and decreased SOD levels, 
suggesting an oxidative stress response.114 In another study, MTT and LDH assays revealed 
dose-dependent toxicity of 26, 62, and 90 nm ZnO NP in Caco-2 cells (in serum-free media) 
from 6.25 to 100 µg/mL. All ZnO NP increased ROS production in cells and decreased 
intracellular glutathione levels. ZnO NP treatment also increased cell death. Propidium iodide 
staining to assess DNA content of cells revealed a slight S and G2/M phase cell cycle arrest at 50 
µg/mL doses of all ZnO NP (although most obvious with 26 nm ZnO NP) which may allow time 
for DNA damage repair.115 These findings again suggest that ZnO NP toxicity is mediated 
through oxidative stress. A study in Caco-2 cells demonstrated a dose-dependent increase in 
LDH release and decrease in metabolic activity (WST-1 assay) following 24-hour treatment with 
5, 20, and 80 µg/cm2 of ZnO NP.91 ZnO NP treatment also increased oxidative DNA damage and 
decreased total cellular glutathione content, again consistent with an oxidative stress-dependent 
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mechanism of toxicity. Based upon differences between data generated by the WST-1 assay and 
those generated by the LDH assay, the authors suggest the importance of the application of 
multiple toxicity assays in measurement of NP cytotoxicity.91  

In a separate study, 50-70 nm ZnO NP-mediated toxicity in Caco-2 cells was detected as 
decreased viability by Neutral Red uptake assay at 10 µg/cm2 and decreased cell proliferation by 
colony formation assay at 5 µg/cm2, both in serum-free medium, and at 20 µg/cm2 for both 
assays in serum-supplemented medium.80 Since the Neutral Red assay measures ability of cells 
to retain dye in lysosomes requiring ATP to maintain an appropriate pH gradient, this suggests 
that ZnO NP may interfere with lysosomal integrity. ZnO NP treatment was also found to 
increase ROS production after 6 hours and increase IL-8 production after 6 and 24 hours at a 
dose of 1 µg/cm2, suggesting that ZnO cytotoxicity is being induced through oxidative stress.80  

In a study comparing responses of differentiated and undifferentiated Caco-2 cells to ZnO 
exposure, the investigators observed less than 10% dissolved Zn in the ZnO suspension. They 
observed no change in the soluble fraction of ZnO NP following in vitro simulation of digestion 
in pH and salt-based gastric and intestinal solutions.54 ROS production was found to be induced 
by 20 µg/cm2 ZnO NP but not following simulated digestion. The WST-1 assay revealed 
significant ZnO NP-induced toxicity in response to both 4- and 24-hour treatments at 5 µg/cm2 in 
undifferentiated cells, but only after 24 hours and at 20 µg/cm2 in differentiated cells.54 This 
suggests a ROS-dependent mechanism of toxicity, but also demonstrates the importance of 
cellular differentiation state as well as the importance of NP surface chemistry, which was likely 
altered by in vitro digestion. 

Not all investigations of ZnO interaction with intestinal epithelial cells have 
demonstrated the induction of oxidative stress. A study of toxicity of NP in drinking water 
demonstrated ZnO NP-mediated toxicity in Caco-2 cells at a dose of 100 µg/mL and in SW480 
cells at 10 and 100 µg/mL in cell culture medium, but toxicity at lower doses of ZnO NP in 
synthetic freshwater (10 µg/mL in Caco-2 cells and 1 µg/mL in SW480 cells). ZnO NP treatment 
did not induce production of ROS in Caco-2 or SW480 cells, suggesting that toxicity may not be 
due to oxidative stress, but ZnO NP treatment did increase IL-8 production in Caco-2 cells.79 
Treatment of Caco-2 and RKO cells with ZnO NP revealed toxicity based on a formazan 
viability assay and the lethal concentration for 50% of cells (LC50) for ZnO NP was determined 
to be 27 µg/cm2 in RKO cells and 28 µg/cm2 in Caco-2 cells.94 Pretreating with TNF-α to mimic 
inflammation did not significantly alter ZnO effects on cell viability. ZnO was localized within 
cells by TEM, but it was difficult to find and seemed to be associated with autophagic responses. 
This is consistent with lysosomal dissolution of ZnO. Gene expression studies revealed changes 
in genes responsible for metal metabolism, cellular stress responses, chaperonin proteins, and 
protein folding, but no indication of a proinflammatory or oxidative stress response.94 Thus, 
although oxidative stress seems to often be responsible for ZnO NP-induced toxicity, this is 
likely in conjunction with other mechanisms. Our own experiments, for example, have 
demonstrated attenuation of mitochondrial activity in C2BBe1 cells following 24-hour exposure 
to 10 µg/cm2 ZnO NP, as shown in Figure 5.17 Regardless, it is clear that ZnO NP induce at least 
some level of toxicity in intestinal epithelial cells and thus this potential toxicity demands further 
study, particularly following ingestion in vivo.  

ZnO incorporated into food products will be ingested as a component of the food matrix. 
Treatment of cells with ZnO NP in combination with fatty acids, common food components, was 
examined in Caco-2 cells.116 ZnO NP alone decreased cell proliferation based on incorporation 
of the thymidine analog bromodeoxyuridine (BrdU) into DNA and decreased cell viability as 
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determined by MTT and WST-1 assays in a threshold-like pattern at a dose of 32 µg/mL. 
Addition of palmitic acid (PA) or a free fatty acid (FFA) mixture increased the potency of ZnO 
in the MTT and WST-1 assays but not the BrdU assay. Also at a dose of 32 µg/mL ZnO, most 
cells were observed to have detached from the cell culture plate. ZnO NP and PA together 
induced mitochondrial ROS production at 16 µg/cm2, while ZnO NP + FFA decreased 
intracellular ROS production but had no effect on mitochondrial ROS. ZnO NP or FFA were 
able to destabilize lysosomes based on a decrease in LysoTracker fluorescence but this effect 
was slightly more pronounced with ZnO + PA or FFA at 4 µg/cm2. These findings suggest that 
the interactions of ZnO NP with other food components will add to the complexity of NP-
induced cellular responses and necessitates studies of NP in specific food matrices.  
6.3.2 In vivo studies of ingested ZnO NP (Table 6S) 

 The studies of oral administration in rodents that have been performed thus far suggest 
that the proportion of ZnO NP absorbed from the intestines may be sufficient to cause toxic 
responses in various tissues. However, as with most NP that are administered orally, the fraction 
of the administered dose that is actually absorbed from the intestines is likely relatively small. A 
study in which hexagonal 40 nm ZnO NP were orally administered to rats for 13 weeks at doses 
of 134.2, 268.4, and 536.8 mg/kg body weight/day demonstrated decreased body weight in male  
but not female rats at the highest administration dose after 13 weeks. A dose-dependent increase 
in zinc concentrations in serum was also observed. Inductively coupled plasma-mass 
spectrometry (ICP-MS) analysis showed increased Zn concentration in liver and kidneys at the 
highest dose, but not in spleen or brain. The authors also observed a dose-dependent increase in 
Zn concentration in urine as well as feces, with significantly more Zn in feces than in any tissue 
or bodily fluid, suggesting that most of the ingested ZnO is not being absorbed in the GI tract.110 
Still, there are indications that ZnO NP do accumulate in tissues upon repeated oral 
administration.  

A separate investigation in which 20 nm ZnO NP were administered to Sprague-Dawley 
rats at doses of 125, 250, and 500 mg/kg daily by oral gavage for 90 days demonstrated 
increased concentrations of zinc in the plasma in a dose-dependent manner after prolonged NP 
exposure.117 Although accumulation of ZnO NP in solid tissues was not addressed in this study, 
this finding suggests the potential for progressive in vivo accumulation of orally administered 
ZnO NP.  
 While the previous studies have been directed primarily toward documentation of the in 
vivo distribution of ingested ZnO NP, other investigations have focused upon post-ingestion 
toxicity. In one such investigation, ZnO nano- and micron-sized particles were administered by 
oral gavage to Sprague-Dawley rats in a single bolus of 5, 50, 300, 1000, or 2000 mg/kg body 
weight. Analysis of animals 14 days post-administration demonstrated ZnO NP-mediated 
elevation of ALT and AST values, indicating liver damage.118 Elevation of liver enzymes was 
not induced by micron-scale ZnO and this response was inversely related to dose, meaning that 
the greatest toxicity was observed at the lowest ZnO dose. The authors explain this as a possible 
effect of greater NP aggregation at higher doses resulting in decreased intestinal absorption and 
hence decreased dose to the liver. All treated animals showed greater incidence of microlesions 
in the liver and pancreas and the animals administered nano-ZnO also had lesions in the stomach 
and heart.118  

In a separate study, Wistar rats were administered 20 nm ZnO NP by gavage daily at a 
dose of 100, 200, or 400 mg/kg body weight/day for 14 days. The investigators found that oral 
administration of ZnO NP increased serum inflammatory markers TNF-α and IL-6 as well as 
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LDH levels in a dose-dependent manner. Serum immunoglobulin G (IgG) was increased at all 
doses. They found reduced GSH in lung homogenates and also observed lung damage by 
histology and a dose-dependent increase in lung congestion.119 This study supports the 
previously summarized reports that ingested nano-scale ZnO is being absorbed in the GI tract in 
sufficient quantities to reach other tissues and, in this case, cause significant lung damage. 
Although this investigation did not include other tissues, the findings provide a strong rationale 
for assessment of injury in other tissues as well.  
 Two additional investigations provide additional evidence for toxicity of ingested ZnO 
NP. Kim et al.120 administered 100 nm negatively- (citrate-coated) or positively- (L-serine-
coated) charged ZnO NP to Sprague-Dawley rats by daily oral gavage at doses of 31.25 mg/kg, 
125 mg/kg, or 500 mg/kg for 90 days and observed decreases in blood biochemical parameters, 
including mean cell volume, mean cell hemoglobin, and mean cell hemoglobin concentration, as 
well as total protein and albumin levels, which may be due to ZnO-induced anemia. 
Histopathological changes were observed in the stomach, eye, pancreas, and prostate gland, 
again showing the potential for ZnO NP absorption across the GI epithelium and multiple-tissue 
toxicity in vivo.120 In a separate study, oral administration of 50 nm ZnO NP to mice at a dose of 
2.5 g/kg body weight induced increases in serum zinc concentration beginning 30 minutes post-
gavage and increased levels of zinc in liver, spleen, and kidney. Increased levels of AST, ALT, 
and LDH in serum and histopathological lesions in the liver indicative of hepatic swelling and 
vacuolization in treated mice support ZnO NP-induced liver damage.121 While these findings 
demonstrate that ingested ZnO NP have the potential to induce toxicity in multiple tissues, it 
should be noted that the doses administered in these experiments were almost certainly far in 
excess of what might be expected in normal human daily consumption.  
6.4 Silver nanoparticles 

 Ag NP are increasingly incorporated in a multitude of food-related applications. When 
Ag NP are synthesized by chemical reduction, protective polymers are often used to stabilize the 
NP and keep the NP from aggregating.122 This means that different preparations of Ag NP will 
have different surface properties based on the capping agent used, which may change the 
behavior of the Ag NP. Thus, thorough characterization of Ag NP is essential when they are used 
for research purposes.  
6.4.1 Acute in vitro cellular toxicity (Table 7S) 

 Although Ag NP have a long history of use in medicine, there is recent evidence showing 
that Ag NP can be toxic to mammalian cells. With the incorporation of Ag NP into a rapidly 
increasing number of consumer products, it is necessary to investigate the effects of 
environmental exposure to Ag NP. Although there is some disagreement in the literature, it is 
thought that Ag NP dissolution is required for toxicity which is then directly mediated by Ag 
ions.123 The discrepancies observed among various biological investigations may stem from the 
difference between dissolution of Ag NP outside of cells versus inside cells.  

In many cell models, Ag NP have been shown to mediate toxicity through an oxidative 
stress-dependent mechanism, although Ag NP likely also mediate oxidative stress-independent 
intracellular effects. Exposure of human lung fibroblasts and glioblastoma cells to 6-20 nm Ag 
NP increased ROS production at a concentration of 25 µg/mL, induced mitochondrial injury at 
25-100 µg/mL and DNA damage at 25-50 µg/mL, and induced G2/M phase cell cycle arrest at 
50-100 µg/mL.124  

Similar toxicity has been observed in intestinal epithelial cells, although fewer studies 
have been conducted in these cells. Peptide-coated (L-cysteine L-lysine L-lysine) 20 nm Ag NP 
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decreased cell viability at concentrations of 5 µg/mL in undifferentiated cells and 25 µg/mL in 
differentiated cells, as determined by the CellTiter-Blue assay, and increased LDH release at 5 
µg/mL in undifferentiated Caco-2 cells.125 Impedance measurements showed an initial increase 
in proliferation over the first 6 hours of Ag NP treatment and then a decrease to a cell index near 
0. Proliferating cells were much more sensitive to Ag NP than differentiated cells based on 
viability and cell enumeration. There was also a dose-dependent increase in ROS production at 3 
µg/mL of 20 nm NP and 10 µg/mL of 40 nm NP, but no detectable micronucleus formation.125 
Thus, the observed toxicity may be due to induction of oxidative stress.  

A study in which 7 nm Ag NP stabilized with Tagat TO and Tween 20 were subjected to 
simulated in vitro digestion in saliva for 5 minutes at pH 6.4, gastric juice for 2 hours at pH 2, 
and intestinal juice for 2 hours at pH 7.5 demonstrated a slight reduction in cytotoxicity induced 
by digested NP compared to undigested particles (toxicity induced by 5 µg/mL undigested NP 
and 10 µg/mL digested NP), as detected by impedance measurements. The authors suggest this is 
due to an increase in particle aggregation which is hindering Ag ion release. This study once 
again shows greater sensitivity of proliferating cells to Ag NP than differentiated cells.55 This 
also highlights the importance of studying Ag NP toxicity in models representative of in vivo 
conditions such as digestion. 

In a more mechanistic study in Caco-2 cells, <100 nm Ag NPs were shown to be 
internalized by cells and a dose-dependent decrease in cell viability starting at 10 µg/mL was 
demonstrated by MTT and trypan blue exclusion. No increase in ROS production was detected 
by 2’,7’-dichlorofluorescein or Mitotracker assays, however, a decrease in total cellular 
glutathione levels and depolarization of the mitochondrial membrane potential are suggestive of 
oxidative stress. Ag NP treatment also induced activation of the stress-responsive gene Nrf2 and 
the expression of heme oxygenase-1 (HO-1), which is cytoprotective and controlled by Nrf2.70 
Pretreatment of cells with the antioxidant N-acetylcysteine attenuated Nrf2 and HO-1 mRNA 
expression, implying that these genes are regulated through an oxidative stress-dependent 
pathway. The investigators observed a baseline Ag ion concentration of 2.18% in cell culture 
medium, which increased to 3.47% 24 hours following addition of Ag NP, and suggested that Ag 
ions mediate much of the Ag NP toxicity through Ag ion release either outside of or within cells 
after internalization of Ag NP.70  

Our own experiments have also demonstrated Ag NP-induced oxidative stress responses 
in intestinal epithelial cells. C2BBe1 cells were exposed for 24 hours to 23 nm citrate-stabilized 
Ag NP at a concentration of 10 µg/cm2. Sytox Red and Annexin V-stained cells assayed by 
fluorescence flow cytometry demonstrated no evidence of necrosis or apoptosis, respectively. 
Mitochondrial activity as assessed by MTT assay was slightly attenuated. Importantly, 
continuous Ag NP exposure of cells plated at low density at concentrations as low as 0.25 
µg/cm2 completely inhibited proliferation, as shown in Figure 7. Analysis of cell cycle phase 
distribution of NP-treated cells by assay of DNA content demonstrated an accumulation of cells 
in G2/M phase, indicating a block or delay in mitosis. A reduction in GSH/GSSG ratio in Ag NP-
treated cultures implies an oxidative stress response, both of which are suggestive of DNA 
damage.18 

Not all studies have demonstrated oxidative stress in response to Ag NP exposure. An 
investigation related to NP incorporation into paints demonstrated dose-dependent toxicity of 
nanosilver (25 nm spheres and 80-90 nm rods) in Caco-2 cells resulting in decreased viability 
and enzymatic/metabolic activity of cells starting at a Ag concentration of 27 µg/mL as 
measured by a tetrazolium-based assay, and increased cell necrosis. However, no induction of 
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ROS production was observed in response to 4-hour Ag NP exposure.69 This may be due to 
limited sensitivity of the 2',7'-dichlorodihydrofluorescein diacetate assay to detect oxidative 
stress or may suggest that the observed toxicity is due to an oxidative stress-independent 
mechanism.  

 

 
Figure 7: Growth curves compiled by counting proliferating C2BBe1 cells treated continuously 
with different doses (in µg/cm2) of Ag NP daily for 10 days.18 Reprinted with permission from 
Elsevier. 

 
In contrast, several studies have shown limited Ag NP toxicity which may be due to 

differences in the Ag NP formulations or doses applied. An investigation into the biological 
impact of NP in drinking water demonstrated a trend of decreased viability of Caco-2 cells after 
24-hour treatment with 100 µg/mL 20-30 nm Ag NP in cell culture medium and buffered 
synthetic freshwater, but the observed decrease was not significantly different than controls. That 
trend was not apparent in SW480 cells treated with Ag NP in cell culture medium, but there was 
significant toxicity of Ag NP in buffered synthetic freshwater.79 Ag NP treatment did not induce 
ROS production in either cell type, but did induce significant IL-8 production in Caco-2 cells 
only. This may again indicate an oxidative stress-independent mechanism of toxicity.  

Another study showed Ag NP (35 nm) internalization by Caco-2 cells and transport of 
these NP across the epithelial monolayer using confocal microscopy (detecting Ag particles by 
their reflectance) with no evidence of toxicity of Ag NP at 31.25 µg/cm2 (50 µg/mL).126 A study 
in the M cell co-culture model demonstrated minimal decrease in viability of cells at doses up to 
50 µg/mL using 20, 34, 61, and 113 nm Ag NP. The investigators then treated cells with 5 and 
25 µg/mL doses of the different sized Ag NP for 4 hours and analyzed whole-genome mRNA 
expression, demonstrating changes in expression of genes involved in the oxidative stress 
response, endoplasmic stress response, and apoptosis. Following treatment of cells with Ag ions 
only, they saw a similar gene expression response and thus concluded that Ag NP toxicity is 
likely mediated through ion release.24  

Another study of Caco-2 cells exposed to 10 µg/mL of 90 nm Ag NP demonstrated Ag 
NP-mediated decrease in cell activity as measured by the CCK-8 assay (to about 60-70% of 
control with multiple doses of Ag NP), but no accompanying induction of cell death. The authors 
also found no ROS production or change in SOD levels, but they did observe a slight increase in 
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total GSH and thus antioxidant capacity in cells. Hence, the induction of oxidative stress in cells 
by Ag NP was, in this case, minor.114 Yet another study in Caco-2 cells detected a decrease in 
cell viability by Alamar Blue reduction assay upon treatment with 20 nm citrate-stabilized Ag 
NP at a concentration of 10 µg/mL. Decreased dsDNA content was also observed, indicating 
attenuated cell proliferation and increased DNA damage induced by Ag NP treatment. No ROS 
production was detected, but the investigators did observe a decrease in mitochondrial membrane 
potential indicating mitochondrial injury.71 They conclude that the toxicity is a result of 
mitochondrial membrane damage leading to mitochondrial dysfunction.  

A study in the M cell co-culture model in which Raji B cells are cultured under a Caco-2 
monolayer investigated toxicity of Ag NP administered in combination with several phenolic 
compounds that may be found in food matrices. Ag NP of < 20 nm alone were found to be 
cytotoxic at 30 µg/mL by MTT assay and to induce oxidative stress at 45 µg/mL. Decreased 
TEER measurements following Ag NP treatment and increased transport of Lucifer Yellow 
across the epithelial monolayer indicated disruption of the epithelial barrier. Tight junction 
disruption was indicated by changes in occluden and ZO-1 localization. Co-administration of the 
phenolic compounds quercetin and kaempferol were partially protective against Ag NP toxicity 
but resveratrol was not.127 This once again suggests that assessment of NP toxicity will be more 
complex in the presence of the food matrix. A study using a 3D transwell co-culture model with 
Caco-2 cells cultured above THP-1 macrophages and MUTZ-3 dendritic cells demonstrated 
dose-dependent PVP-capped < 20 nm Ag NP-mediated toxicity based upon LDH release and 
decreased TEER values as well as IL-8 production at NP concentrations ranging from ~40 - 
>300 µg/cm2.82 The Caco-2 monolayer was more sensitive to Ag NP-mediated perturbation than 
Caco-2 cells in the co-culture system. However, co-cultures treated with IL-1β to simulate an 
inflammatory environment were more sensitive to Ag NP than quiescent cells.82 This study 
suggests that the cell microenvironment is a major factor in Ag NP toxicity and highlights the 
need for in vivo studies to more thoroughly address this issue. 
6.4.2  In vivo studies of ingested Ag NP (Table 8S) 

 Multiple in vivo studies have been conducted in which Ag NP have been orally 
administered to rodents or other animals to further investigate Ag NP toxicity. It has been shown 
that some Ag NP are absorbed across the intestinal epithelial barrier and disseminated to tissues 
and organs throughout the body.128-132 It was determined from a case study in a woman suffering 
from argyria (prolonged contact with or ingestion of Ag), that 18% of an orally administered 
dose of Ag was retained,133 i.e., not excreted in urine or feces, apparently remaining in her body 
for 30 weeks, and this has been used to estimate intestinal Ag NP absorption in humans.134 Some 
studies have also shown Ag NP-induced intestinal epithelial damage following oral 
administration. In one such study, mice were administered 3-20 nm Ag NP at daily doses of 5, 
10, 15, and 20 mg/kg body weight for 21 days and Ag NP were shown to decrease body weight 
at all doses. The Ag NP also damaged intestinal epithelial cell microvilli and intestinal glands, 
and increased numbers of inflammatory cells were observed in the lamina propria underlying the 
epithelium.135 The investigators suggest that the damage to microvilli may have impaired 
nutrient absorption, leading to the decreased body weight.135 Another study administering 60 nm 
Ag NP to Sprague-Dawley rats at doses of 30, 300, and 1000 mg/kg/day for 28 days 
demonstrated a dose-dependent accumulation of Ag NP in several regions throughout the 
intestines including the lamina propria of the small and large intestines. Ag NP treatment also 
caused greater numbers of goblet cells to release their mucus and there was a change in mucus 
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composition. Greater cell shedding from the tips of the villi was also observed.136 Thus, damage 
to the intestines may be of particular concern in response to Ag NP ingestion.  

Other studies have demonstrated damage to organs, including liver, after oral 
administration of Ag NP. Oral administration of 56 nm Ag NP to F344 rats at doses of 30, 125, 
and 500 mg/kg/day for 13 weeks induced a mild decrease in body weight of male rats over 
controls after 4 weeks and dose-dependent accumulation of Ag in testes, liver, kidneys, brain, 
lungs, and blood (all tissues examined). Dose-dependent increases in alkaline phosphatase and 
cholesterol levels for male and female rats at the highest dose and a greater incidence of bile-duct 
hyperplasia were observed following Ag NP administration,137 suggestive of liver toxicity. 

A separate investigation in which 22, 42, and 71 nm Ag NP were orally administered to 
mice at a dose of 1 mg/kg/day for 14 days demonstrated distribution of Ag NP to the brain, lung, 
liver, kidney, and testis. The authors also found increased levels of TGF-β in serum and 
increased B cell distribution after Ag NP treatment, indicating an inflammatory response. Mild 
liver and kidney toxicity as determined by increases in ALP and AST in the serum and mild 
inflammatory cell infiltration in the kidney cortex were observed after 28-day oral administration 
at 1 mg/kg Ag NP. This was accompanied by increases in IL-1, IL-6, IL-4, IL-10, IL-12, and 
TGF-β levels.132 Thus, Ag NP oral administration may lead to liver and kidney toxicity as well 
as inflammatory responses.  

Another concern is whether Ag NP will be transferred across the placenta and could be 
toxic to the growing fetus. This was examined in a study of pregnant rats. Females were orally 
administered 7.9 nm citrate-coated Ag NP at 250 mg/kg beginning 14 days before mating 
through the mating and gestation period until post-partum day 4. Ag concentration measured at 
day 4 post-partum demonstrated significant accumulation in neonatal liver, kidney, lung, and 
brain tissue.138 Thus, the impact of Ag accumulation upon fetal and neonatal development clearly 
deserves further investigation.  

Since Ag NP possess antimicrobial activity, ingestion of Ag NP may modify the 
composition of intestinal microflora. To address this issue, 2-7 nm Ag NP were added to 
drinking water at doses of 5, 15, and 25 mg/kg given to quail as a model animal for poultry over 
12 days. The investigators found no major changes in quail gut microflora, but the highest dose 
of Ag NP did increase the population of lactic acid bacteria in the cecum.139 Further experiments 
need to be done to confirm whether Ag NP can alter gut microflora, especially over longer 
exposure periods.  

 
7. Post-ingestion nanoparticle interactions in intestinal disease 

Increased intestinal permeability found in diseased intestines may have significant 
implications for the ability of ingested NP to traverse the intestinal epithelium and gain access to 
the circulation. NP may also have different effects when the intestine is already inflamed. 
Several in vitro models have been developed to investigate NP toxicity in an inflamed 
environment by treating cells with an inflammatory cytokine prior to treatment with NP.82, 140 
One study employing a co-culture model with THP-1 macrophages and MUTZ-3 dendritic cells 
embedded in a collagen scaffold beneath Caco-2 cells demonstrated that co-cultures treated with 
IL-1β to induce an inflammtory state were more sensitive to < 20 nm PVP-capped Ag NP-
induced toxicity at a dose of 312.5 µg/cm2 based upon LDH release and at 78.125 µg/cm2 based 
on TEER measurements.82 However, Ag NP-mediated IL-8 release was slightly decreased in the 
inflamed co-culture model compared to the non-inflamed co-culture.82 TiO2 NP (7-10 nm) did 
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not induce toxicity in this model.82 Hence, these models may be helpful in determining 
differences in NP toxicity in the presence of inflammation.  

However, these issues also need to be addressed in vivo. In addition to greater transport 
across an inflamed intestine with increased permeability, ingested NP may also exacerbate 
inflammation and disease. Clinical studies have been performed to assess whether Crohn’s 
disease patient symptoms were alleviated by a low microparticle diet (which eliminated any 
sources of TiO2 and silica among other natural contaminants or additives). An initial study with 
18 participants showed efficacy of a low microparticle diet in decreasing Crohn’s disease activity 
index,141 but a larger study with 70 participants did not replicate these findings.142 In the larger 
study, patients in the control group were supplemented with 5 mg/day TiO2 to establish some 
baseline intake. This is well below the intake estimated by Weir et al.12 (0.2-0.7 mg/kg body 
weight) and thus with increasing NP use in foods, it will be necessary to ensure that normal 
dietary NP intake is not harmful, particularly to populations with diseased intestines in whom it 
is still unclear whether NP may play a role in disease triggering or progression. 

 
8. Biological interactions of ingested nanoparticles: Critical assessment of collective 

research 
8.1 Variability in experimental outcomes 

As mentioned earlier in this review and as documented in the summaries above, taken 
collectively, recent investigations of biological interactions of ingested nanoparticles have 
generated often inconsistent, and in some cases conflicting results. As an example, Figure 8 
presents data generated by 17 separate studies of the impact of Ag NP upon in vitro cellular 
metabolic activity, as measured by tetrazolium or resazurin-bassed assays, organized in a dose-
response format. Although the slope indicates a slight dose dependence in the responses, there is 
clearly wide variation in the data as quantitated by an R2 value of 0.0646.  

There are multiple potential sources of inconsistencies between studies including 
primarily NP dosage, physicochemical properties of NP used in experiments, specific assay 
methods and experimental protocols employed to generate data, and the type, differentiation 
state, and proliferative activity of the target cells. We begin with considerations of NP dosage. 

Also, as previously noted, NP doses administered in experiments have varied over an 
extremely broad range, but nearly all doses greatly exceed those estimates of actual human 
consumption which are currently available. An estimated daily human consumption of silica NP, 
for example, was reported as 1.8 mg/kg.14 Averaged over the epithelial surface of the small 
intestine (clearly an oversimplification) this translates to epithelial exposure levels of 0.42 – 
0.063 µg/cm2 as a function epithelial surface area estimate (Table 1). In contrast, silica NP doses 
administered to cells in vitro have been as high as 100 µg/cm2 (or up to 1800 µg/mL), with 
adverse cellular effects reportedly beginning to appear at doses between 0.1 and 200 µg/mL. 
Silica NP doses administered in animal experiments have been as great as up to 2500 mg/kg/day 
× 84 days, with very few studies reporting doses ≤ 20 mg/kg/day, and adverse effects reportedly 
beginning to appear at doses between 5 and 1000 mg/kg. 

Human TiO2 NP consumption has been estimated at 0.2-0.7 mg/kg/day,12 translating to 
intestinal epithelial exposure levels of 0.007-0.163 µg/cm2 averaged over the epithelial surface of 
the small intestine. In contrast, TiO2 NP doses administered to cells in vitro have been as high as 
1000 µg/mL, with few studies reporting doses as low as 10 µg/cm2, and adverse cellular effects 
reportedly beginning to appear at doses between 0.35 and 1000 µg/mL. Likewise, TiO2 NP doses 
administered in animal experiments have been as great as 1000 mg/kg/day for 13 weeks, with  
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Figure 8: Data from 17 studies that investigated the effects of Ag NP treatment on metabolic 
activity of intestinal epithelial cell models in vitro were used to plot the relationship between Ag 
NP dose (in µg/mL) and percentage cellular metabolic activity as communicated in the literature. 
Data used were from tetrazolium or resazurin-based assays. Each data point is labeled with the 
reference from which the data was obtained. 143-149  
 
one study reporting administration of a single dose of 5 g/kg. Adverse in vivo effects have been 
reported beginning at doses between 1 and 600 mg/kg. 

It must be noted here that NP doses administered to cultured cells in vitro are often 
difficult to compare among different investigations. This owes to the fact that for many 
experiments NP dose is expressed in units of µg/mL and for others in units of µg/cm2 of 
monolayer surface area. Without knowing the volume of culture medium in which the NP were 
incubated with cells and the monolayer surface area, it is not possible to compare doses 
expressed in µg/mL to those expressed as µg/cm2, and that essential information is not often 
reported. 

Although no estimates of human consumption of ZnO or Ag NP are currently available, 
considering that food-related ZnO and Ag NP use is for the most part currently limited to food 
packaging and the amount of NP leaching from the packaging into the food product is probably 
quite low, levels of GI tract exposure to these NP are likely to be lower than for silica and TiO2. 
However, dosage in in vitro and in vivo experiments conducted with Ag and ZnO NP has 
generally been of similar magnitude as those conducted with silica and TiO2. There are a few 
studies with lower doses with Ag NP, including our own, conducted at doses less than 1 µg/cm2. 
Adverse cellular effects induced by ZnO NP have reportedly begun to appear at doses between 
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0.125 and 1000 µg/mL in vitro and at doses between 10 and 750 mg/kg in vivo, while Ag NP-
induced adverse effects have been reported beginning at doses between 1.25 and 100 µg/mL in 
vitro and between 0.037 and 5000 mg/kg in vivo. 

As with NP dosage, the specific type of NP used in experiments has varied widely. As 
described earlier in this review, NP characteristics such as material composition, shape, surface 
charge, solubility, and surface chemistry are all essential factors determining the nature of 
biological interactions of NP (Figure 3), in particular the manner in which NP interact with body 
fluids, cell and organelle membranes, cytoplasmic components, and biomolecules. In designing 
experiments and interpreting data generated by those experiments, it is likewise essential to 
recognize that ingested NP may be modified by the environment of the GI tract. A number of 
analytical protocols are available to provide a complete physicochemical profile of NP, including 
dynamic light scattering and transmission electron microscopy (particle size and shape), 
measurement of zeta potential (surface charge), X-ray diffraction (crystal structure), infrared 
spectroscopy (particle surface chemistry), and atomic absorption spectroscopy (particle 
dissolution), among others. Unfortunately, investigations of biological interactions of NP have 
not consistently thoroughly characterized NP, making comparisons among results of different 
studies and resolution of conflicting outcomes difficult.   

Another potential source of variability of results among similarly designed experiments is 
the specific assay method employed to measure a given effect. For example, multiple techniques 
are available to measure cellular toxicity and/or cell death including Annexin V staining, LDH 
release assay, MTT assay, and several others. However, while all of these assays are directed 
towards quantitation of the same general outcome, they directly measure different cellular 
responses. Annexin V binds to phosphatidylserine which is exposed upon the outside of the cell 
membrane only during the process of apoptosis, while release of LDH from cells is an indication 
of membrane rupture, and the MTT assay directly measures mitochondrial activity. While all of 
these cellular responses are symptomatic of toxicity, the specific nature of the toxicity may not 
manifest equally in all assays. Several of the publications cited herein in which multiple assay 
methods were used concurrently, including our own work, demonstrate this point.17, 18, 80, 125  

Finally, the specific type of cell used in in vitro experiments, its differentiation state, and 
its proliferative activity at the time of NP exposure can all profoundly affect the outcome. For 
example, we and others have demonstrated that rapidly proliferating, undifferentiated cells are 
more sensitive to NP-induced toxicity than their differentiated, non-proliferating counterparts.18, 

54, 55, 125 This is, in fact, a common theme in biology and a fundamental principle which guides 
many modes of cancer therapy. However, this information is often not included in reports of 
cellular responses to NP exposure. 
8.2  Mechanisms of NP-mediated toxicity 

For the purpose of this discussion, toxicity is defined in vitro as any adverse effect upon 
cell function or structure, and in vivo as any adverse histological or physiological changes. Of the 
many in vitro and in vivo studies reviewed herein that have documented some form of NP-
induced adverse biological effect, some (but not all) have addressed specific mechanisms of NP-
mediated toxicity.  

Several studies of intestinal epithelial cell exposure to silica NP in vitro have 
demonstrated oxidative stress responses, including increases in intracellular ROS levels, DNA 
damage, and apoptosis. In at least one study, a decrease in mitochondrial activity was observed 
in the absence of evidence of oxidative stress, and in still other investigations, alternative 
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mechanisms have been documented in the absence of oxidative stress such as destabilization of 
lysosomes. 

TiO2 NP-induced oxidative stress and associated DNA damage and mitochondrial 
dysfunction have been well-documented in inhalation studies. However, these responses have 
been less consistently observed in intestinal models. Only a few of the many in vitro 
investigations of intestinal epithelial cell exposure to TiO2 NP have provided evidence of 
intracellular increase in ROS levels. Alternative documented toxicological mechanisms 
associated with TiO2 NP exposure include changes in intracellular electrolytes and increased free 
calcium levels. In addition, several in vivo studies of TiO2 NP ingestion have demonstrated 
structural disruption of intestinal epithelial cell microvilli. 

In contrast to silica and TiO2, nearly all investigations of cellular exposure to ZnO and 
Ag NP have demonstrated or implicated oxidative stress responses including increased 
intracellular ROS levels, DNA damage, and mitochondrial dysfunction. In addition, a number of 
adverse effects have been observed in animal studies of responses to oral administration of ZnO 
NP or Ag NP, including indications of liver, kidney, and lung damage, widespread histological 
lesions in many organs, increases in serum inflammatory mediators, adverse changes in blood 
biochemical parameters, and anemia, among others. It must be noted, however, that the effects 
summarized in the preceding paragraphs have been induced by unrealistically massive doses of 
NP far in excess of those estimated in actual human consumption. 

A final consideration in the assessment of the biological impact of ingested NP relates to 
their potential interactions beyond the limits of the GI tract. Several studies have demonstrated 
that ingested NP are able to traverse the intestinal epithelium, enter the circulation, and 
accumulate in liver, kidneys, and other organs. Our own experiments, summarized earlier in this 
review, demonstrated accumulation of ingested silica NP in liver, kidney, lung, spleen, and brain, 
indicating that ingested NP are able to not only enter the portal circulation, but are also able to 
traverse the liver and enter the systemic circulation, gaining access to any organ in the body. This 
potential broad distribution explains the findings reported in several studies of ingested NP-
induced liver, kidney, and lung injury, as well as histologically observed lesions in pancreas, 
stomach, and heart, and other systemic adverse effects. It must be noted, however, such 
responses were induced by extremely large NP doses, exceeding estimated human exposures by 
as much as three orders of magnitude.  

 
9. Summary 

Despite dosage issues, as well as uncertainties and inconsistencies in experimental 
outcomes, it seems unlikely that either ingested silica or TiO2 NP at estimated quantities of 
human consumption impose significant acute toxicity upon tissues of the GI tract or other 
organs. However, considering evidence that both of these NP are able to traverse the intestinal 
epithelial barrier and enter the circulation, NP accumulation in various organs over the long term 
may be cause for concern. While currently available data on the balance of post-ingestion NP 
retention and elimination in feces and urine are unclear, even a small fraction of ingested NP 
entering the circulation over decades of low-level consumption could potentially accumulate in 
tissues to levels that may disrupt organ function. 

In contrast to silica and TiO2 NP, in the context of acute toxicity ZnO and Ag NP may 
demand a greater level of caution. Data generated by the many investigations reviewed herein 
collectively indicate that Ag NP in particular are more acutely toxic at lower concentrations. For 
example, as described earlier in this review, we demonstrated that Ag NP completely inhibited 
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intestinal epithelial cell proliferation at concentrations as low as 0.25 µg/cm2. If such inhibition 
of proliferation should occur in the stem cell populations in the intestinal crypts, disruption of the 
constant regeneration of villus epithelium could compromise the barrier function of the intestinal 
epithelium. In addition, if ingested Ag NP reach the umbilical circulation in pregnancy and cross 
the placenta, inhibition of fetal cellular proliferation could have serious consequences upon fetal 
development. A final source of concern with regard to Ag NP safety is the commercial 
availability of Ag NP suspension marketed as an unregulated dietary supplement promoting 
antimicrobial and/or immune-strengthening properties (as mentioned earlier in this review). 
Overuse of such a product may pose potential hazards. 

We conclude this review with several recommendations for the path forward to improve 
our understanding of the biological interactions of ingested NP, particularly in the context of 
dose-dependent adverse effects, as a foundation for the establishment of rational regulation of 
NP incorporation into foods and food packaging. As pointed out earlier, many of the parameters 
which can dramatically affect the outcome of experiments, as well as the assay methods 
employed, are often not considered or not reported by investigators. Hence, standardization of 
experimental protocols including NP characterization, specific assay methods and dose ranges, 
as well as cell types and animal models would promote consistent collective interpretation of 
experimental results and conclusions among investigations. Recommendations for such protocol 
standardization have been generated by the NanoRelease Food Additive Project of the 
International Life Sciences Institute (ILSI) and can be found here: 
http://www.nanotechia.org/activities/nanorelease-food-additive-developing-methods-measure-
release-nanoparticles-food 

As mentioned earlier, the impact of ingested NP upon individuals with intestinal diseases, 
particularly inflammatory bowel diseases (IBD) in which the intestinal epithelial barrier function 
is compromised and absorption across the epithelium is dysregulated and frequently 
nonselectively enhanced, has been understudied and hence, deserves greater attention. Several 
animal models of IBD and dysregulated epithelial barrier function are available to support such 
work. Similarly, the potential for ingested NP to cross the placenta in pregnancy and, particularly 
in the case of Ag NP, to inhibit fetal cell proliferation, provides strong incentive for investigation 
of the impact of ingested NP upon fetal and neonatal development in pregnant animals. In 
addition, valuable information would be provided by a comprehensive investigation of the 
specific molecular interactions between NP and intestinal epithelial cells as well as cells of other 
organs in which ingested NP may accumulate. Data generated by such studies would have the 
potential to predict the specific NP properties that promote (or inhibit) their traversing the 
intestinal epithelial barrier and entry into the circulation, as well as the dose-dependent level of 
toxicity and specific nature of injury induced by ingested NP in cells in which they may 
accumulate (hepatocytes, for example). Such information would be highly valuable in the 
formulation of regulatory guidelines for NP incorporation into foods. 

While the studies proposed above would provide valuable information, the experiments 
would necessarily be conducted in non-human animals (most likely rodents). It is well-
established that there are significant differences between rodent and human GI tracts and other 
organs. Hence, data generated by a large, long-term, prospective human epidemiologic 
investigation correlating dietary intake (vegan versus normal American diet, for example) with 
health status could potentially provide definitive answers to questions regarding the 
safety/hazards of NP ingestion in foods. Until such information is available, common sense will 
have to suffice as a guide to dietary consumption. 

Page 40 of 48Environmental Science: Nano

E
nv

ir
on

m
en

ta
lS

ci
en

ce
:N

an
o

A
cc

ep
te

d
M

an
us

cr
ip

t



39 

 
10.  Acknowledgement  

We acknowledge funding from USDA NIFA (2011-67021-30360). We also thank Ms. 
Deborah A. Knight for her help with figures. 
 

Page 41 of 48 Environmental Science: Nano

E
nv

ir
on

m
en

ta
lS

ci
en

ce
:N

an
o

A
cc

ep
te

d
M

an
us

cr
ip

t



40 

 References 

 

1. I. Freestone, N. Meeks, M. Sax and C. Higgitt, Gold Bulletin, 2007, 40, 270-277. 
2. P. Sciau, in The Delivery of Nanoparticles, ed. A. A. Hashim, InTech, Rijeka, Croatia, 

2012, ch. 25, pp. 525-540. 
3. F. J. Heiligtag and M. Niederberger, Mater. Today, 2013, 16, 262-271. 
4. P. P. Edwards and J. M. Thomas, Angew Chem Int Ed Engl, 2007, 46, 5480-5486. 
5. N. N. Initiative, What's So Special about the Nanoscale? | Nano, 

http://www.nano.gov/nanotech-101/special, (accessed March 25, 2015). 
6. E. Roduner, Chem. Soc. Rev., 2006, 35, 583-592. 
7. S. Gaidos, Journal, 2015, 188, 18. 
8. N. H. Mermelstein, Journal, 2013, 67, 68-71. 
9. L. E. Hopkins, E. S. Patchin, P. L. Chiu, C. Brandenberger, S. Smiley-Jewell and K. E. 

Pinkerton, Nanotoxicology, 2014, 8, 885-893. 
10. Q. Chaudhry, M. Scotter, J. Blackburn, B. Ross, A. Boxall, L. Castle, R. Aitken and R. 

Watkins, Food Addit. Contam., Part A, 2008, 25, 241-258. 
11. The Project on Emerging Nanotechnologies Consumer Products Inventory, 

http://www.nanotechproject.org/inventories/consumer/, (accessed March 25, 2015, 2015). 
12. A. Weir, P. Westerhoff, L. Fabricius, K. Hristovski and N. von Goetz, Environ Sci 

Technol, 2012, 46, 2242-2250. 
13. X. X. Chen, B. Cheng, Y. X. Yang, A. Cao, J. H. Liu, L. J. Du, Y. Liu, Y. Zhao and H. 

Wang, Small, 2013, 9, 1765-1774. 
14. S. Dekkers, P. Krystek, R. J. Peters, D. P. Lankveld, B. G. Bokkers, P. H. van Hoeven-

Arentzen, H. Bouwmeester and A. G. Oomen, Nanotoxicology, 2011, 5, 393-405. 
15. J. Athinarayanan, A. A. Alshatwi, V. S. Periasamy and A. A. Al-Warthan, J. Food Sci., 

2015, 80, N459-464. 
16. A. M. Gatti, D. Tossini, A. Gambarelli, S. Montanari and F. Capitani, Crit Rev Food Sci 

Nutr, 2009, 49, 275-282. 
17. C. McCracken, A. Zane, D. A. Knight, P. K. Dutta and W. J. Waldman, Chem. Res. 

Toxicol., 2013, 26, 1514-1525. 
18. C. McCracken, A. Zane, D. A. Knight, E. Hommel, P. K. Dutta and W. J. Waldman, 

Toxicol In Vitro, 2015, 29, 1793-1808. 
19. S. Bellmann, D. Carlander, A. Fasano, D. Momcilovic, J. A. Scimeca, W. J. Waldman, L. 

Gombau, L. Tsytsikova, R. Canady, D. I. Pereira and D. E. Lefebvre, Wiley Interdiscip. 
Rev. Nanomed. Nanobiotechnol., 2015, epub online Jan. 30, 2015. 

20. G. W. Morey, R. O. Fournier and J. J. Rowe, Journal of Geophysical Research, 1964, 69, 
1995-2002. 

21. P. Borm, F. C. Klaessig, T. D. Landry, B. Moudgil, J. Pauluhn, K. Thomas, R. Trottier 
and S. Wood, Toxicol. Sci., 2006, 90, 23-32. 

22. S. Kittler, C. Greulich, J. Diendorf, M. Köller and M. Epple, Chem. Mater., 2010, 22, 
4548-4554. 

23. S. K. Mwilu, A. M. El Badawy, K. Bradham, C. Nelson, D. Thomas, K. G. Scheckel, T. 
Tolaymat, L. Ma and K. R. Rogers, Sci. Total Environ., 2013, 447, 90-98. 

Page 42 of 48Environmental Science: Nano

E
nv

ir
on

m
en

ta
lS

ci
en

ce
:N

an
o

A
cc

ep
te

d
M

an
us

cr
ip

t



41 

24. H. Bouwmeester, J. Poortman, R. J. Peters, E. Wijma, E. Kramer, S. Makama, K. 
Puspitaninganindita, H. J. Marvin, A. A. Peijnenburg and P. J. Hendriksen, ACS Nano, 
2011, 5, 4091-4103. 

25. R. J. Vandebriel and W. H. De Jong, Nanotechnol. Sci. Appl., 2012, 5, 61-71. 
26. W. S. Cho, R. Duffin, F. Thielbeer, M. Bradley, I. L. Megson, W. Macnee, C. A. Poland, 

C. L. Tran and K. Donaldson, Toxicol. Sci., 2012, 126, 469-477. 
27. L. V. Stebounova, E. Guio and V. H. Grassian, Journal of Nanoparticle Research, 2011, 

13, 233-244. 
28. A. R. Gliga, S. Skoglund, I. O. Wallinder, B. Fadeel and H. L. Karlsson, Part. Fibre 

Toxicol., 2014, 11, 11. 
29. M. S. Thibodeau, C. Giardina, D. A. Knecht, J. Helble and A. K. Hubbard, Toxicol. Sci., 

2004, 80, 34-48. 
30. H. L. Persson, Toxicol. Lett., 2005, 159, 124-133. 
31. W. S. Cho, R. Duffin, S. E. Howie, C. J. Scotton, W. A. Wallace, W. MacNee, M. 

Bradley, I. L. Megson and K. Donaldson, Part. Fibre Toxicol., 2011, 8, 27. 
32. E. Navarro, F. Piccapietra, B. Wagner, F. Marconi, R. Kaegi, N. Odzak, L. Sigg and R. 

Behra, Environ. Sci. Technol., 2008, 42, 8959-8964. 
33. L. K. Braydich-Stolle, B. Lucas, A. Schrand, R. C. Murdock, T. Lee, J. J. Schlager, S. M. 

Hussain and M. C. Hofmann, Toxicol. Sci., 2010, 116, 577-589. 
34. J. I. Kwak, W. M. Lee, S. W. Kim and Y. J. An, J. Appl. Toxicol., 2014, 34, 1145-1154. 
35. M. I. Setyawati, X. Yuan, J. Xie and D. T. Leong, Biomaterials, 2014, 35, 6707-6715. 
36. H. Gao, W. Shi and L. B. Freund, Proc. Natl. Acad. Sci. U. S. A., 2005, 102, 9469-9474. 
37. S. Zhang, J. Li, G. Lykotrafitis, G. Bao and S. Suresh, Adv. Mater., 2009, 21, 419-424. 
38. B. D. Chithrani, A. A. Ghazani and W. C. Chan, Nano Lett., 2006, 6, 662-668. 
39. K. Y. Win and S. S. Feng, Biomaterials, 2005, 26, 2713-2722. 
40. C. Schleh, M. Semmler-Behnke, J. Lipka, A. Wenk, S. Hirn, M. Schäffler, G. Schmid, U. 

Simon and W. G. Kreyling, Nanotoxicology, 2012, 6, 36-46. 
41. B. D. Chithrani and W. C. Chan, Nano Lett., 2007, 7, 1542-1550. 
42. Y. Qiu, Y. Liu, L. Wang, L. Xu, R. Bai, Y. Ji, X. Wu, Y. Zhao, Y. Li and C. Chen, 

Biomaterials, 2010, 31, 7606-7619. 
43. M. Bartneck, H. A. Keul, S. Singh, K. Czaja, J. Bornemann, M. Bockstaller, M. Moeller, 

G. Zwadlo-Klarwasser and J. Groll, ACS Nano, 2010, 4, 3073-3086. 
44. A. Villanueva, M. Canete, A. G. Roca, M. Calero, S. Veintemillas-Verdaguer, C. J. 

Serna, P. Morales Mdel and R. Miranda, Nanotechnology, 2009, 20, 115103. 
45. A. Nagy, A. Zane, S. L. Cole, M. Severance, P. K. Dutta and W. J. Waldman, Chem. Res. 

Toxicol., 2011, 24, 2176-2188. 
46. M. Abdulkarim, N. Agullo, B. Cattoz, P. Griffiths, A. Bernkop-Schnurch, S. G. Borros 

and M. Gumbleton, Eur. J. Pharm. Biopharm., 2015, epub online Feb. 4, 2015. 
47. S. K. Lai, Y. Y. Wang and J. Hanes, Adv. Drug Deliv. Rev., 2009, 61, 158-171. 
48. M. P. Monopoli, C. Aberg, A. Salvati and K. A. Dawson, Nat. Nanotechnol., 2012, 7, 

779-786. 
49. A. Lesniak, F. Fenaroli, M. P. Monopoli, C. Åberg, K. A. Dawson and A. Salvati, ACS 

Nano, 2012, 6, 5845-5857. 
50. D. Drescher, G. Orts-Gil, G. Laube, K. Natte, R. W. Veh, W. Osterle and J. Kneipp, 

Anal. Bioanal. Chem., 2011, 400, 1367-1373. 
51. R. Tedja, M. Lim, R. Amal and C. Marquis, ACS Nano, 2012, 6, 4083-4093. 

Page 43 of 48 Environmental Science: Nano

E
nv

ir
on

m
en

ta
lS

ci
en

ce
:N

an
o

A
cc

ep
te

d
M

an
us

cr
ip

t



42 

52. K. E. Barrett, Gastrointestinal Physiology, McGraw-Hill, New York, NY, 2 edn., 2014. 
53. R. Peters, E. Kramer, A. G. Oomen, Z. E. Rivera, G. Oegema, P. C. Tromp, R. Fokkink, 

A. Rietveld, H. J. Marvin, S. Weigel, A. A. Peijnenburg and H. Bouwmeester, ACS Nano, 
2012, 6, 2441-2451. 

54. K. Gerloff, D. I. Pereira, N. Faria, A. W. Boots, J. Kolling, I. Forster, C. Albrecht, J. J. 
Powell and R. P. Schins, Nanotoxicology, 2013, 7, 353-366. 

55. L. Bohmert, M. Girod, U. Hansen, R. Maul, P. Knappe, B. Niemann, S. M. Weidner, A. 
F. Thunemann and A. Lampen, Nanotoxicology, 2014, 8, 631-642. 

56. H. F. Helander and L. Fandriks, Scand. J. Gastroenterol., 2014, 49, 681-689. 
57. J. M. DeSesso and C. F. Jacobson, Food Chem. Toxicol., 2001, 39, 209-228. 
58. S.-C. Ming and H. Goldman, Pathology of the Gastrointestinal Tract, W.B. Saunders 

Company (Harcourt Brace Jovanovich, Inc.), Philadelphia, PA, 1992. 
59. K. Dharmsathaphorn, J. A. McRoberts, K. G. Mandel, L. D. Tisdale and H. Masui, Am. J. 

Physiol., 1984, 246, G204-G208. 
60. S. Polak-Charcon, J. Shoham and Y. Ben-Shaul, Exp. Cell Res., 1978, 116, 1-13. 
61. K. Hashimoto and M. Shimizu, Cytotechnology, 1993, 13, 175-184. 
62. M. Pinto, S. Robine-Leon, M.-D. Appay, M. Kedinger, N. Triadou, E. Dussaulx, B. 

Lacroix, P. Simon-Assmann, K. Haffen, J. Fogh and A. Zweibaum, Biol. Cell, 1983, 47, 
323-330. 

63. M. D. Peterson and M. S. Mooseker, J. Cell Sci., 1992, 102 (Pt 3), 581-600. 
64. M. D. Peterson, W. M. Bement and M. S. Mooseker, J. Cell Sci., 1993, 105 (Pt 2), 461-

472. 
65. P. D. Ward, T. K. Tippin and D. R. Thakker, Pharm. Sci. Technol. Today, 2000, 3, 346-

358. 
66. S. Tavelin, V. Milovic, G. Ocklind, S. Olsson and P. Artursson, J. Pharmacol. Exp. 

Ther., 1999, 290, 1212-1221. 
67. G. J. Mahler, M. B. Esch, E. Tako, T. L. Southard, S. D. Archer, R. P. Glahn and M. L. 

Shuler, Nat Nanotechnol, 2012, 7, 264-271. 
68. B. A. Koeneman, Y. Zhang, P. Westerhoff, Y. Chen, J. C. Crittenden and D. G. Capco, 

Cell Biol. Toxicol., 2010, 26, 225-238. 
69. J. P. Kaiser, M. Roesslein, L. Diener and P. Wick, PLoS One, 2013, 8, e83215. 
70. S. Aueviriyavit, D. Phummiratch and R. Maniratanachote, Toxicol. Lett., 2014, 224, 73-

83. 
71. S. C. Sahu, J. Zheng, L. Graham, L. Chen, J. Ihrie, J. J. Yourick and R. L. Sprando, J. 

Appl. Toxicol., 2014, 34, 1155-1166. 
72. A. Tarantini, R. Lanceleur, A. Mourot, M. T. Lavault, G. Casterou, G. Jarry, K. 

Hogeveen and V. Fessard, Toxicol. In Vitro, 2015, 29, 398-407. 
73. S. Schübbe, C. Schumann, C. Cavelius, M. Koch, T. Müller and A. Kraegeloh, Chemistry 

of Materials, 2012, 24, 914-923. 
74. J. J. Faust, K. Doudrick, Y. Yang, P. Westerhoff and D. G. Capco, Cell Biol. Toxicol., 

2014, 30, 169-188. 
75. I. Kadiyala, Y. Loo, K. Roy, J. Rice and K. W. Leong, Eur. J. Pharm. Sci., 2010, 39, 

103-109. 
76. J. J. Powell, C. C. Ainley, R. S. Harvey, I. M. Mason, M. D. Kendall, E. A. Sankey, A. P. 

Dhillon and R. P. Thompson, Gut, 1996, 38, 390-395. 

Page 44 of 48Environmental Science: Nano

E
nv

ir
on

m
en

ta
lS

ci
en

ce
:N

an
o

A
cc

ep
te

d
M

an
us

cr
ip

t



43 

77. M. Rescigno, M. Urbano, B. Valzasina, M. Francolini, G. Rotta, R. Bonasio, F. Granucci, 
J. P. Kraehenbuhl and P. Ricciardi-Castagnoli, Nat. Immunol., 2001, 2, 361-367. 

78. Y. Yu, S. Sitaraman and A. T. Gewirtz, Immunol. Res., 2004, 29, 55-68. 
79. T. E. Abbott Chalew and K. J. Schwab, Cell Biol. Toxicol., 2013, 29, 101-116. 
80. I. De Angelis, F. Barone, A. Zijno, L. Bizzarri, M. T. Russo, R. Pozzi, F. Franchini, G. 

Giudetti, C. Uboldi, J. Ponti, F. Rossi and B. De Berardis, Nanotoxicology, 2013, 7, 
1361-1372. 

81. B. De Berardis, G. Civitelli, M. Condello, P. Lista, R. Pozzi, G. Arancia and S. Meschini, 
Toxicol Appl Pharmacol, 2010, 246, 116-127. 

82. J. Susewind, C. de Souza Carvalho-Wodarz, U. Repnik, E. M. Collnot, N. Schneider-
Daum, G. W. Griffiths and C. M. Lehr, Nanotoxicology, 2015, 1-10. 

83. D. M. Brown, K. Donaldson and V. Stone, Respir. Res., 2004, 5, 29. 
84. E. J. Park and K. Park, Toxicol. Lett., 2009, 184, 18-25. 
85. C. M. Nogueira, W. M. de Azevedo, M. L. Z. Dagli, S. H. Toma, A. A. Leite, M. L. 

Lordello, I. Nishitokukado, C. L. Ortiz-Agostinho, M. I. S. Duarte, M. A. Ferreira and A. 
M. Sipahi, World J. Gastroenterol., 2012, 18, 4729-4735. 

86. K. Williams, J. Milner, M. D. Boudreau, K. Gokulan, C. E. Cerniglia and S. Khare, 
Nanotoxicology, 2015, 9, 279-289. 

87. P. C. van Kesteren, F. Cubadda, H. Bouwmeester, J. C. van Eijkeren, S. Dekkers, W. H. 
de Jong and A. G. Oomen, Nanotoxicology, 2015, 9, 442-452. 

88. R. Foldbjerg, J. Wang, C. Beer, K. Thorsen, D. S. Sutherland and H. Autrup, Chem. Biol. 
Interact., 2013, 204, 28-38. 

89. R. F. Hamilton, S. A. Thakur and A. Holian, Free Radic. Biol. Med., 2008, 44, 1246-
1258. 

90. Y. X. Yang, Z. M. Song, B. Cheng, K. Xiang, X. X. Chen, J. H. Liu, A. Cao, Y. Wang, 
Y. Liu and H. Wang, J. Appl. Toxicol., 2014, 34, 424-435. 

91. K. Gerloff, C. Albrecht, A. W. Boots, I. Förster and R. P. F. Schins, Nanotoxicology, 
2009, 3, 355-364. 

92. J. A. Sergent, V. Paget and S. Chevillard, Ann. Occup. Hyg., 2012, 56, 622-630. 
93. H. Gehrke, A. Fruhmesser, J. Pelka, M. Esselen, L. L. Hecht, H. Blank, H. P. 

Schuchmann, D. Gerthsen, C. Marquardt, S. Diabate, C. Weiss and D. Marko, 
Nanotoxicology, 2013, 7, 274-293. 

94. P. J. Moos, K. Olszewski, M. Honeggar, P. Cassidy, S. Leachman, D. Woessner, N. S. 
Cutler and J. M. Veranth, Metallomics, 2011, 3, 1199-1211. 

95. D. Docter, C. Bantz, D. Westmeier, H. J. Galla, Q. Wang, J. C. Kirkpatrick, P. Nielsen, 
M. Maskos and R. H. Stauber, Beilstein J. Nanotechnol., 2014, 5, 1380-1392. 

96. N. R. Jacobsen, H. Wallin, W. de Jong, A. Oomen, E. Brandon, P. Krystek, M. 
Apostolova, I. Karadjova, F. Cubadda, F. Aureli, F. Maranghi, V. Dive, F. Taran and B. 
Czarny, Deliverable 7: Identification of target organs and biodistribution including 
ADME parameters., Nanogenotox, 2013. 

97. Y. R. Kim, S. Y. Lee, E. J. Lee, S. H. Park, N. W. Seong, H. S. Seo, S. S. Shin, S. J. Kim, 
E. H. Meang, M. K. Park, M. S. Kim, C. S. Kim, S. K. Kim, S. W. Son, Y. R. Seo, B. H. 
Kang, B. S. Han, S. S. An, B. J. Lee and M. K. Kim, Int. J. Nanomedicine, 2014, 9 Suppl 

2, 67-78. 

Page 45 of 48 Environmental Science: Nano

E
nv

ir
on

m
en

ta
lS

ci
en

ce
:N

an
o

A
cc

ep
te

d
M

an
us

cr
ip

t



44 

98. T. Yoshida, Y. Yoshioka, H. Takahashi, K. Misato, T. Mori, T. Hirai, K. Nagano, Y. 
Abe, Y. Mukai, H. Kamada, S. Tsunoda, H. Nabeshi, T. Yoshikawa, K. Higashisaka and 
Y. Tsutsumi, Nanoscale Res. Lett., 2014, 9, 532. 

99. C. M. Lee, T. K. Lee, D. I. Kim, Y. R. Kim, M. K. Kim, H. J. Jeong, M. H. Sohn and S. 
T. Lim, Int. J. Nanomedicine, 2014, 9 Suppl 2, 243-250. 

100. A. Zane, C. McCracken, D. A. Knight, T. Young, A. D. Lutton, J. W. Olesik, W. J. 
Waldman and P. K. Dutta, Int. J. Nanomedicine, 2015, 10, 1547-1567. 

101. S. J. So, I. S. Jang and C. S. Han, J. Nanosci. Nanotechnol., 2008, 8, 5367-5371. 
102. M. van der Zande, R. J. Vandebriel, M. J. Groot, E. Kramer, Z. E. Herrera Rivera, K. 

Rasmussen, J. S. Ossenkoppele, P. Tromp, E. R. Gremmer, R. J. Peters, P. J. Hendriksen, 
H. J. Marvin, R. L. Hoogenboom, A. A. Peijnenburg and H. Bouwmeester, Particle and 
Fibre Toxicology, 2014, 11, 8. 

103. A. Tarantini, S. Huet, G. Jarry, R. Lanceleur, M. Poul, A. Tavares, N. Vital, H. Louro, M. 
Joao Silva and V. Fessard, Environ. Mol. Mutagen., 2015, 56, 218-227. 

104. M. Cargnello, T. R. Gordon and C. B. Murray, Chemical Reviews, 2014, 114, 9319-9345. 
105. C. M. Sayes, R. Wahi, P. A. Kurian, Y. Liu, J. L. West, K. D. Ausman, D. B. Warheit 

and V. L. Colvin, Toxicol. Sci., 2006, 92, 174-185. 
106. K. Gerloff, I. Fenoglio, E. Carella, J. Kolling, C. Albrecht, A. W. Boots, I. Forster and R. 

P. Schins, Chem. Res. Toxicol., 2012, 25, 646-655. 
107. H. Shi, R. Magaye, V. Castranova and J. Zhao, Particle and Fibre Toxicology, 2013, 10, 

15. 
108. C. Gitrowski, A. R. Al-Jubory and R. D. Handy, Toxicol. Lett., 2014, 226, 264-276. 
109. G. Janer, E. Mas del Molino, E. Fernández-Rosas, A. Fernández and S. Vázquez-

Campos, Toxicol. Lett., 2014, 228, 103-110. 
110. W. S. Cho, B. C. Kang, J. K. Lee, J. Jeong, J. H. Che and S. H. Seok, Part. Fibre 

Toxicol., 2013, 10, 9. 
111. J. Wang, G. Zhou, C. Chen, H. Yu, T. Wang, Y. Ma, G. Jia, Y. Gao, B. Li, J. Sun, Y. Li, 

F. Jiao, Y. Zhao and Z. Chai, Toxicol. Lett., 2007, 168, 176-185. 
112. R. Zhang, Y. Niu, Y. Li, C. Zhao, B. Song and Y. Zhou, Environ. Toxicol. Pharmacol., 

2010, 30, 52-60. 
113. M. Vaseem, A. Umar and Y.-B. Hahn, in Metal Oxide Nanostructures and Their 

Applications, eds. A. Umar and Y.-B. Hahn, American Scientific Publishers, 2010, ch. 4, 
pp. 1-36. 

114. Y. Song, R. Guan, F. Lyu, T. Kang, Y. Wu and X. Chen, Mutat. Res., 2014, 769, 113-
118. 

115. T. Kang, R. Guan, X. Chen, Y. Song, H. Jiang and J. Zhao, Nanoscale Res. Lett., 2013, 8, 
496. 

116. Y. Cao, M. Roursgaard, A. Kermanizadeh, S. Loft and P. Moller, Int. J. Toxicol., 2015, 
34, 67-76. 

117. H. E. Chung, J. Yu, M. Baek, J. A. Lee, M. S. Kim, S. H. Kim, E. H. Maeng, J. K. Lee, J. 
Jeong and S. J. Choi, Journal of Physics: Conference Series, 2013, 429, 012037. 

118. S. Pasupuleti, S. Alapati, S. Ganapathy, G. Anumolu, N. R. Pully and B. M. Prakhya, 
Toxicol. Ind. Health, 2012, 28, 675-686. 

119. A. Shokouhian, S. Soheili, S. Moradhaseli, L. Fazli, M. S. Ardestani and M. Ghorbani, 
Am. J. Pharmacol. Toxicol., 2013, 8, 148-154. 

Page 46 of 48Environmental Science: Nano

E
nv

ir
on

m
en

ta
lS

ci
en

ce
:N

an
o

A
cc

ep
te

d
M

an
us

cr
ip

t



45 

120. Y. R. Kim, J. I. Park, E. J. Lee, S. H. Park, N. Seong, J. H. Kim, G. Y. Kim, E. H. 
Meang, J. S. Hong, S. H. Kim, S. B. Koh, M. S. Kim, C. S. Kim, S. K. Kim, S. W. Son, 
Y. R. Seo, B. H. Kang, B. S. Han, S. S. A. An, H. I. Yun and M. K. Kim, Int. J. 
Nanomedicine, 2014, 9, 109-126. 

121. C. H. Li, C. C. Shen, Y. W. Cheng, S. H. Huang, C. C. Wu, C. C. Kao, J. W. Liao and J. 
J. Kang, Nanotoxicology, 2012, 6, 746-756. 

122. K. M. M. Abou El-Nour, A. Eftaiha, A. Al-Warthan and R. A. A. Ammar, Arabian J. 
Chem., 2010, 3, 135–140. 

123. C. Beer, R. Foldbjerg, Y. Hayashi, D. S. Sutherland and H. Autrup, Toxicol. Lett., 2012, 
208, 286-292. 

124. P. V. AshaRani, G. L. K. Mun, M. P. Hande and S. Valiyaveettil, ACS Nano, 2009, 3, 
279-290. 

125. L. Bohmert, B. Niemann, A. F. Thunemann and A. Lampen, Arch. Toxicol., 2012, 86, 
1107-1115. 

126. B. K. Gaiser, T. F. Fernandes, M. A. Jepson, J. R. Lead, C. R. Tyler, M. Baalousha, A. 
Biswas, G. J. Britton, P. A. Cole, B. D. Johnston, Y. Ju-Nam, P. Rosenkranz, T. M. 
Scown and V. Stone, Environ. Toxicol. Chem., 2012, 31, 144-154. 

127. A. Martirosyan, A. Bazes and Y. J. Schneider, Nanotoxicology, 2014, 8, 573-582. 
128. T. A. Platonova, S. M. Pridvorova, A. V. Zherdev, L. S. Vasilevskaya, E. A. Arianova, I. 

V. Gmoshinski, S. A. Khotimchenko, B. B. Dzantiev, V. O. Popov and V. A. Tutelyan, 
Bull. Exp. Biol. Med., 2013, 155, 236-241. 

129. M. van der Zande, R. J. Vandebriel, E. Van Doren, E. Kramer, Z. Herrera Rivera, C. S. 
Serrano-Rojero, E. R. Gremmer, J. Mast, R. J. Peters, P. C. Hollman, P. J. Hendriksen, H. 
J. Marvin, A. A. Peijnenburg and H. Bouwmeester, ACS Nano, 2012, 6, 7427-7442. 

130. K. Loeschner, N. Hadrup, K. Qvortrup, A. Larsen, X. Gao, U. Vogel, A. Mortensen, H. 
R. Lam and E. H. Larsen, Part. Fibre Toxicol., 2011, 8, 18. 

131. W. Y. Kim, J. Kim, J. D. Park, H. Y. Ryu and I. J. Yu, J. Toxicol. Environ. Health A, 
2009, 72, 1279-1284. 

132. E. J. Park, E. Bae, J. Yi, Y. Kim, K. Choi, S. H. Lee, J. Yoon, B. C. Lee and K. Park, 
Environ. Toxicol. Pharmacol., 2010, 30, 162-168. 

133. B. W. East, K. Boddy, E. D. Williams, D. Macintyre and A. L. McLay, Clin. Exp. 
Dermatol., 1980, 5, 305-311. 

134. N. Hadrup and H. R. Lam, Regul. Toxicol. Pharmacol., 2014, 68, 1-7. 
135. B. Shahare, M. Yashpal and G. Singh, Toxicol. Mech. Methods., 2013, 23, 161-167. 
136. G. N. Jeong, U. B. Jo, H. Y. Ryu, Y. S. Kim, K. S. Song and I. J. Yu, Arch. Toxicol., 

2010, 84, 63-69. 
137. Y. S. Kim, M. Y. Song, J. D. Park, K. S. Song, H. R. Ryu, Y. H. Chung, H. K. Chang, J. 

H. Lee, K. H. Oh, B. J. Kelman, I. K. Hwang and I. J. Yu, Part. Fibre Toxicol., 2010, 7, 
20. 

138. Y. Lee, J. Choi, P. Kim, K. Choi, S. Kim, W. Shon and K. Park, Toxicol. Res., 2012, 28, 
139-141. 

139. E. Sawosz, M. Binek, M. Grodzik, M. Zielinska, P. Sysa, M. Szmidt, T. Niemiec and A. 
Chwalibog, Arch. Anim. Nutr., 2007, 61, 444-451. 

140. F. Leonard, E. M. Collnot and C. M. Lehr, Mol. Pharm., 2010, 7, 2103-2119. 
141. M. C. Lomer, R. S. Harvey, S. M. Evans, R. P. Thompson and J. J. Powell, Eur. J. 

Gastroenterol. Hepatol., 2001, 13, 101-106. 

Page 47 of 48 Environmental Science: Nano

E
nv

ir
on

m
en

ta
lS

ci
en

ce
:N

an
o

A
cc

ep
te

d
M

an
us

cr
ip

t



46 

142. M. C. Lomer, S. L. Grainger, R. Ede, A. P. Catterall, S. M. Greenfield, R. E. Cowan, F. 
R. Vicary, A. P. Jenkins, H. Fidler, R. S. Harvey, R. Ellis, A. McNair, C. C. Ainley, R. P. 
Thompson and J. J. Powell, Eur. J. Gastroenterol. Hepatol., 2005, 17, 377-384. 

143. F. Zhang, P. Durham, C. M. Sayes, B. L. Lau and E. D. Bruce, J. Appl. Toxicol., 2015, 
35, 1114-1121. 

144. L. Böhmert, B. Niemann, D. Lichtenstein, S. Juling and A. Lampen, Nanotoxicology, 
2015, 9, 852-860. 

145. S. C. Sahu, J. Njoroge, S. M. Bryce, J. J. Yourick and R. L. Sprando, J. Appl. Toxicol., 
2014, 34, 1226-1234. 

146. R. Miethling-Graff, R. Rumpker, M. Richter, T. Verano-Braga, F. Kjeldsen, J. Brewer, J. 
Hoyland, H. G. Rubahn and H. Erdmann, Toxicol. In Vitro, 2014, 28, 1280-1289. 

147. H. Zhang, X. Wang, M. Wang, L. Li, C. H. Chang, Z. Ji, T. Xia and A. E. Nel, Small, 
2015, 11, 3797-3805. 

148. T. Kang, R. Guan, Y. Song, F. Lyu, X. Ye and H. Jiang, LWT - Food Sci. Technol., 2015, 
60, 1143–1148. 

149. D. Lichtenstein, J. Ebmeyer, P. Knappe, S. Juling, L. Bohmert, S. Selve, B. Niemann, A. 
Braeuning, A. F. Thunemann and A. Lampen, Biol. Chem., 2015, 396, 1255-1264. 
 

Page 48 of 48Environmental Science: Nano

E
nv

ir
on

m
en

ta
lS

ci
en

ce
:N

an
o

A
cc

ep
te

d
M

an
us

cr
ip

t


