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Abstract
Iron oxide nanoparticles gain increasing attention due to their broad industrial use. However, safety concerns exist since their 
effects on human cells are still under investigation. The presence of iron oxide nanoparticles in the food pigment E172 has 
been shown recently. Here, we studied four iron oxide nanoparticles, one food pigment E172 and the ionic control  FeSO4 
regarding dissolution in biological media, uptake and transport, and cellular effects in vitro in human intestinal Caco-2 and 
HepaRG hepatocarcinoma cells. The iron oxide nanoparticles passed the gastrointestinal passage without dissolution and 
reached the intestine in the form of particles. Minor uptake was seen into Caco-2 cells but almost no transport to the baso-
lateral site was detected for any of the tested particles. HepaRG cells showed higher particle uptake. Caco-2 cells showed no 
alterations in reactive oxygen species production, apoptosis, or mitochondrial membrane potential, whereas two particles 
induced apoptosis in HepaRG cells, and one altered mitochondrial membrane potential at non-cytotoxic concentrations. No 
correlation between physicochemical particle characteristics and cellular effects was observed, thus emphasizing the need 
for case-by-case assessment of iron oxide nanoparticles.
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Introduction

Iron oxide nanoparticles are widely used chemicals. They 
can be found in the biomedical sector as well as in the food 
pigment E172 (Vangijzegem et al. 2019; Voss et al. 2020a). 
Moreover, they were suggested to be suitable for the fortifi-
cation or iron supplementation of foods: iron oxide nanopar-
ticles are believed to cause less gastrointestinal side effects 
than ferrous sulphate or gluconate, fewer changes to food 
texture and taste, and may have a higher bioavailability than 
their bulk counterparts (Hilty et al. 2010; Hosny et al. 2015; 
Tolkien et al. 2015). However, the growing use of iron oxide 
nanoparticles has raised concerns regarding their safety and 

data on their toxicological potential are still incomplete. 
Especially uptake, distribution and toxic effects still require 
investigation.

Nanoparticles can be highly influenced by their chemi-
cal environment. When they are taken up orally, they travel 
through the gastrointestinal passage, where they are in contact 
with different fluids, varying in pH values and composition. 
Other nanoparticles such as zinc oxide, silver, and aluminum 
are strongly affected by the digestion procedure (Kästner et al. 
2017; Sieg et al. 2017; Voss et al. 2020b), whereas data about 
physico-chemical changes during the digestive process are 
lacking. Especially the acidic stomach juice may lead to disso-
lution of the nanoparticles and thereby a release of ionic iron. 
This ionic iron interacts differently with the cellular machin-
ery; uptake and transport mechanisms can differ tremendously 
between particles and dissolved ions. While divalent iron ions 
can be taken up via the Divalent Metal Transporter 1 (DMT1), 
nanoparticles containing iron are believed to be taken up by 
endocytosis (Zanella et al. 2017). Moreover, many studies 
investigating the effect of iron oxide nanoparticles on human 
cells are conducted in vitro. Therefore, the nanoparticles are 
dispersed in cell culture medium. To ensure the suitability of 
the test system, it is decisive to know the ion release of iron 
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oxide nanoparticles in the respective medium compared to the 
ion release in the digestive tract.

When taken up orally, the intestinal wall plays a crucial 
role in the systemic uptake of nanoparticles. Even though 
animal studies have shown that iron levels rise in down-
stream organs such as the liver after oral treatment with iron 
oxide nanoparticles, their effect on hepatic and intestinal 
cells is still not understood (Singh et al. 2013; Chamorro 
et al. 2015; Garcia-Fernandez et al. 2020). Cellular end-
points such as apoptosis, mitochondrial integrity, and oxi-
dative stress levels can be studied to better understand the 
impact of nanoparticles on humans, thereby contributing to a 
reduction of animal sacrifices. Human Caco-2 and HepaRG 
cells can serve as suitable cell models for the intestinal wall 
and the liver, respectively (Artursson and Karlsson 1991; 
Gripon, Rumin et al. 2002). HepaRG cells differentiate into 
biliary-like and hepatocyte-like cells when treated with 
dimethyl sulfoxide (DMSO) for 2 weeks (Cerec et al. 2007). 
Caco-2 cells, originally derived from a colon carcinoma, dif-
ferentiate during 3 weeks into an intact enterocyte-like cell 
layer, including tight junctions and microvilli (Artursson and 
Karlsson 1991; Lichtenstein et al. 2016). Caco-2 cells can be 
used in transwell systems to imitate the intestinal barrier and 
investigate uptake and transport mechanisms in the intestine.

When nanoparticles interact with cells of the body, they 
may alter their homeostasis on various levels. It has been 
shown that iron oxide nanoparticles can impair cellular 
homeostasis (Wu et al. 2010; Cromer Berman et al. 2013; 
Strugari et al. 2019). However, available data are not coher-
ent and there are still knowledge gaps regarding correlation 
between physicochemical particle characteristics and cel-
lular effects.

In this work, we studied the intestinal and hepatic effects 
of four iron oxide nanoparticles, one food pigment sold as 
E172, and soluble  FeSO4. The kind of nanoparticles used 
in this study can be found in different E172 pigments, and 
therefore oral exposure to such particles is likely to occur 
(Voss et al. 2020a). Ion release was investigated during the 
digestive cascade as well as in different fluids used in cell 
culture studies. Uptake and transport at the intestinal barrier 
were investigated with Caco-2 cells, while hepatic uptake 
was studied in HepaRG cells. Moreover, various toxicologi-
cal tests were conducted both in Caco-2 and in HepaRG cells 
to understand the influence of iron oxide nanoparticles on 
intestinal and hepatic cells.

Materials and methods

Chemicals and nanoparticles

Chemicals were purchased from Sigma-Aldrich 
(Taufkirchen, Germany), Merck (Darmstadt, Germany), or 

Carl Roth (Karlsruhe, Germany) if not otherwise indicated. 
The commercial food dye E172 was purchased from a com-
pany in the United Kingdom, the brand of the food pigment 
is known to the authors and available upon request.

Three nanoparticle dispersions were purchase from US 
Nano (Huston, TX, USA) containing (1) rod-shaped and 
spherical particles of γ-Fe2O3 (15%, orange), (2) rod-shaped 
particles of α-Fe2O3 (20%, red) and spherical particles of 
 Fe3O4 (20%, black). Rod-shaped, yellow γ-Fe2O3 nanoparti-
cles were obtained from Merck as 20% dispersion. All parti-
cles were dispersed freshly at a concentration of 2.56 mg/mL 
according to the modified NanoGenoTox protocol: Ultrason-
ication was carried out with a Sonoplus HD 2200 Homog-
enisator equipped with an apex KE76 (Bandelin, Berlin, 
Germany) for 5:09 min at 20% amplitude. 15.36 mg E172 
was pre-wetted with 60 µL 70% ethanol before addition of 
water (to a concentration of 2.56 mg/mL) and ultrasonica-
tion. For stabilization, BSA was added to all samples to a 
final concentration of 0.05% immediately after sonication 
and before use.

Solubility

To assess solubility in different media, all nanoparticles and 
 FeSO4 were diluted in MilliQ  H2O, and in the cell culture 
media Dulbecco’s Modified Eagle Medium (DMEM; GE 
Healthcare, Freiburg, Germany) or William’s E Medium. 
These media resembled the media used in cell culture assays 
(see below). Incubation was carried out for 24 h at 37 °C. 
After that, solutions were ultracentrifuged at 100,000×g 
and the supernatant was analyzed for iron content. Atomic 
Absorption Spectroscopy (AAS) operating in iron mode 
(PinAAcle 900Z, Perkin Elmer, Singapore, the program can 
be found in the supplementary material, Table S1).

In vitro digestion

Artificial in vitro digestion is an established method to 
assess the influence of digestive juices on different materi-
als (Kästner et al. 2017; Sieg et al. 2017; Stock et al. 2020; 
Voss et al. 2020b). It consists of three different artificial 
digestive juices, namely saliva, gastric, and intestinal fluid; 
their composition can be found in the supplementary mate-
rial (Table S2).

All nanoparticles, the E172 food pigment and  FeSO4 were 
added to the saliva in a concentration of 330 µg Fe/mL. The 
model resembles the digestion process, adding gastric and 
intestinal juice subsequently, leading to a dilution of the par-
ticles. It started with 16 mL synthetic saliva for 5 min. After 
that, 10 mL were taken for further analysis. 14 mL of gastric 
juice were added, and the solution was set to pH 2.0 using 
hydrochloric acid. After 2 h, another 10 mL was taken, and 
10 mL of intestinal fluid was added. The pH was adjusted to 
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7.5 using sodium bicarbonate and the mixture was stirred for 
2 h. In all stages, the fluids were constantly stirred in a water 
bath at 37 °C. To ensure enzyme activities in the digestive 
juices, enzyme activity assays were performed and measured 
photometrically: amylase activity in saliva was verified using 
amylopectin azure, the activity of pepsin in gastric juice by 
an albumin/bromophenol blue complex, lipase activity using 
4-methylumbelliferyl oleate, and tryptic activity was con-
firmed using azocasein as substrates, respectively.

Cell cultivation

HepaRG cells (Biopredic HPR101, St. Gregoire, France) 
were cultivated according to the recommended protocol 
using William’s E Medium supplemented with 10% (v/v) 
FCS, 100 U/mL penicillin and 100 μg/mL streptomycin 
(P/S), 5 μg/mL insulin and 5 × 10−5 M hydrocortisone hemi-
succinate as published before (Luckert et al. 2017; Sieg et al. 
2019) HepaRG cells were cultivated for 2 weeks without 
supplementing DMSO and for another 2 weeks with sup-
plementing 1.7% DMSO. For incubation, the cells were 
adjusted to the assay medium with 0.5% DMSO and 2% 
FCS 2 days prior to incubation. On the day of incubation 
with nanoparticles, the test substances were diluted in assay 
medium.

Caco-2 cells (ECACC: 86010202) were obtained from 
the European Collection of Authenticated Cell Cultures 
(Salisbury, UK) and cultivated in DMEM with 10% FCS 
and 105 Units/L penicillin and 100 μg/mL streptomycin. 
For all assays, Caco-2 cells were differentiated for 21 days.

Both cell lines were kept at 37  °C and 5%  CO2 in a 
humidified atmosphere. After seeding in the appropriate 
plate format, cells were fed every 2–3 days. For incubation, 
cell culture medium was replaced by 100 µL of the different 
particles suspended in cell-specific phenol red-free medium.

Uptake and transport

50,000 Caco-2 cells were seeded in 12-well transwell plates 
with inserts of 1.12  cm2 growth area and a 3 µm pore size 
polycarbonate membrane (Corning Incorporated, New York 
City, NY, USA) and differentiated for 3 weeks. Membrane 
integrity was checked by transepithelial electrical resistance 
(TEER) with an EVOM2 Electrode (World Precision Instru-
ments, Sarasota, FL, USA). After incubation, the apical and 
basolateral media were collected, the inserts were washed, 
and the membrane was cut out for further analysis. All com-
partments were analyzed by AAS as described above.

HepaRG cells were seeded in 12-well plates and differ-
entiated for 4 weeks as described above. After incubation, 
the supernatant was collected, and cells were washed with 
PBS. Cells were trypsinized and collected. Supernatant, 

wash fractions and cells were analyzed for iron content by 
AAS as described above.

Cellular effects

HepaRG and Caco-2 cells were seeded in 96-well plates 
at a density of 9000 (Hepa-RG) or 5000 (Caco-2) cells per 
well. They were cultivated for 4 (HepaRG) or 3 (Caco-2) 
weeks as described above. Test substances were diluted in 
the depicted concentrations in appropriate assay medium and 
cells were incubated for 24 h in a volume of 100 µL. For all 
assays, color interference was taken into account by measur-
ing wells with particles but without cells and calculating this 
into the background signal.

Cell viability was assessed using the 3-(4,5-dimethylth-
iazole-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay 
for mitochondrial function according to the manufacturer’s 
instructions (Merck, Darmstadt, Germany). 0.01% Triton 
X-100 served as a positive control. Mitochondrial membrane 
potential was investigated using the JC-10 assay, which is 
based on a fluorescent dye that is red in mitochondria but 
turns green after release into the cytosol due to depolari-
zation of the mitochondrial membrane. 2 h before end of 
incubation, the positive control 1 mg/mL verapamil was 
added to the designated cells. After incubation, all media 
with test substances was replaced with 50 µL of 50 µM vera-
pamil for 15 min. Then, verapamil was removed and 100 
µL of 10 µM JC-10 (Santa-Cruz Biotechnologies, Dallas, 
TX, USA) in phosphate buffered saline (PBS) was added 
for 30 min (37 °C, 5%  CO2). Cells were washed with PBS 
twice and measured in 100 µL PBS at ex./em. 490/525 nm 
and ex./em. 540/590 nm. The 525 nm/590 nm fluorescence 
ratio was used to determine the membrane potential. The 
MCB assay was performed to investigate reduced glu-
tathione levels. After 24 h of treatment, the test substances 
were removed and 250 μL MCB solution (40 μM) was added 
for 30 min at 37 °C and 5%  CO2. After washing with PBS, 
cells were lysed with the desorption solution described for 
MTT and fluorescence was measured (ex./em.380/ 460 nm). 
Buthionine sulfoximine (BSO) (100 μM) served as a posi-
tive control.

All assays were measured on a multi-well plate reader 
(Tecan, Männedorf, Switzerland).

Activities of caspase 3, caspase 8 and caspase 9 were 
measured using specific substrates, which are cleaved by 
the enzymes into fluorescent products. After 24 h of incuba-
tion, particles were removed and 50 µL lysis buffer (50 mM 
HEPES, 2% v/v Triton X-100, pH 7.4) was added. Plates 
were shaken for 15 min until cell debris was visible. Then, 
100 µl of reaction buffer (50 mM HEPES, 5 mM EDTA, 
0.1% (v/v) CHAPS, 5% (v/v) glycerin (pH 7.4)) contain-
ing 50 µM of the respective substrates and 5 µM dithi-
othreitol (DTT) was added per well. The substrates were: 
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Ac-DEVD-AFC (caspase 3), Ac-IETD-AFC (caspase 8) and 
Ac-LEHD-AFC (caspase 9) (all from Cayman Chemical, 
Ann Arbor, MI, USA). After 5 h, plates were measured at 
ex./em. 400/505 nm (caspase 9) or at ex./em. 380/500 nm 
(caspase 3, caspase 8). For Western blotting analysis, cells 
were differentiated in six-well plates and incubated with 
iron oxide nanoparticles for 24 h. After that, cells were 
washed three times with ice-cold PBS containing protease 
inhibitor cocktails and lysed using RIPA buffer (50 mM 
Tris–HCl, 150 mM NaCl, 2 µM EGTA, 0.1% (w/v) SDS, 
0.5% (w/v) deoxycholic acid) supplemented with protease 
inhibitor (Roche, Basel, Switzerland). After cell lysis, pro-
tein content was assessed with the BSA assay and 20 µg 
protein was used for Western-Blot analysis. Therefore, a 
12% SDS-PA-gel was used. Protein transfer was achieved 
by semi-dry blotting technique. After blotting, the mem-
brane was stained with ponceau red to ensure effective 
protein transfer and blocked with 5% milk powder in PBS. 
Cleaved caspases were detected using primary rabbit anti-
bodies (#9661S, #7237S, #52873, in 1:1000 dilution, Cell 
signaling Technology, Frankfurt am Main, Germany) and 
secondary Goat-anti-rabbit HRP (#HAF008, 1:5000 dilu-
tion, R&D Systems, Minneapolis, USA). Pan-actin served 
as loading control and was detected with pan-actin mouse 
mAb and sheep anti-mouse HRP (#MS-1295-P, 1:1000 dilu-
tion, Thermo Fisher Scientific, CA, USA, and #A-014HRP, 
1:5000 dilution, Serum Diagnostica, Heidesee, Germany).

To assess the ATP-content of cells, the commercial 
CellTiter-Glo Luminescent Cell Viability Assay kit from 
promega (Walldorf, Germany) was used according to the 
manufacturer’s instructions with 1 µM oligomycin as posi-
tive control. To control for interference with the particles, 
particle-containing assay medium was given in 96-well 
plates without cells. 100 µl ATP-assay solution was added 
as well as 1 µM ATP. The luminescence signal was read 
in 30 min intervals for 5 h. This assay was only done with 
HepaRG cells, because of interference when Caco-2 cells 
were used.

Results

Characteristics of nanoparticles

All nanoparticles were analyzed in detail in our recent pub-
lication (Voss et al. 2020c). The results are summarized in 
Table 1. As in our previous publication, we assigned sym-
bols to each particle: rod-shaped α-Fe2O3 is symbolized as 
a red rod, rod and spherical γ-Fe2O3 as an orange rod and 
sphere, spherical γ-Fe2O3 as a yellow rod, and spherical 
 Fe3O4 as a black sphere. The E172 pigment in this study has 
been characterized thoroughly in our previous study (Voss 
et al. 2020a).Ta
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Solubility of iron oxide nanoparticles

Ion release was assessed in different media as well as dur-
ing the individual steps of the in vitro digestion procedure 
to ensure the suitability of in vitro cell culture experiments 
with respect to the dissolution behavior of iron oxide nano-
particles. The particles display a low solubility (below 5%) 
in  H2O, Willliams’s E, and DMEM medium in concentra-
tions between 50 and 200 µg Fe/mL (see Fig. 1). Only  FeSO4 
dissolved in  H2O to about 100% but was present nearly 
insoluble in William’s E and DMEM. In DMEM, a slightly 
higher dissolution was seen for  FeSO4 (7.8% at 100 µg Fe/
mL) but this was not significantly different from the other 
samples or the background (cell culture medium only). No 
significant differences in solubility were found for the range 
of iron concentration used in this study.

In vitro digestion

All particles including the food pigment behaved very simi-
lar in the in vitro digestion (Fig. 2). Almost no ion release 
was observed in the saliva, the stomach, and the intestine 
(5% or lower). Ion release was calculated with respect to 
the total number of iron atoms available from the iron oxide 
nanoparticles.  FeSO4 showed dissolution in the acidic stom-
ach to about 60%, but formed particles in the saliva and 
reformed particles in the intestinal juice. The dissolution 
behavior of all iron species in the intestinal juice was similar 
to the dissolution in cell culture medium.
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Fig. 1  Solubility of iron oxide nanoparticles in different media. Iron 
oxide nanoparticles, E172 and  FeSO4 were dispersed in MiliQ  H2O, 
William’s E, and DMEM cell culture medium in concentrations from 
50 to 200 µg Fe/mL and incubated for 24 h. Ion release was assessed 

using ultracentrifugation and iron measurements in the superna-
tant with AAS. Mean ± SD, n = 3, statistical analysis was done with 
one-way ANOVA followed by Dunnett’s test (*p < 0.05, **p < 0.01, 
***p < 0.001)
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juice. Mean ± SD, n = 3, statistical analysis was done with one-
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Uptake and transport

To better understand the interaction of iron oxide nanoparti-
cles with Caco-2 and HepaRG cells, uptake and transport (in 
case of Caco-2 cells) were investigated. Results are shown in 
Fig. 3. To assess background iron levels, a medium control 
was analyzed. Both γ-Fe2O3 and the E172 sample showed 
significantly higher uptake in Caco-2 cells than the medium 
control. However, the overall uptake was rather low, with 
1.41% (rod and spherical γ-Fe2O3), 3.83% (rod γ-Fe2O3), 
and 7.53% (E172).  Fe3O4 showed ca. 4% uptake, but the 
obtained value was not significantly different from the back-
ground. Transport to the basolateral side of the transwell was 
not detectable for all iron species investigated. On the other 
hand, HepaRG cells showed a more pronounced uptake of all 
but the α-Fe2O3 particle. However, this was only significant 
for  Fe3O4 and E172 with 42.7 and 47.7% uptake, respec-
tively. Of the γ-Fe2O3-particles, between 13 and 14% were 
found in the cellular layer, and 22.7% of iron from  FeSO4 
was detected with HepaRG cells.

Cellular effects

Most of the iron oxide nanoparticles, as well as E172 and 
 FeSO4 showed only minor effects on Caco-2 and HepaRG 
cells (Figs. 4 and 5). In the MTT assay, cell viability was 
stable for all test substances up to 200 µg Fe/mL (Fig. 4a). 
Similarly, the status of reduced glutathione assessed by 
the MCB assay did not change remarkably (Fig.  4b). 
When treated with the two types of γ-Fe2O3 particles, the 
mitochondrial membrane potential of HepaRG cells was 
impaired at high iron concentrations (Fig. 4c). This effect 
was not seen in Caco-2 cells. E172 led to a decreased sig-
nal ratio in the JC-10 assay in Caco-2 cells, which could 

indicate a hyperpolarization of the cells. However, since 
this signal only occurred at 200 µg Fe/mL, where cells 
are covered with colorful particles, it is not supposed to 
be a sign of cellular impairment but rather an interference 
of the particles with the assay. Such an interference has 
already been seen with other assays and nanoparticles, 
especially the also used ATP assay here (Zitat Lehmann, 
https ://doi.org/10.1016/j.ab.2016.03.019). Additionally, it 
is possible that the reagent does not reach the cells suf-
ficiently through the physical barrier. To assess whether 
the impairment of mitochondrial membrane potential of 
HepaRG cells after treatment with the γ-Fe2O3 particles 
resulted in decreased ATP-levels, ATP contents in HepaRG 
cells were assessed. The ATP content of HepaRG cells was 
stable up to 200 µg Fe/mL with all tested substances. Only 
 FeSO4 led to a small but insignificant decrease at 200 µg 
Fe/mL (supplementary material, Figure S1).

Increased activity of the executioner caspase 3 was 
found in HepaRG cells only, and only after treatment with 
the spherical and rod-shaped γ-Fe2O3 and the  Fe3O4 par-
ticles (Fig. 5 a). The decreased activity of caspase-3 in 
Caco-2 cells (around 80%) after treatment with  FeSO4, the 
rod and spherically shaped γ-Fe2O3 and E172 at 200 µg Fe/
mL was statistically significant. However, this decrease 
is probably due to interference of the high amounts of 
particles with the assay. In this concentration, the cells 
are covered in particles and it is very difficult to trans-
fer aliquots without particles to the measurement plate. 
The same is true for  Fe3O4 in Caco-2 cells and α-Fe2O3 
particles in HepaRG cells. Therefore, the activity of the 
upstream caspases 8 and 9 was only assessed in HepaRG 
cells with spherical and rod-shaped γ-Fe2O3 and the  Fe3O4 
particles (Fig. 5b, c). There, an increase was shown for 
caspase 9 activity at high concentrations (100 and 200 µg 
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cells were treated with 50 µg Fe/mL for 24 h. Cells were washed and 
the membrane was collected for uptake analysis while the iron con-
tent in the basolateral compartment indicated transport. Cells were 
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Fe/mL) after treatment with spherical and rod-shaped 
γ-Fe2O3,  Fe3O4 led also to a slight increase, but this was 
not significant. Western blot analysis of cleaved caspases 
confirmed these results (Fig. 5d, e).

In the same manner, the ratio of apoptotic and necrotic 
cells did not change significantly for HepaRG and Caco-2 
cells when treated with 50, 100, and 200 µg Fe/mL (see 
supplementary material, Figure S2). Also, anti-apoptotic 
genes rather than pro-apoptotic genes were upregulated, 
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especially BCL-2 in HepaRG cells (see supplementary 
material, Figure S3).

Discussion

Even though nanoparticle use has increased in the twenty-
first century, risk assessment of these materials is still dif-
ficult. As for most nanoparticles, data for risk evaluation of 
iron oxide nanoparticles are incomplete. Knowledge gaps 
exist especially regarding the interaction with the gastroin-
testinal and hepatic system.
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Iron oxides are almost insoluble in water and at neutral 
pH (Cornell 2003). However, it was not known how they 
interact with the solutions of the gastrointestinal tract, 
where especially the acidic stomach juice could lead to 
higher ion release. Here, we showed that iron oxide nano-
particles remain mostly unaltered by the digestive fluids. 
This is different to other nanoparticles investigated with 
the in vitro digestion system (Böhmert et al. 2014; Stock 
et al. 2020; Voss et al. 2020b). Since iron oxide nano-
particles show similar physicochemical properties in the 
simulated digestive fluid and in tested cell culture media, 
in vitro cell culture studies are suitable to study the cel-
lular effects of the particles. This is also true for soluble 
 FeSO4, even though it dissolved completely in the acidic 
stomach juice. In the final stage of the in vitro digestive 
cascade, the intestinal fluid,  FeSO4 showed a de novo for-
mation of particles, similar to the behavior in DMEM and 
William’s E medium.

The Caco-2 transwell system provides an in vitro model 
to determine uptake and transport of xenobiotics at the intes-
tinal barrier. Here, it was shown that iron oxide nanoparti-
cles are taken up to small extent by Caco-2 cells, whereas no 
transport to the basolateral department was detected. This 
has also been shown by others using the Caco-2 transwell 
system either in monoculture or in combination with HT-
29-MTX or goblet cells (Kenzaoui et al. 2012; Strugari et al. 
2019). However, increased iron levels in spleen and liver 
were found after oral exposure to iron oxide nanoparticles in 
in vivo studies, indicating that some particles can cross the 
intestinal barrier (Singh et al. 2013; Chamorro et al. 2015; 
Garcia-Fernandez et al. 2020). This discrepancy may be due 
to the morphology of the Caco-2 cell model, which shows 
stronger tight junctions than the intestinal barrier in vivo 
(Hilgendorf et al. 2000). Moreover, the intestinal barrier is 
composed of different cell types. Co-culture models aim to 
better represent the in vivo situation, but to date it has not 
been possible to reproduce the complex interactions of epi-
thelial cells, immune cells and the microbiome in vitro.

HepaRG cells showed stronger interactions with the iron 
oxide nanoparticles tested here. Especially for the  Fe3O4 
particle and E172, uptake was with almost 50% very high. 
Even though the uptake of the γ-Fe2O3 particles and  FeSO4 
was not significant in HepaRG cells, the interaction between 
the test substances and HepaRG cells were higher than in 
Caco-2 cells. The only particle that showed almost no uptake 
was the α-Fe2O3 particle. This is in line with our previous 
publication, where we studied the influence of iron oxide 
nanoparticles on the xenobiotic metabolism of HepaRG 
cells, in which the α-Fe2O3 particle exhibited the small-
est effect of all tested particles (Voss et al. 2020c). How-
ever, due to limitations of the AAS method, it is difficult 
both for HepaRG and Caco-2 cells to distinguish between 
an interaction of the particles with the cell surface and an 

internalization of the particles. Strugari et al. stated that the 
measured uptake of iron oxide nanoparticles in a Caco-2/
HT29-MTX model may rather be aggregates of iron oxide 
nanoparticles on the cell surface (Strugari et al. 2019). Nev-
ertheless, the aggregates could also lead to cytotoxic effects 
as suggested by Soto et al. (Soto et al. 2007). HepaRG cells 
develop a more porous cell layer than Caco-2 cells in a tran-
swell system, in which nanoparticles could be embedded 
better, thus impeding the removal of loosely attached par-
ticles by washing steps. Despite extensive washing before 
collecting the cell layer, it cannot be excluded that the iron 
in Fig. 3 is not situated inside HepaRG cells but on their 
surface. On the other hand, in vivo studies showed a strong 
persistence of iron oxide nanoparticles or their breakdown 
products in the liver, suggesting a strong uptake and inter-
action of iron oxide nanoparticles by hepatic cells (Briley-
Saebo et al. 2004; Levy et al. 2011). Several studies suggest 
different uptake mechanisms of iron oxide nanomaterials, 
with endosomal-lysosomal uptake being one of the most 
prominent ones (Kenzaoui et al. 2012; Khalid et al. 2018). 
However, exact localization of the particle on or within the 
cell is very difficult when no fluorescent labeling is used, 
since single particles can hardly be detected. Moreover, 
detection of iron alone is not sufficient to determine if the 
iron oxide nanoparticle is located within a specific organelle. 
The often-applied Prussian blue staining for example does 
not distinguish between different iron forms, e.g., particle, 
protein bound or ionic, so that it cannot be determined if the 
iron enters the cell in particle form or if only solubilized iron 
is taken up. Therefore, better methods are needed to pinpoint 
exact localizations of nanoparticles on and within cells to 
better understand their interaction.

The stronger interaction of the particles with liver cells 
is also reflected in the cellular assays. While iron oxide 
nanoparticles did not show any adverse effect in any assay, 
some iron oxide nanoparticles influenced mitochondrial 
membrane potential as well as apoptosis in HepaRG cells. 
Thereby, the α-Fe2O3 particle exhibited the smallest effect 
in all assays. However, even though the rod-shaped γ-Fe2O3 
particle impaired mitochondrial membrane potential, no 
effect was seen on the ATP level. This is in line with results 
from Baratli et al. who treated male Wistar rats with increas-
ing concentrations of iron oxide nanoparticles and did not 
detect any changes in mitochondrial respiratory chain com-
plex activities and coupling (Baratli et al. 2013). Moreover, 
also Hussain et al. did not see any changes in mitochondrial 
membrane potential after treatment of BRL 3A rat liver 
cells with up to 50 µg Fe/mL (Hussain et al. 2005). In the 
same manner,  Fe3O4 and the rod- and spherically shaped 
 Fe2O3 particle induced caspase 3 and 9 activities, increasing 
intrinsic apoptosis, but neither cell viability nor the ratio of 
apoptotic, necrotic, and viable cells, as determined by flow 
cytometry analysis, were altered (supplementary material, 
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Figure S2). It has to be noted, that here, only one time point 
was investigated (24 h) and that apoptotic events could be 
initialized after that. However, in our previous study we did 
not see any changes in cell viability even after 48 h of expo-
sure (Voss et al. 2020c). Moreover, the FACS-results and the 
gene expression analysis do not indicate signs of early apop-
tosis (supplementary material, Figure S2 and S3). Similar 
results have been reported by Zhu et al. (2010). Even though 
these authors reported different cellular effects like impaired 
membrane potential and increased ROS levels, the cytotoxic 
effects were still minor. When we increased the incubation 
time to 48 h, we still did not observe any cytotoxic effects 
(Voss et al. 2020c). The results of the qRT-PCR suggest 
that treatment with nanoparticles leads to an upregulation 
of anti-apoptotic genes such as BCl-2 and a downregula-
tion of pro-apoptotic genes such as BAD and DIABOLO 
(see supplementary material, Figure S3). This could pre-
vent increased cell death despite slightly increased caspase 
activity. However, the exact mechanisms, how some iron 
oxide nanoparticles lead to cellular impairment is still under 
investigation and more research is needed to understand how 
they interfere with the cellular machinery.

Conclusion

In summary, we showed that iron oxide nanoparticles 
interact differently with HepaRG and Caco-2 cells. While 
there was almost no uptake or transport in Caco-2 cells, the 
interactions with HepaRG cells were very strong for some 
particles. Overall, the intestinal Caco-2 cells were impaired 
only slightly by all investigated iron oxide nanoparticles. 
Even though HepaRG cells showed higher caspase activi-
ties after treatment with two tested particles, no significant 
increase of cytotoxicity could be detected, suggesting anti-
apoptotic cross signaling. For the minor effects observed, 
no clear dependency on size, shape or chemical structure 
could be drawn, in line with our previous findings. These 
results emphasize the difficulty of grouping approaches in 
nanotoxicology and suggest case-by-case approaches in risk 
assessment of iron oxide nanoparticles.
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