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The use of engineered nanoparticles in food and pharmaceuticals is expected to increase, but the impact of chronic oral
exposure to nanoparticles on human health remains unknown. Here, we show that chronic and acute oral exposure to
polystyrene nanoparticles can influence iron uptake and iron transport in an in vitro model of the intestinal epithelium and
an in vivo chicken intestinal loop model. Intestinal cells that are exposed to high doses of nanoparticles showed increased
iron transport due to nanoparticle disruption of the cell membrane. Chickens acutely exposed to carboxylated particles
(50 nm in diameter) had a lower iron absorption than unexposed or chronically exposed birds. Chronic exposure caused
remodelling of the intestinal villi, which increased the surface area available for iron absorption. The agreement between
the in vitro and in vivo results suggests that our in vitro intestinal epithelium model is potentially useful for
toxicology studies.

E
ngineered nanoparticles have unique physical and chemical
properties and are currently used in a variety of applications,
including the food1–4 and pharmaceutical industries5,6. The

increased surface area, unique crystalline structure, small size and
enhanced reactivity of some nanomaterials, however, may lead to
harmful interactions with cellular material, and no studies have
addressed the chronic effects of nanoparticle exposure on the
normal function of the intestinal epithelium7.

It is estimated that the average person in a developed country
consumes between 1012 and 1014 man-made fine (diameter,
0.1–1 mm) to ultrafine (diameter, ,100 nm) particles every day8.
These dietary particles are mainly TiO2, silicates and aluminosili-
cates derived from food additives such as stabilizers and anticaking
agents8. Because most of these micro- and nanoparticles have nega-
tively charged surfaces, they can bind to biomolecules in the gut
lumen, absorb across the gastrointestinal tract and accumulate at
the base of Peyer’s patches, where a large concentration of M cells
are found8. M cells transport microorganisms and particles from
the gut lumen to immune cells across the intestinal epithelium,
and are important for defending the body against ingested toxic
substances and stimulating mucosal immunity9.

The ingestion of dietary particles has been thought to promote
the development of Crohn’s disease, which is characterized by trans-
mural inflammation of the gastrointestinal tract that first appears
over the Peyer’s patches10. Lomer et al. have shown that patients
with Crohn’s disease who followed a diet low in TiO2 and alumino-
silicate microparticles for four months had a reduction in the
Crohn’s disease activity index10. Patients with Crohn’s disease are
also prone to iron deficiency, suggesting a possible link between
nanoparticle consumption, the development of Crohn’s disease
and iron absorption11.

Oral delivery is the preferred route of pharmaceutical adminis-
tration because it is inexpensive, non-invasive and convenient for
patients12. Polymeric nanoparticle carriers are useful for drug deliv-
ery because they are more stable than other colloidal carriers in the
gastrointestinal tract and, compared to their micrometre-sized

counterparts, the diameter to surface area ratio of nanoparticles
favours absorption through the intestinal epithelium13. Furthermore,
the physical and chemical characteristics, drug release profile and bio-
logical behaviour of polymeric nanoparticles can be manipulated
easily14. Although many potential peptide and protein therapeutics
will be administered at least daily, very little is known about the
chronic effects of nanoparticle ingestion.

The goal of this work was to investigate the effects of oral
exposure to nanoparticles on the absorption of iron. Using a physio-
logically realistic in vitro model of the intestinal epithelium and
in vivo chicken intestinal loop model, we showed that acute exposure
to 50 nm polystyrene carboxylated nanoparticles can inhibit iron
transport. In chronically exposed chickens, the 50 nm carboxylated
particles caused a remodelling of the intestinal villi to increase the
surface area available for iron absorption. We chose iron absorption
as a subject because iron is an example of an essential nutrient that is
transported across the intestinal epithelium by means of complex,
highly regulated, protein-assisted vesicular and non-vesicular mech-
anisms15. The polystyrene nanoparticles used in this study (particle
characterization shown in Table 1) were chosen as a model particle
to demonstrate that our in vitro and in vivo experimental systems
can be used for evaluating the subtle effects of nanoparticle
consumption.

Nanoparticle dose calculations
In vitro and in vivo doses of nanoparticles were formulated to mimic
potential human exposure. The total surface area of the human
small intestine is 2 × 106 cm2, and the duodenum, which is the
first section of the small intestine and the site where most iron
absorption occurs, has �900 cm2 of absorbing surface area16–18. If
1014 particles are ingested, this represents a dose of 107 particles
per cm2 to the small intestine. If 1012 or 1014 particles are ingested,
the dose to the duodenum is �109 or �1011 particles per cm2,
respectively. If 0.02 mg kg21 of 50 nm polystyrene particles were
administered to a 70 kg human as a pharmaceutical, the dose to
the small intestine would be 107 particles per cm2 assuming that
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the particles are monodispersed and have a density of 1.053 g cm23

(ref. 19). Oral administrations of 2 mg kg21 and 200 mg kg21 oral
would translate to doses of 109 and 1011 particles per cm2 to the small
intestine, respectively.

The doses of 50 nm particles applied to the cell cultures used in
this study (assuming that the presence of microvilli increases
the surface area by a factor of 20; ref. 16), were 107, 109 and 1011

particles per cm2 for the low (2 × 109 particles per ml), medium
(2 × 1011 particles per ml) and high (2 × 1013 particles per ml)
experimental concentrations used. The doses of 200 nm particles
(1.25 × 108 particles per ml, 1.25 × 1010 particles per ml and
1.25 × 1012 particles per ml) were determined by calculating the
total surface area of particles in the 50 nm particle dose and normal-
izing the 200 nm particle dose by surface area. For in vivo experi-
ments, chickens were given 2 mg kg21 doses of carboxylated
nanoparticles. A 2 mg kg21 dose to a 3 kg chicken exposes the
duodenum to 109 particles per cm2 of surface area (the chicken duo-
denum is the primary site of iron absorption)20. The surface area of
the chicken duodenum was estimated to be �1,600 cm2 based on
previously published values21–24, and the effective surface area of
the duodenum was estimated to be 15 times that value, or
�24,000 cm2, due to the presence of 105 microvilli per villi25.

In vitro model characterization
Our in vitro model of the intestinal epithelium mimics the absorp-
tive enterocytes, goblet cells and M cells that populate the human
small-intestinal lining. Absorptive enterocytes and mucus-produ-
cing goblet cells are the two most common cell types in the intestinal
epithelium18. Caco-2 cells absorb and transport iron, mimicking
absorptive enterocytes, and HT29-MTX mucus-secreting cells
mimic goblet cells26,27. We have shown that co-cultures of Caco-2
and HT29-MTX have a mucus layer that completely covers the
cell monolayer28. Culturing Caco-2 monolayers in the proximity
of the Raji B lymphocyte cell line induces Caco-2 differentiation
into cells with an M cell-like morphology9. M cells are known to
express a greater amount of b1-integrin on the apical surface, and
sialyl Lewis A antigen has been shown by Giannasca et al. to dis-
tinguish human M cells from other intestinal epithelial cell
types29,30. Supplementary Fig. 1 presents a diagram of the culture
conditions for the Caco-2/HT29-MTX (co-cultures of Caco-2 and
HT29-MTX) and þM cell (tri-cultures of Caco-2, HT29-MTX
and Raji B) monolayers. Supplementary Fig. 2 shows the increased
b1-integrin expression on the apical side of þM cell monolayers,
and sialyl Lewis A antigen expression in þM cell monolayers can
be seen in Supplementary Fig. 3. Image analysis of sialyl Lewis A
antigen staining reveals that the tricultures have an average of
2.55% (+0.29%) differentiated M cells. This compares well with
human physiology, as the human small-intestinal epithelial mem-
brane has fewer than 10% M cells31. Figure 1a showsþM cell mono-
layers after exposure to 50 nm particles, and Fig. 1b and
Supplementary Fig. 4 show þM cell monolayers after exposure to
200 nm particles. The 50 nm particles are localized at the cell
membrane, but more vesicles can be seen in monolayers exposed
to 200 nm particles.

Caco-2/HT29-MTX and þM cell monolayers were exposed to a
medium dose of 50 nm or 200 nm particles at 4 8C and 37 8C to

determine if the particles were transported by an energy-dependent
process. After 45 min, Caco-2/HT29-MTX monolayers transported
4.32 × 108 50 nm particles at 4 8C and 4.63 × 108 at 37 8C.
However, þM cell monolayers transported 4.92 × 108 50 nm par-
ticles at 4 8C and 6.15 × 108 at 37 8C (Fig. 2a). After 45 min, the
Caco-2/HT29-MTX monolayers transported no 200 nm particles
at 4 8C and 1.06 × 106 at 37 8C, and the þM cell monolayers trans-
ported 7.37 × 105 of the 200 nm particles at 4 8C and 7.38 × 106 at
37 8C after the same period (Fig. 2b). Taken together, these results

Table 1 | Nanoparticle characterization.

Particle Measured diameter (n 5 6) Surface area (calculated) Functional groups z in water (mV) z in MEM (mV)

50 nm carboxylated 40 nm+7 nm 65,450 nm3 –COOH 260.0+5.9 212.2+0.7
200 nm carboxylated 209 nm+2 nm 4,188,790 nm3 –COOH 260.2+5.1 217.3+0.4
50 nm non-ionized 38 nm+5 nm 65,450 nm3 239.5+2.9 216.4+0.8
200 nm non-ionized 205 nm+1 nm 4,188,790 nm3 243.9+1.9 217.3+0.3
50 nm aminated 34 nm+2 nm 65,450 nm3 –NH2 27.1+2.1 26.2+0.3
200 nm aminated 197 nm+5 nm 4,188,790 nm3 –NH2 10.5+1.8 29.2+0.2

10 μm

a

b

10 μm

Figure 1 | In vitro 1M cells monolayer after exposure to carboxylated

polystyrene nanoparticles. a, þM cell monolayer stained with CellTracker

CM-DiI cell membrane stain (red) after 4 h exposure to 50 nm carboxylated

polystyrene nanoparticles (green) at 2 × 1011 particles per ml. The green

particles and red cell membranes overlap, showing that the hydrophobic

polystyrene particles primarily diffuse through hydrophobic cell membranes.

b, þM cells monolayer stained with CM-DiI stain (red) after 4 h exposure to

200 nm carboxylated polystyrene particles (green) at 1.25× 1010 particles

per ml. More vesicles (red) can be seen than in þM cell monolayers

exposed to 50 nm particles.
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show that the transport of 50 nm particles is predominately a para-
cellular, non-energy-dependent process, but the 200 nm particles
are primarily transported via energy-dependent mechanisms, such
as within cellular vesicles.

Nanoparticle exposure disrupts iron transport in vitro
The in vitro experimental set-up is shown in Fig. 3a. Cell mono-
layers were grown on Transwell inserts. Iron uptake was quantified
by the amount of 59Fe within the cell monolayers, and iron transport
as the amount of 59Fe that crossed the model epithelium and
reached the culture medium in the bottom Transwell chamber.
The results for iron uptake and iron transport following a 4 h
exposure to low, medium or high concentrations of carboxylated
nanoparticles are shown in Fig. 3b–g and are expressed as a
percent increase or decrease compared to controls. Controls were
corresponding Caco-2/HT29-MTX or þM cell monolayers that
were not exposed to the particles.

High doses of 50 nm nanoparticles significantly increased the iron
uptake and transport in Caco-2/HT29-MTX andþM cell monolayer
(Fig. 3b,c). High doses of 200 nm nanoparticles significantly decreased
Caco-2/HT29-MTX iron uptake, and significantly increased iron
transport in Caco-2/HT29-MTX and þM cell monolayers
(Fig. 3b,c). At medium doses of carboxylated particles, iron uptake
from the solution was not affected, but 50 nm particles caused a signifi-
cant decrease in iron transport through the Caco-2/HT29-MTX
monolayers and 200 nm particles caused a significant decrease in
iron transport through þM cell monolayers (Fig. 3d,e). Low doses of
50 and 200 nm particles did not affect iron uptake or transport
(Fig. 3f,g). These results shown that iron transport (which is
representative of in vivo iron transfer into the bloodstream) and iron
uptake (which measures the amount of iron taken up by the cell) are
differentially sensitive to particle exposure at realistic food or
pharmaceutical doses.

Staining for the tight junctional protein occludin and measuring
the transepithelial resistance (TER) are two common methods for
evaluating epithelial monolayer integrity and tight junction func-
tionality32,33. An increase in tight junction permeability is con-
sidered a sublethal toxic effect as it disrupts the barrier function
of the intestinal epithelium and allows molecules to flow freely
from the intestinal lumen to the blood circulation33. The TER of

Caco-2 and þM cell monolayers was significantly decreased after
exposure to high doses of 50 or 200 nm particles (Supplementary
Fig. 6a,b). A decrease in TER indicates that high doses of particles
were increasing the permeability of the tight junctions and allowing
more iron to pass through. The TER values of monolayers exposed
to low or medium doses of 50 or 200 nm particles were not signifi-
cantly different from unexposed controls (Supplementary Fig. 6a,b),
and medium doses of 50 nm particles had no effect on occludin
(Supplementary Fig. 5c). We speculate that the decrease in iron
transport due to medium-dose 50 nm or 200 nm particle exposure
is because of a mechanical disruption of the membrane-bound iron
transport proteins by the particles.

The effects of nanoparticle charge at medium doses on iron
uptake and transport are shown in Fig. 4. Non-ionized particles
did not significantly affect iron uptake or transport (Fig. 4a,b).
The þ50 nm particles significantly increased Caco-2/HT29-MTX
and þM cell monolayer iron uptake and Caco-2/HT29-MTX iron
transport, while the þ200 nm particles did not have any effect on
iron uptake and transport (Fig. 4c,d). Exposure to medium doses
of þ50 nm particles decreased the TER of Caco-2/HT29-MTX
monolayers, and occludin staining showed weakened staining and
disruption of the Caco-2/HT29-MTX monolayer tight junctional
complexes (Supplementary Figs 5d and 6c,d). This agrees with pre-
vious work by Ranaldi and colleagues, which showed that polycatio-
nic compounds increased the permeability of Caco-2 tight junctions
due to morphological changes in the F-actin cytoskeleton33. The
increased iron uptake by monolayers exposed to þ50 nm particles
is probably due to the increased tight junction permeability, as
increased transcytosis of luminal material often accompanies tight
junction dysfunction34,35.

Ferritin levels were analysed in all samples to exclude pre-existing
differences in iron status as a cause for differences in iron transport
or uptake. Ferritin levels in all nanoparticle-exposed and control
cultures were not significantly different (P , 0.05).

Nanoparticle exposure affects iron transport in vivo
Adult broiler chickens were used for in vivo iron absorption studies.
The chicken gastrointestinal tract has features similar to those of the
human gastrointestinal tract, and we have recently shown that
broiler chickens provide an accurate in vivo model for iron
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Figure 2 | Particle transport experiments at 4 88888C and 37 88888C. a, Caco-2/HT29-MTX and þM cell monolayers exposed to 2 × 1011 50 nm carboxylated

particles per ml at 4 8C and 37 8C did not show any significant differences in particle transport, suggesting that 50 nm particles are passively transported

through the monolayers using a paracellular, non-energy-dependent process. b, Caco-2/HT29-MTX and þM cells monolayers exposed to 1.25 × 1010

200 nm carboxylated particles per ml at 4 8C and 37 8C. Significantly more 200 nm particles were transported by the þM cell monolayer at 37 8C than the

þM cell monolayer at 4 8C or the Caco2/HT29-MTX monolayer at 4 8C and 37 8C. This suggests that 200 nm particles are transported primarily through

energy-dependent mechanisms such as within cellular vesicles. Error bars,+s.e.m. Mean particle transport differences between Caco-2/HT29-MTX

monolayers at 4 8C and 37 8C and þM cell monolayers at 4 8C and 37 8C that are significant according to a one-way ANOVA with Tukey’s post test are

indicated with an asterisk (P , 0.05, n¼ 3).
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bioavailability36,37. A timeline of the in vivo experimental procedure
is shown in Fig. 5a. Starting at 6 weeks of age, chickens in the
chronic exposure group were force-fed 2 mg kg21 of 50 nm car-
boxylated polystyrene particles every morning for 2 weeks. The

chronic exposure group was also given a 2 mg kg21 dose of the
50 nm particles intraduodenually on the day of intestinal loop
surgery. Birds in the acute exposure group were not exposed to
nanoparticles until the day of intestinal loop surgery, at which
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Figure 3 | In vitro iron uptake and transport results after exposure to carboxylated particles. a, In vitro experimental set-up. b–g, Iron uptake (b,d,f) and

iron transport (c,e,g) after exposure to high (2× 1013 50 nm particles per ml or 1.25 × 1012 200 nm particles per ml; b,c), medium (2× 1011 50 nm particles

per ml or 1.25× 1010 200 nm particles per ml; d,e) or low (2 × 109 50 nm particles per ml or 1.25 × 108 200 nm particles per ml; f,g) doses of carboxylated

particles. Results are expressed as per cent of control. Controls were Caco-2/HT29-MTX or þM cell monolayers that were not exposed to nanoparticles.

Error bars,+s.e.m. Differences in iron uptake or transport between þnanoparticle and control monolayers that are significant according to a one-way ANOVA

with Tukey’s post test are indicated with an asterisk (P , 0.05, n¼ 6).
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point they were given a 2 mg kg21 dose of 50 nm particles intraduo-
denually. The control group was not exposed to nanoparticles. Iron
absorption was quantified by the amount of 58Fe within the blood
samples collected from the duodenal vein. On the day of intestinal
loop surgery a 58Fe-ascorbate solution (control group) or a
58Fe-ascorbate solution containing a 2 mg kg21 dose of 50 nm
particles (chronic and acute groups) was injected intraduodenally,
and the level of 58Fe iron absorption was measured from duodenal
vein blood samples. Ascorbic acid was added to the iron absorption
solution as an iron absorption enhancer. Chickens in the acute
exposure group had a significant decrease in iron absorption
when compared with the control group birds, and chronic exposure
group birds had a significant increase in iron absorption when com-
pared with controls (Fig. 5b). Bird feed intakes, weights and haemo-
globin levels were not significantly different between the treatment
groups (Supplementary Table 2).

Supplementary Fig. 7 shows the zeta potential of the 50 nm
particles in water, water with 58Fe-ascorbate (the iron solution
for in vivo experiments), minimal essential medium (MEM) and
MEM with 56Fe-ascorbate (the iron solution for in vitro exper-
iments). 58Fe-ascorbate slightly, but significantly, led to a decrease
in the zeta potential of the nanoparticles in water, indicating some
iron-particle binding. 56Fe-ascorbate did not affect the zeta poten-
tial of the particles in MEM, most probably because proteins in the
culture medium more effectively bind the charged particles.
Supplementary Fig. 8 shows transmission electron microscopy
images of the nanoparticles in MEM, and proteins (black dots)
can be seen bound to the surface of the particles. The in vivo
iron absorption data, which was performed with particles in
water, is still valid because the iron and nanoparticle solution
used for chronically and acutely exposed birds would have had
an equal amount of iron trapping.

Liver ferritin levels38,39 in the control, acute exposure and
chronic exposure groups were not significantly different,
suggesting that differences in iron status did not cause differences
in iron transport (Fig. 5c). RNA was isolated from chicken duode-
nal samples to determine if transcript levels varied for DMT1, the
apical iron transport protein, or NFKB1, a pro-inflammatory tran-
scription factor7,36. Figure 5d shows that DMT1 and NFKB1 levels
were not significantly different between the control, acute exposure
and chronic exposure groups, demonstrating that the changes in
iron absorption were not due to upregulation or downregulation
of iron transport proteins or an inflammatory response. Further
histological examination of the tissues showed that chickens in
the chronic exposure group had more periportal accumulations
of heterophils in the liver and a higher density of lymphoid
follicles with active germinal centres in the spleens than chickens
in the other groups (Supplementary Fig. 9). The differences seen
in chickens from the chronic group may suggest mild
immunostimulation.

Chicken duodenal samples were fixed in 10% formalin and sec-
tioned transversely to visualize villi morphology. Villus surface area
was calculated from villus height and an average of three villus width
measurements40,41. Measurements of the villi showed that chronic
exposure to nanoparticles significantly increased the overall villi
volume (Fig. 5e). The intestinal structure can provide useful infor-
mation about its function. Previous work has suggested that larger
villi are capable of increased absorption of the available nutrients
due to their greater absorptive surface area, the expression of
brush border enzymes and nutrient transport systems42,43. Other
work has shown that villus morphology is regulated by enteral nutri-
ent absorption, but not intraluminal physical stimulation or parent-
erally delivered nutrition44. Overall, these in vivo experiments
indicate that nanoparticle exposure causes a disruption in iron
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Figure 4 | In vitro iron uptake and transport results after exposure to non-ionized or aminated particles. a–d, Iron uptake (a,c) and iron transport (b,d) after

exposure to non-ionized (a,b) or aminated (c,d) 50 nm or 200 nm particles at medium (2× 1011 50 nm particles per ml or 1.25 × 1010 200 nm particles

per ml) doses. Controls were Caco-2/HT29-MTX or þM cell monolayers that were not exposed to nanoparticles. Error bars,+s.e.m. Differences in iron

uptake or transport between þnanoparticle and control monolayers that are significant according to a one-way ANOVA with Tukey’s post test are indicated

with an asterisk (P , 0.05, n¼ 6).

NATURE NANOTECHNOLOGY DOI: 10.1038/NNANO.2012.3 ARTICLES

NATURE NANOTECHNOLOGY | ADVANCE ONLINE PUBLICATION | www.nature.com/naturenanotechnology 5

© 2012 Macmillan Publishers Limited.  All rights reserved. 

 

http://www.nature.com/doifinder/10.1038/nnano.2012.3
www.nature.com/naturenanotechnology


transport and that the intestinal villi remodel to increase the surface
area available for absorption. This increased area compensates for
the disruption in iron transport caused by the nanoparticles.

Conclusions
The intestinal epithelial layer represents the initial gate that ingested
nanoparticles must pass to reach the body. The polystyrene particles
used in these experiments are generally considered non-toxic, but
their interaction with a normal physiological process suggests a
potential mechanism for a chronic, harmful, but subtle response.
Similar disruptions in nutrient absorption could be possible in
relation to other inorganic elements such as calcium, copper and
zinc, which require passive or active transport systems for them to
be absorbed through the intestinal epithelium. Fat-soluble vitamins
such as vitamins A, D, E and K are absorbed only after micellization
by pancreatic lipase45. Hydrophobic, charged nanoparticles could
disrupt the formation of micelles, micelle interactions with the epi-
thelial layer, and/or nutrient diffusion through the phospholipid
membrane. An observation during the chicken surgeries was that
the chronic exposure group birds’ blood clotted more slowly than
control or acute exposure group birds, and this could indicate a
vitamin K deficiency45.

In conclusion, we have shown, using cell culture and avian
intestinal loop models of the intestinal epithelium, that acute

oral exposure to polystyrene nanoparticles can disrupt iron trans-
port and chronic exposure can cause remodelling of the intestinal
villi. Remodelling of the villi increases the surface area available
for iron absorption. Nanoparticle size, concentration and charge
can influence iron uptake and iron transport at doses that rep-
resent potential human exposure. The increase in intestinal
surface area compensated for the lowered iron transport caused
by nanoparticle exposure. The consequences of oral nanoparticle
exposure are largely unknown and more studies need to be per-
formed on the effects of nanoparticles on nutrient absorption,
especially in light of recent work showing that iron consumed
from iron nanocompounds increases iron bioavailability46.
Results measuring the effects of nanoparticle exposure on iron
absorption obtained with our in vitro model of the intestinal epi-
thelium corresponded well with in vivo data and, when compared
with animal testing, our in vitro model provides a low-cost and
high-throughput screening tool for future nanoparticle
toxicity research.

Methods
Cell culture. The human colon carcinoma Caco-2 cell line and human Burkitt’s
lymphoma Raji B cell line were obtained from the American Type Culture
Collection. The HT29-MTX cell line was kindly provided by T. Lesuffleur of
INSERM U56027. Caco-2 cells were received at passage 17 and used in experiments
at passages 30–35. HT29-MTX cells were received at passage 11 and used at passages
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measured by semi-quantitative reverse transcription-polymerase chain reaction and expressed relative to the expression of 18S rRNA in arbitrary units (a.u.).
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Student’s t-test are indicated with an asterisk. Differences were considered significant at P , 0.05.
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14–19. Caco-2 and HT29-MTX were grown in DMEM containing 4 mM Glutamax,
4.5 g l21 glucose and 10% heat-inactivated fetal bovine serum (FBS). Raji cells were
maintained in RPMI 1640 medium with 2 mM L-glutamine, 4.5 g l21 glucose,
10 mM HEPES, 1.0 mM sodium pyruvate and 10% FBS. The cells were grown at
37 8C in 5% CO2, and the culture medium was changed every 2 days. For
experimental studies, Caco-2 and HT29-MTX were seeded at a density of
100,000 cells per cm2 at a ratio of 3:1 Caco-2:HT29-MTX onto Transwell inserts.
On day 15 of Caco-2/HT29-MTX culture, 1 × 106 Raji cells were re-suspended in
50:50 DMEM:RPMI 1640 and added to the basolateral chamber of the
Caco-2/HT29-MTX culture wells. The tri-cultures were maintained for 2 days with
100 ml of culture medium replaced every day in the basolateral chamber. Raji
cells were removed immediately before nanoparticle and iron transport studies.
Caco-2/HT29-MTX monolayers were cultured as above except for the
addition of Raji cells.

In vivo chicken intestinal loop studies. Fertile Cornish-cross broiler eggs were
obtained from a commercial hatchery (Moyer’s Chicks) and incubated at 37 8C and
60% humidity. Twelve hatched chicks were placed in two 1 m2 metal cages equipped
with an automatic nipple drinker and manual self-feeder. Birds were kept at �21 8C,
provided with 16 h of light and given ad libitum access to water in a total-
confinement building. During the first week post-hatch the chicks were fed a diet
formulated to meet NRC recommendations47. Starting on day 7 post-hatch, the birds
were fed a low-iron diet (51 mg Fe per g of diet; see Supplementary Table 1 for feed
composition). The chickens were fed a low-iron diet to create a slight iron deficiency.
This was done to maximize the amount of iron transported during the iron transport
experiments. At 6 weeks of age all birds were fasted overnight. In the morning, feed
intake was measured, bird weights were recorded, and the chronic exposure group
(n¼ 4) was force-fed 2 mg kg21 50 nm polystyrene, carboxylated, undyed
nanoparticles (Polysciences) using a plastic transfer pipette (Samco Scientific)
dipped in corn oil. Birds in the chronic group were dosed with nanoparticles daily
for 14 days. At 8 weeks of age, intestinal-loop iron absorption studies were
performed. Birds were fasted overnight and anaesthetized with a 1 ml kg21

intramuscular injection of Dial/Ketamine (Sigma Aldrich). A small incision in the
lower abdomen was made to expose the duodenal loop. The duodenal loop was
ligated using surgical thread (Roboz Surgical) at both ends, and a non-occlusive
22-gauge catheter was inserted into the duodenal vein. The wing vein was also
exposed and a BPE-T50 polyethylene tubing (Solomon Scientific) was inserted into
the vein for heparin administration to prevent coagulation in the duodenal cannula
during the experiment. Initial blood samples were taken from the duodenal vein.
The chronic and acute exposure birds (n¼ 4 for each treatment) were injected
intraduodenally with a solution of 1 ml 58Fe solution (1 mg 58Fe, 92.2%, enriched,
dissolved in 200 ml concentrated HCl and brought to 1 ml with 800 ml ddH2O), 2 ml
of a 10 mM ascorbic acid (pH 4) solution and 2 mg kg21 50 nm polystyrene,
carboxylated, yellow-green nanoparticles. Control birds (n¼ 4) were injected
intraduodenally with only 58Fe and ascorbic acid. The anaesthetized birds were kept
under lamps to maintain their body temperature and wetted gauze pads with warm
saline were placed over the loops to maintain their moisture. Blood samples
were collected before the stable isotope injection and then every 5 min for 2 h
post-solution injection. A pump (ALITEA VS-10R, Precision Instrumentation)
that was set to draw blood at a rate of 0.13 ml min21 (total blood volume
collected¼ 15.6 ml/2 h/bird) and 6 ml Vacutainer heparin-coated tubes were used
to collect the blood samples. Samples were analysed using inductively coupled
plasma mass spectrometry to determine 58Fe concentrations. At the end of the
procedure, an overdose of the Dial complex was used to kill the birds. Sections
(5 cm) of the mid-duodenum and liver were immediately taken, and scrapings of the
duodenal mucosa were isolated and stored at –80 8C in a freezer until gene
expression and ferritin analysis could be carried out. RNA isolation and gene and
ferritin expression analysis have been described in detail elsewhere36 and primer
sequences are listed in Supplementary Table 3. All animal protocols were approved
by the Cornell University Institutional Animal Care and Use Committee.
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