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A novel two-compartment barrier model for
investigating nanoparticle transport in fish
intestinal epithelial cells†

Mark Geppert,‡a Laura Siggab and Kristin Schirmer*abc

We introduce a novel in vitro rainbow trout intestinal barrier model and demonstrate its suitability for inves-

tigating nanoparticle transport across the intestinal epithelium. Rainbow trout (Oncorhynchus mykiss) intes-

tinal cells (RTgutGC) were grown as monolayers on permeable supports leading to a two-compartment in-

testinal barrier model consisting of a polarized epithelium, dividing the system into an upper (apical) and a

lower (basolateral) compartment, and thereby mimicking the intestinal lumen and the portal blood, respec-

tively. The cells express the tight junction protein ZO-1 and build up a transepithelial electrical resistance

comparable to the in vivo situation. Fluorescent polystyrene nanoparticles (PS-NPs; average hydrodynamic

diameter: 73 ± 18 nm) were accumulated by RTgutGC cells in a time-, temperature- and concentration-

dependent manner. Uptake of PS-NPs was confirmed using fluorescence microscopy. Cells formed an effi-

cient barrier largely preventing the translocation of PS-NPs to the basolateral compartment. Taken

together, these data demonstrate the suitability of the in vitro barrier model to study the effects of

nanoparticles in fish intestinal epithelial cells.

Introduction

The rapid increase in production, use and release of
engineered nanoparticles (ENPs) demands for a thorough in-
vestigation of their potential ecotoxicological effects. Consid-
ering the aquatic environment, both marine and freshwater
systems are known to act as sinks for ENPs as they also do
for metals and other environmental pollutants.1–4 Fish are
frequently used model organisms for investigation of the ef-
fects of chemicals and ENPs on the aquatic environment.

Two major pathways for ENP uptake into fish exist: dietary
uptake across the gastro-intestinal system or waterborne up-
take across the gill epithelium.1,5

Cell lines derived from rainbow trout (Oncorhynchus
mykiss) are frequently used models for studying the effects of
nanoparticles on fish.6–8 The cell lines used in these studies
came from different tissues, such as the gill, gut, liver, brain
or gonads. However, none of these studies has explored the
barrier potential of rainbow trout intestinal epithelial cells.

The gut of fish is a multifunctional organ not only in-
volved in absorption of nutrients but also in ionic and os-
motic regulation.9 Our current knowledge on this organ
comes from in vivo and ex vivo studies such as the gut sac
preparation.10,11 However, the translocation of ENPs across
the gut is poorly understood so far. In an in vivo study, Gaiser
and co-workers1 exposed carp (Cyprinus carpio) to silver nano-
particles and measured significant increases of silver con-
tents in liver and intestine, suggesting that silver nano-
particles or at least silver ions are being translocated across
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Nano impact

The rapid growth of nanotechnology requires a close investigation of the potential hazardous effects of these new materials not only on humans but also
on the ecosystem. Our study introduces the first in vitro fish intestinal barrier model based on a rainbow trout intestinal cell line and demonstrates its
suitability for studying the role of fish intestinal epithelial cells as a barrier for nanoparticle uptake and transport. We show that nanoparticles can be
accumulated in rainbow trout intestinal epithelial cells, but that their transport through the epithelium is largely prevented. The developed model system
has great potential in a tiered assessment approach. It can be applied not only for screening particles with respect to their transferability through the fish
intestinal epithelium but also for mechanistic investigations of particle effects on the molecular and cellular level.O
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the intestinal barrier. Al-Jubory and Handy12 demonstrated
the uptake of titanium across the intestine from TiO2 nano-
particle exposure by using ex vivo statical gut sac prepara-
tions and isolated perfused intestines. Although these two ex-
posure systems have their strengths, an in vitro cell-line
based intestinal barrier model would be a great advantage for
detailed investigation of ENP uptake and transepithelial
transport, especially with regard to the molecular and cellular
mechanisms and for animal-free higher throughput screen-
ing. It is therefore our aim to provide the means to investi-
gate the uptake and translocation of ENPs in such a fish in-
testinal barrier model.

There is a given number of studies describing nanoparticle
translocation in the human-derived Caco-2 cell model
established by Hidalgo and colleagues.13 Koeneman and co-
workers14 incubated an intestinal barrier model of Caco-2 cells
with TiO2 nanoparticles and showed that TiO2 was able to pen-
etrate into and through the cells without disrupting junctional
complexes. Similar findings were presented for polystyrene
nanoparticles on Caco-2 cells15 or Caco-2/HT29-MTX co-cul-
tures.16 In an earlier report, des Rieux and colleagues17 investi-
gated the transport of polystyrene nanoparticles in a co-culture
model of Caco-2, Raji and epithelial microfold cells (M cells18).
They concluded that the nanoparticle transport by M cells oc-
curs by the transcellular route and is dependent on energy and
endocytotic processes.17 Contrasting results were reported for
iron oxide nanoparticles, which were not transported at detect-
able levels across two different Caco-2 intestinal barrier
models.19 However, it was shown that iron oxide nanoparticles
can induce reorganization and distortion of microvilli and dis-
ruption of junctions in Caco-2 cells which lead to the loss of
epithelial integrity.20

We report here the development of a novel two-compartment
intestinal barrier model using the rainbow trout intestinal cell
line RTgutGC.21 We show that the model is suitable for investiga-
tion of nanoparticle translocation and demonstrate the func-
tion of RTgutGC cells as a barrier, which largely prevents translo-
cation of fluorescent polystyrene nanoparticles across the
intestinal epithelium.

Materials and methods
Materials

Leibovitz L-15 medium, Versene, CellMask®, 4′,6-diamidino-
2-phenylindole (DAPI) and the Alexa Fluor® 488-coupled
monoclonal zonula occludens (ZO-1) antibody were pur-
chased from Invitrogen (Basel, Switzerland); fetal bovine se-
rum (FBS) and gentamycin were from PAA (Basel, Switzer-
land); and trypsin was from Biowest (Nuaillé, France). All
other chemicals were from Sigma Aldrich (Buchs, Switzer-
land) and were of high purity. 75 cm2 cell culture flasks were
obtained from TPP (Transadingen, Switzerland) and 24-well
cell culture plates from Greiner-bio-one (Frickenhausen, Ger-
many). Permeable membrane supports with PET-membranes
and pore sizes of 0.4, 1 and 3 μm were procured from
Greiner-bio-one (Frickenhausen, Germany).

Nanoparticles

Fluoresbrite® carboxylated fluorescent polystyrene nano-
particles (PS-NPs) were purchased from Polysciences (Warring-
ton, PA, United States). These particles have been shown to be
suitable for investigation of transepithelial NP transport in an
in vitro human intestinal barrier model.16 According to the
supplier, the particles appear as 2.5% (25 g L−1) aqueous dis-
persion containing 3.64 × 1014 particles per mL with a mean
particle diameter of 50 nm and a negative surface charge.

Characterization and quantification of PS-NPs

The aqueous PS-NP dispersion was diluted in water or the re-
spective medium (see the ESI† for media description) to a fi-
nal concentration of 10 mg L−1, and 1 mL of this diluted dis-
persion was injected into a Malvern DTS-1061 capillary cell
(Herrenberg, Germany) and analyzed for hydrodynamic size
and zeta potential with a Malvern ZetaSizer Nano ZS
(Herrenberg, Germany). Quantification of PS-NPs in media
and cell lysates was performed by fluorescence measurement
(λex = 441 nm, λem = 486 nm) using a multiwell plate reader
(Infinite 2000, Tecan, Maennedorf, Switzerland). The
amounts of PS-NPs were calculated from the fluorescence
intensities obtained in media/cell lysates compared to the
fluorescence intensities obtained in standard curves of PS-NP
dilutions in the respective media (see the ESI†).

Cell cultures

Rainbow trout intestinal cells (RTgutGC) were isolated from
the gut of a small female rainbow trout as described previ-
ously.21 It has been shown that RTgutGC cells have properties
consistent with immortal cell lines and that they are able to
be sub-cultured for at least 100 times.21 For routine culture,
RTgutGC cells were kept in 75 cm2 flasks in complete me-
dium (L-15/FBS, see the ESI†) and incubated at 19 °C under
normal atmosphere. Medium change was performed every
week. Cells that reached confluency were trypsinized and
sub-cultured in a 1 : 3 ratio. For nanoparticle exposure experi-
ments, cells were trypsinized, counted and seeded at a den-
sity of 62 500 cells per cm2 in 300 μL of L-15/FBS in the apical
compartment of a permeable membrane support. The
basolateral compartment was filled with 1 mL of L-15/FBS
and the cells were grown for at least 3 weeks at 19 °C before
particle exposure experiments. Medium change of both apical
and basolateral media was performed every week. As a con-
trol, empty membranes (cell-free) were filled with 300 μL of
L-15/FBS (apical chamber) and 1 mL of L-15/FBS (basolateral
chamber) and treated identically.

Experimental incubation

Cells were taken out of the incubator and the basolateral and
apical media were removed. The cells (apical side) were
washed twice with 300 μL of exposure medium (L-15/ex, see
the ESI†) before adding 300 μL of L-15/ex containing the de-
sired concentration of PS-NPs. Finally, the basolateral

Environmental Science: Nano Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
Fe

br
ua

ry
 2

01
6.

 D
ow

nl
oa

de
d 

on
 9

/2
1/

20
24

 5
:2

3:
41

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c5en00226e


390 | Environ. Sci.: Nano, 2016, 3, 388–395 This journal is © The Royal Society of Chemistry 2016

chamber was re-filled with 1 mL of complete medium (L-15/
FBS, see the ESI†) and the cells were incubated in the incuba-
tor (19 °C) or fridge (4 °C) for the desired time period. After
the incubation, both media were collected and the cells were
washed twice with 300 μL of phosphate-buffered saline (PBS).
Finally, the cells were lysed by incubating them in 300 μL of
50 mM NaOH for 2 h on a shaker (Geppert et al. 2011).28 Ly-
sates, apical and basolateral media were analyzed for their
fluorescence. As controls, cell-free membranes were treated
identically.

TEER measurement

Transepithelial electrical resistance (TEER) was measured using
an EVOM Voltohmmeter in combination with an Endohm-6
chamber (World Precision Instruments, Berlin, Germany). TEER
of RTgutGC cells was calculated by subtracting the blank values
(obtained on cell-free membranes) from the values obtained on
membranes containing cells.

Fluorescence microscopy

Tight junction staining was performed as follows: cells were
taken out of the incubator and washed twice for 5 min with 300
μL of PBS and then fixed for 10 min with 300 μL of 3.7% form-
aldehyde at 4 °C. Cells were washed twice for 5 min with 300 μL
of PBS and then incubated with PBS containing 0.5% Triton
X-100 and 5% goat serum for 30 min at 4 °C in the dark. Cells
were washed thrice with 300 μL of 0.1% Triton X-100 in PBS for
5 min each and incubated overnight at 4 °C with 100 μL of the
primary antibody (Alexa Fluor-coupled ZO-1) in PBS containing
0.5% goat serum and 0.05% Triton X-100. The antibody was
used in 1 : 100 dilution. The next day, cells were washed thrice
with 300 μL of 0.1% Triton X-100 in PBS for 5 min each and
then incubated for 5 min with 300 μL of 10.9 μM DAPI in PBS.
After three final washing steps with PBS for 5 min each, the
membranes containing the stained cells were cut out of the sup-
ports, mounted on microscope slides using the ProLong® Gold
antifade reagent (Life Technologies, Carlsbad, CA, United States)
and immediately investigated on a Leica SP5 Laser Scanning
Confocal Microscope (Leica, Heerbrugg, Switzerland).

Uptake for PS-NPs was investigated using the following pro-
tocol: after incubation with PS-NPs, cells were washed thrice
with 300 μL of L-15/ex and then incubated for 1 h with 300 μL
of 10.9 μM DAPI in L-15/ex in the dark. Cells were washed again
with 300 μL of L-15/ex and then incubated for 8 min with 300
μL of 7.5 μg mL−1 CellMask® in L-15/ex in the dark. After two
additional washing steps with 300 μL of L-15/ex, cells were
mounted on microscope slides and investigated immediately by
confocal microscopy as described above.

Statistical evaluation

If not stated otherwise, data in figures or tables represent
mean value ± standard deviation of three individual experi-
ments, performed with different passages of RTgutGC cells.
Pictures of stained cells show representative images of an ex-
periment that was reproduced at least two times with differ-

ent passages of RTgutGC cells. Statistical analysis of two sets
of data was performed using an unpaired t-test. Statistical
analysis between groups of data was performed using ANOVA
with Bonferroni's post hoc test. p > 0.05 was considered as
not significant.

Results and discussion
Nanoparticle characterization

Fluorescent polystyrene nanoparticles (PS-NPs) were used as
a model to study the uptake and translocation of nano-
particles in the fish intestinal barrier. These particles were
used earlier on Caco-2 cells16 and have the advantage of be-
ing (i) easy to quantify, (ii) non-dissolving and (iii) non-toxic
to the cells. According to the supplier, the PS-NPs have a di-
ameter of 50 nm and a carboxylated (negatively charged) sur-
face. The aqueous stock solution of 25 g L−1 PS-NPs
contained 3.64 × 1014 particles per mL. When diluted to 10
mg L−1 (1.456 × 1011 particles per mL) in water, PS-NPs had
an average hydrodynamic diameter of 73 ± 18 nm and a zeta
potential of −51 ± 1 mV (Table 1). Both values did not signifi-
cantly change for at least 24 h of incubation, demonstrating
the stability of the diluted, negatively charged PS-NPs in wa-
ter. When diluted in different exposure media (see the ESI†
for media composition), PS-NPs form slightly larger agglom-
erates with a maximum of 166 ± 23 nm determined after 24 h
(Table 1). However, PS-NPs still remained in the nanometer
range and no precipitation was observed. The zeta potential
of PS-NPs diluted in exposure media remained negative, but
with lower absolute values than those in water (Table 1). This
observation is likely due to the formation of counter ion
shells and/or a protein corona around the nanoparticle sur-
face, thereby shielding some of the original negative charge
of the PS-NPs.22,23

Intestinal barrier model characterization

The rainbow trout intestinal cell line, RTgutGC,21 was used as a
model system for fish intestinal cells. For establishing an intes-
tinal barrier, RTgutGC cells were seeded on permeable mem-
brane supports (Transwell inserts) with pore sizes of 0.4, 1 or 3
μm and grown to confluency, leading to a two-compartment
model consisting of an apical (upper) and a basolateral (lower)

Table 1 Characterization of fluorescent polystyrene nanoparticles (PS-

NPs)a

Medium

Particle diameter (nm) Zeta potential (mV)

1 h 24 h 1 h 24 h

Water 73 ± 18 78 ± 13 −51 ± 1 −54 ± 7
L-15/ex 67 ± 11 120 ± 12 −24 ± 1*** −26 ± 1***
L-15/FBS 72 ± 3 166 ± 23** −9 ± 1*** −11 ± 1***

a PS-NPs were diluted in water, L-15/ex, or L-15/FBS to a
concentration of 10 mg L−1 and the hydrodynamic diameter and zeta
potential were determined 1 and 24 h after dilution. The data
represent mean values ± SD of three independent experiments.
Asterisks indicate significant differences of values obtained in media
samples compared to water. **p < 0.01; ***p < 0.001.
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compartment and a cell monolayer comprising the biological
barrier (Fig. 1A and B). The reason for choosing different pore
sizes was to evaluate how cell growth is affected by the pores
and how the membrane alone (without cells) influences the
translocation of PS-NPs by simple diffusion.

Cells developed a transepithelial electrical resistance (TEER)
of 33 ± 3 Ω cm2 (0.4 μm pore size), 30 ± 2 Ω cm2 (1 μm pore
size) or 35 ± 3 Ω cm2 (3 μm pore size) after 5 weeks of culture
(Fig. 1C). These TEER values are much lower than those
obtained on the frequently used Caco-2 cell line, which develops
a TEER in the range of 500–1000 Ω cm2 when cultured on per-
meable membrane supports.24 According to the classification
made by Claude and Goodenough,25 the epithelium formed by
RTgutGC cells has to be considered ‘leaky’. Indeed, the TEER of

RTgutGC cells is comparable to the TEER values observed in
freshly isolated sections of the Atlantic salmon, Salmo salar.26

Cells grow comparatively well on all membranes reaching
slightly higher TEER values on membranes with the 3 μm pore
size. A possible explanation for this finding is the ability of the
cells to migrate through the larger 3 μm pores and thus grow
on the other side of the membrane (see the ESI†).

RTgutGC cells grow on all membranes as a monolayer and
express the tight junction protein ZO-1 as shown by confocal
microscopy (Fig. 1D–F). Thus, all types of membranes investi-
gated were suitable to establish RTgutGC cell monolayers and
thereby establish a two-compartment intestinal barrier model.
Three weeks were chosen as the minimum culture time for
RTgutGC cells before using them for investigation of uptake
and translocation of nanoparticles. This decision was made
based on the microscopy images and TEER data (Fig. 1C–F),
which both demonstrate that the model epithelium has func-
tional properties reflecting the in vivo epithelium.

RTgutGC cells take up PS-NPs but form a barrier for
translocation

In order to study the uptake of PS-NPs into RTgutGC cells and
the translocation of PS-NPs through the intestinal barrier, the
cells were incubated with PS-NPs in exposure medium (L-15/ex)
on the apical side and complete medium (L-15/FBS) on the
basolateral side. The composition of L-15/ex is very similar to
that proposed as a fish gut lumen surrogate,27 while the serum
containing complete medium (L-15/FBS), which was provided
in the bottom compartment, mimics the interior facing side of
the epithelium. After incubation of RTgutGC cells with 10 mg
L−1 PS-NPs (4.368 × 1010 particles) for 24 h, more than 80% of
the applied particles remain in the apical compartment
(Fig. 2A). However, RTgutGC cells accumulate between 3.9 and
7.2 × 109 particles in the cellular compartment, which accounts
for around 9–16% of the total applied PS-NPs (Fig. 2B). Hardly
any PS-NPs were detected in the basolateral compartment, indi-
cating that translocation of PS-NPs through the epithelium was
very low (Fig. 2C). In order to prove that this is an effect of the
cells forming an effective barrier, cell-free membranes were
treated identically and PS-NP contents in the different compart-
ments were determined (white bars in Fig. 2). Here, transloca-
tion of PS-NPs to the basolateral compartment was detectable
for the membranes with 1 and 3 μm pore sizes. For mem-
branes with 3 μm pore size, 8 ± 5 × 109 particles translocated to
the basolateral compartment which accounts for 18% of the to-
tal applied particles. This clearly demonstrates that particle
translocation through the membranes is possible and that
RTgutGC cells form a barrier, strongly reducing this transloca-
tion. It further demonstrates the importance of choosing mem-
branes with appropriate pore sizes that allow the diffusion of
nanoparticles to the basolateral compartment.

The findings presented here support the results obtained
earlier on iron oxide nanoparticles and Caco-2 cells.19 How-
ever, the results contrast the findings by Koeneman and col-
leagues who showed that TiO2 nanoparticles were able to

Fig. 1 Characterization of the two-compartment intestinal barrier
model. A: Scheme of the two-compartment intestinal barrier model in-
volving rainbow trout intestinal cells (RTgutGC) seeded on permeable
membrane supports with different pore sizes (0.4, 1 or 3 μm). B: Empty
insert used as cell-free control throughout the experiments. C: Trans-
epithelial electrical resistance (TEER) of the cell epithelium during
growth for up to 35 days on membranes with the indicated pore sizes.
D–F: Confocal fluorescence microscopy images of RTgutGC cells
grown in permeable membrane supports with 0.4 μm (D), 1 μm (E) or 3
μm (F) pore size. The tight junction protein ZO-1 (green) and the nuclei
(blue) were stained. The size bar in (F) applies to all images. The data in
panel (C) represent mean values ± SD of five to six individual experi-
ments performed on different passages of RTgutGC cells. Asterisks in-
dicate significant differences which were observed between 1 μm and
3 μm pore-size membranes. *p < 0.05; **p < 0.01.
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penetrate through a Caco-2 intestinal barrier model.14 This is
an interesting result especially considering the fact that
Caco-2 cells are known to develop a much tighter epithelium,
indicated by higher TEER values (>250 Ω cm2).14 However, it
has to be noted here that a direct comparison between PS-
NPs and metal oxide NPs can be hampered by the fact that
ions, potentially released from the metal-based nanoparticles,
will be transported differently than the particles themselves.
PS-NPs have also been shown to be translocated across Caco-
2 monolayers to a very low extent (less than 0.5%,)15 and
Caco-2/HT29-MTX co-cultures to a larger extent.16 However, it

has to be noted that in the second report, M cells are also
present in the system which are known to be specialized for
transepithelial transport processes.18

To further confirm the accumulation of PS-NPs by our fish
intestinal barrier model, fluorescence microscopy images were
taken after incubation of the cells for 24 h with 100 mg L−1 PS-
NPs (4.368 × 1011 particles). This higher concentration was
chosen in order to achieve a better visualization of PS-NPs in
the images. Cell membranes were stained with CellMask® and
nuclei were counterstained with DAPI (Fig. 3). Green fluores-
cence indicated the presence of PS-NPs, which were present as
both large and small agglomerates located either as precipi-
tates on the cell layer (white ellipses in Fig. 3A–E) or intracellu-
lar (white arrows in Fig. 3B–F) in the perinuclear region. Thus,
microscopy clearly supports our hypothesis that RTgutGC cells
are able to internalize PS-NPs, probably via endocytotic uptake
mechanisms as shown earlier for TiO2 nanoparticles in per-
fused intestine of rainbow trout.12

Concentration, temperature and time dependency of uptake
and translocation of PS-NPs

The 3 μm pore-size membranes were chosen to explore the
mechanisms of uptake and translocation of PS-NPs in the
rainbow trout intestinal barrier model in more detail. After
24 h of incubation of RTgutGC cells with different concentra-
tions of PS-NPs at 19 °C, a concentration-dependent accumu-
lation of particles was observed (Fig. 4C). The maximal
amounts of accumulated PS-NPs were 3.8 ± 0.5 ×1010 or 5.6 ±
0.5 × 1010 particles for extracellular exposure concentrations
of 30 or 100 mg L−1, respectively. When the incubation was
performed at 4 °C, the number of accumulated particles was
significantly lower, reaching only 4.6 ± 0.7 × 109 (30 mg L−1)
or 1.1 ± 0.2 × 1010 (100 mg L−1) particles in the cellular com-
partment (Fig. 4C). Together with the results from micros-
copy (Fig. 3), these data strongly corroborate our hypothesis
of energy-dependent uptake processes, more specifically
endocytosis involved in PS-NP accumulation by RTgutGC
cells as shown earlier for different types of NPs on different
types of mammalian cells.15,28,29

Besides particle accumulation, the amount of translocated
PS-NPs to the basolateral compartment was also strongly de-
pendent on the concentration of applied PS-NPs and the incu-
bation temperature (Fig. 4E). After 24 h of incubation, 1.3 ± 0.2
× 109 or 3.8 ± 0.7 × 109 particles were translocated through the
epithelium for exposure concentrations of 30 or 100 mg L−1 PS-
NPs at 19 °C, respectively. However, these values account only
for about 1% of the applied PS-NPs. When the incubation tem-
perature was lowered to 4 °C, the amount of translocated PS-
NPs was detectable (detection limit around 1 × 108 particles per
mL) only for the highest applied concentration (100 mg L−1)
and accounted for 2.8 ± 0.7 × 108 particles in the basolateral
compartment. In contrast, when empty membranes were incu-
bated with PS-NPs, a concentration-dependent but temperature-
independent translocation of particles was measured (Fig. 4F).
The TEER of RTgutGC cells did not change during the incubation

Fig. 2 Uptake and translocation of PS-NPs in the intestinal barrier
model. RTgutGC cells were seeded on permeable membrane supports
with the indicated pore sizes, grown for three weeks and then incu-
bated with 10 mg L−1 PS-NPs for 24 h. After incubation, the apical (A),
cellular (B) and basolateral (C) PS-NP contents were determined by
fluorescence measurement of the respective media or cell lysates
(black bars). As a control, cell-free membranes were treated and ana-
lyzed identically (white bars). The data represent mean values ± SD of
five experiments performed individually on different passages of
RTgutGC cells. Asterisks indicate significant differences which were
observed between RTgutGC cells and cell-free conditions. *p < 0.05.
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with the different PS-NP concentrations, indicating that the inte-
grity of the epithelium is not affected by the incubation condi-
tions (Fig. S3†). Taken together, these results show that the trans-
location of PS-NPs through the intact epithelial barrier is possible
to a low extent when PS-NPs are applied in high concentrations.
The temperature dependency of this translocation further sup-
ports the hypothesis that energy-dependent processes such as
endocytotic uptake of PS-NPs on the apical side and a subsequent
release of PS-NPs on the basolateral side are involved.15

The hypothesis of active apical uptake and basolateral re-
lease of PS-NPs is also supported by the results of the time
dependency of PS-NP translocation in RTgutGC cells (Fig. 5).
After incubation of RTgutGC cells with 10 mg L−1 PS-NPs,
translocation of particles was hardly detectable during the
first 8 h of incubation, but then it increased to 1.3 ± 1.1 ×
109, 2.0 ± 0.7 × 109 and 4.9 ± 3.5 × 109 particles for 24, 72 and
168 h, respectively (Fig. 5E). In parallel, the amount of accu-
mulated PS-NPs in the cells increased strongly, leading to a
maximum of 2.6 ± 2.9 × 1010 particles after 168 h of incuba-
tion (Fig. 5C). This strong accumulation of PS-NPs by the
cells, accompanied by the delayed increase in basolateral par-
ticle contents, suggests a complex transport mechanism of
PS-NPs involving apical uptake and basolateral release of
particles.

When empty (cell-free) membranes were incubated with
PS-NPs, no further translocation of particles was detectable
for incubation times longer than 24 h (Fig. 5F). A possible ex-
planation for this finding could be the formation of larger

Fig. 3 Internalization of PS-NPs into RTgutGC cells. The cells were
seeded on permeable membrane supports (3 μm pore size), grown for
three weeks and then incubated with 100 mg L−1 PS-NPs for 24 h. Af-
ter incubation, cell membranes were stained with CellMask® (purple)
and nuclei were stained with DAPI (blue). PS-NPs are shown in green
and are present as extracellular large agglomerates (white ellipses) or
as smaller agglomerates located in the cells (white arrows). Images
A–H show a z-stack through a representative section of cells with a
z-distance of 1 μm between the individual images. The size bar in H
applies to all panels.

Fig. 4 Temperature and concentration dependency of the uptake and
translocation of PS-NPs in the intestinal barrier model. RTgutGC cells
were seeded on permeable membrane supports (3 μm pore size),
grown for three weeks and then incubated with 1–100 mg L−1 PS-NPs
for 24 h at 19 °C and 4 °C. After incubation, the apical, cellular and
basolateral PS-NP contents were determined by fluorescence mea-
surement of the respective media or cell lysates (A, C, and E). As a con-
trol, cell-free membranes were treated and analyzed identically (B, D,
and F). The data represent mean values ± SD of three experiments
performed individually on different passages of RTgutGC cells. Aster-
isks indicate significant differences between incubation at 19 °C and at
4 °C (*p < 0.05; **p < 0.01; ***p < 0.001).
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agglomerates of PS-NPs during the 7 day incubation period.
At this time point, particle agglomerates became visible to
the eye, which indicates that they are micrometer sized (and
therefore out of range of appropriate investigation by DLS
measurements). Thus, due to the large size, agglomerates are
likely no longer able to penetrate the pores of the membrane.
After all, this only occurred in the absence of cells which fur-
ther supports the hypothesis of an active transport of PS-NPs
by the cells.

Conclusions

In conclusion, we present a novel two-compartment intestinal
barrier model using the rainbow trout intestinal cell line,
RTgutGC, and establish its potential for investigation of
nanoparticle translocation through the intestinal epithelium
using fluorescent polystyrene nanoparticles (PS-NPs) as a
model nanoparticle. RTgutGC cells successfully grow on per-
meable membrane supports with different pore sizes and we
show that the selection of membranes with appropriate pore
sizes is a crucial step in developing a model for studying
nanoparticle transport. In addition, we demonstrate the bar-

rier function of RTgutGC cells, with the barrier strongly re-
ducing the translocation of PS-NPs to the basolateral com-
partment. The here presented model is the first in vitro
model developed from fish cells for studying nanoparticle
transport across the intestinal barrier. Its great potential lies
in the fact that it can be used for rapid investigation of nano-
particle uptake and translocation in fish intestinal epithelial
cells under different experimental conditions. Thus the pres-
ent model also has potential for high-throughput screening
in a tiered testing approach.

Future studies with the model could be designed in a way
that further approaches the situation in vivo. For example,
nanoparticles could be pre-incubated in acidic environments
which resemble the situation in the stomach before adding
them to the in vitro intestinal barrier system. Another ap-
proach to advance the model is the use of additional cells
like enterocytes in the epithelial layer or fibroblasts seeded
on the basolateral side, which will then directly encounter
nanoparticles that crossed the epithelium.
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