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Abstract 

Background: Understanding the interaction of graphene-related materials (GRM) with human cells is a key to the 
assessment of their potential risks for human health. There is a knowledge gap regarding the potential uptake of GRM 
by human intestinal cells after unintended ingestion. Therefore the aim of our study was to investigate the interaction 
of label-free graphene oxide (GO) with the intestinal cell line Caco-2 in vitro and to shed light on the influence of the 
cell phenotype given by the differentiation status on cellular uptake behaviour.

Results: Internalisation of two label-free GOs with different lateral size and thickness by undifferentiated and differ-
entiated Caco-2 cells was analysed by scanning electron microscopy and transmission electron microscopy. Semi-
quantification of cells associated with GRM was performed by flow cytometry. Undifferentiated Caco-2 cells showed 
significant amounts of cell-associated GRM, whereas differentiated Caco-2 cells exhibited low adhesion of GO sheets. 
Transmission electron microscopy analysis revealed internalisation of both applied GO (small and large) by undifferen-
tiated Caco-2 cells. Even large GO sheets with lateral dimensions up to 10 µm, were found internalised by undifferenti-
ated cells, presumably by macropinocytosis. In contrast, no GO uptake could be found for differentiated Caco-2 cells 
exhibiting an enterocyte-like morphology with apical brush border.

Conclusions: Our results show that the internalisation of GO is highly dependent on the cell differentiation status of 
human intestinal cells. During differentiation Caco-2 cells undergo intense phenotypic changes which lead to a dra-
matic decrease in GRM internalisation. The results support the hypothesis that the cell surface topography of differen-
tiated Caco-2 cells given by the brush border leads to low adhesion of GO sheets and sterical hindrance for material 
uptake. In addition, the mechanical properties of GRM, especially flexibility of the sheets, seem to be an important 
factor for internalisation of large GO sheets by epithelial cells. Our results highlight the importance of the choice of 
the in vitro model to enable better in vitro-in vivo translation.
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Background
The actual materials science breakthrough of graphene 
and graphene-related materials (GRM) led to the estab-
lishment of a roadmap for their production and possible 

applications [1, 2]. Some products based on GRM have 
already reached commercial production level [3]. Mass 
production and use of GRM, as well as exposure to 
humans, will increase over the coming years. Close body 
applications are most likely to happen [4]. Furthermore, 
graphene oxide (GO) is considered a potential candidate 
for biomedical applications such as drug delivery, cancer 
treatment or neuro-implants [5, 6] and it is to date the 
best studied GRM with respect to biological systems. 
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For comprehensive risk characterization and potential 
biomedical application of GRM in-depth understanding 
of their cellular uptake and possible biological effects is 
a crucial need [7]. Despite several in vivo studies explor-
ing the distribution of GRM after intravenous applica-
tion in mice and rats [8], the knowledge about the uptake 
and fate of these materials at the tissue or cellular level is 
weak. Some studies provide conflicting results about the 
cellular uptake of GRM in  vitro, summarized in recent 
reviews [9–11]. The possible mechanisms of uptake are 
unclear and subject of debate. Next to energy-dependent 
GRM uptake reported for different cell types [5, 12–14], 
Li and his colleagues described a razor-blade like passive 
uptake of graphene flakes [15]. It should be emphasized 
that GRM can considerably vary in their physicochemi-
cal properties, which in turn can extensively influence 
the GRM-cell surface interaction as well as the amount of 
cellular uptake, ranging from no uptake to high accumu-
lation of the materials inside the cells. Furthermore, the 
uptake mechanisms and efficiency can be highly cell-type 
specific. Yue et al. reported negligible uptake of GO with 
a lateral size of about 350 nm and 2 µm by four different 
non-phagocytic cell types next to high intracellular accu-
mulation of both GO samples by murine macrophages 
[12].

In general, a huge number of studies on inhalative 
exposure to nanomaterials exist and nano-toxicologists 
agree that the lungs are the most sensitive entry por-
tals into the human body. The healthy skin, on the other 
hand, has been demonstrated in many studies to be very 
tight and to form a highly effective barrier for nanomate-
rial permeation. For the gastrointestinal tract, however, 
the lowest number of studies exists and these are very 
controversial regarding the uptake of nanomaterials into 
the body tissues [16]. For GO some of the most prom-
ising applications could be in composite films for pack-
aging [17] to create new, cheap gas barrier coatings for 
food or beverages [18]. Therefore it is an important point 
to obtain clear evidence that GO traces are not harm-
ful upon casual ingestion. Only recently the impact of 
different GO on undifferentiated Caco-2 cells has been 
reported [19–21], revealing the formation of reactive 
oxygen species (ROS) induced by GO as well as a close 
GO-cell surface interaction. Nevertheless no acute toxic-
ity of the applied GO for an exposure range of 5–80 µg 
GO/ml and an exposure time up to 48 h could be found 
[20].

The Caco-2 cell line is the foremost applied cell culture 
model for the human intestinal mucosa. The cell line is 
derived from colon adenocarcinoma and applied in dif-
ferent model variants, either as monoculture [22–25] or 
in co-culture with other cell types of the intestinal bar-
rier and underlying tissue, e.g. goblet cells, endothelial 

cells or B-lymphocytes [26–29]. Upon reaching conflu-
ency Caco-2 cells undergo spontaneous differentiation 
with extensive morphological and physiological changes 
leading to tight and polarized enterocyte-like epithelial 
cell layers with brush border (BB) and tight junction (TJ) 
formation. The differentiated Caco-2 cell culture model 
more realistically reflects the mature enterocytes in the 
human body, from the morphological as well as physi-
ological side. Differentiated Caco-2 cells are applied by 
the pharmaceutical industry to investigate intestinal drug 
absorption and transport mechanisms to predict bio-
availability of substances for oral drug delivery [23–26]. 
Nevertheless, undifferentiated Caco-2 cells are also often 
applied to enable fast and high-throughput screening for 
potential hazardous substances. Previous cellular uptake 
studies with Caco-2 cells and other epithelial cell types 
have predominantly been performed with non-polarized 
undifferentiated cells. To date it is not clear if 2D materi-
als can be taken up by Caco-2 cells at all and if the dif-
ferentiation status of the cells has an influence on the 
cellular uptake behaviour.

Therefore the aim of our study was to obtain a mecha-
nistic understanding of the interaction of GO with dif-
ferent cell surface topographies and cell morphologies 
of undifferentiated and differentiated Caco-2 cells. To 
analyse the effects of pure GO we applied label-free GO 
due to the fact that labelling of GO, especially by attach-
ment of larger ligand and fluorescence dye molecules, 
can alter the surface properties of the material which in 
turn can significantly alter the cellular uptake behaviour. 
To investigate the impact of the lateral size of GO on the 
cellular uptake, we selected two GO samples with broad 
but different size distributions, previously applied by 
Kucki et al. and found a lack of acute toxicity for undif-
ferentiated Caco-2 cells [20]. The GRM we used (Table 1, 
named with the same codes of Ref. [20] for clarity) are:

(1) Commercial graphene oxide nanoplatelets formed 
by several stacked GO layers and with a large lat-
eral size (up to 40 µm), comparable to cell diameter 
(GO1).

(2) Small GO nanosheets, with lateral size below 1 µm, 
mostly present in solution as single monatomic 
sheets (GO3) [30].

(3) Commercial, non-oxidized graphene nanoplatelets 
(GNP), poorly dispersible in water, used as a “worst 
case” reference.

The different materials tested were chosen to allow a 
direct comparison and study of the effect of shape and 
oxidation grade on biological activity. GO1 and GNP 
have similar shape (rigid nanoplatelets) and mesoscopic 
lateral size, but different surface chemistry (C/O is 1.7 
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and 24.0 respectively). GO1 and GO3 have similar sur-
face chemistry but different lateral size and shape: GO1 
thicker platelets are more rigid, while GO3 monoatomic 
sheets can easily deform in solution, or upon action of 
cellular membrane, as will be described in the follow-
ing sections. The interactions of Caco-2 cells with these 
different GRM in dependence of the cell differentia-
tion status was analysed primarily by scanning electron 
microscopy (SEM) and transmission electron microscopy 
(TEM). We could clearly demonstrate that undifferenti-
ated Caco-2 cells show considerable cellular uptake of 
GRM, whereas no GRM uptake could be found for dif-
ferentiated Caco-2 cells which exhibit an enterocyte-like 
surface topography and cell morphology.

Methods
Graphene‑related materials and physico‑chemical 
characterisation
Commercial GO (GO1) and graphene nanoplatelet (GNP) 
powder were obtained from Cheap Tubes Inc. (112 Mer-
cury Drive, Brattleboro Vermont, 05301, USA). GO3 was 
produced by modified Hummers method. The materials 
were applied as received without further pre-treatment 
as it has been already shown recently that acid-treatment 
simulating stomach transition did not lead to alterations 
of the material properties [20]. The detailed physicochem-
ical characterisation and material properties, including 
Raman and XPS characterization of sheet thickness and 
oxidation, are described in Kucki et al. [20] and summa-
rized as an overview in Table 1. As experiments were per-
formed with the identical batch and suspension of GO1, 
GO3 and GNP respectively batch-to-batch variability can 
be excluded. GO1 powder was pre-dispersed in endo-
toxin-free (<0.005 EU/ml) ultra-pure water (Millipore-Q) 

to a concentration of 1 mg GO1/ml. Even if GO1 is sup-
posed to be few-layer graphene oxide from the producer, 
SEM and TEM measurements (see below) showed that 
it is mostly composed of thicker platelets, 10 layers or 
above, indicating that GO1 is a material closer to graph-
ite oxide rather than graphene oxide. Thus, dispersion of 
the GO1 sheets was improved by short bath-sonication 
for 10  s (hot spot; Bandelin Sonorex RK156 BH). Con-
versely GO3, being truly composed of monoatomic sheets 
was easily used as aqueous dispersion without any visible 
aggregates and with no need of sonication. GNP, being the 
less soluble of the materials used due to the low presence 
of oxidized defects on its surface, was dispersed in water 
containing 0.1 mg/ml sodium cholate, a natural occurring 
primary bile acid. All GRM samples were stored under 
sterile conditions at room temperature and protected 
from light. GRM stock dispersions were vortexed for at 
least 10 s before further use.

Cell culture
Caco-2 cells were obtained from ATCC  (ATCC®HTB-37™, 
ATCC, Manassas, VA, USA) and cryogenically-preserved 
until use. After thawing cells were sub-cultured at least 
twice prior to experimental use. Cells were cultivated in 
minimum essential medium (MEM, Sigma-Aldrich, Ref. 
M2279) supplemented with 10% foetal calf serum (FCS, 
Sigma-Aldrich, Ref. F9665), 1% l-glutamine (Sigma-
Aldrich, Ref. G7513), 1% non-essential amino acids 
(NEAA, Sigma-Aldrich, Ref. M7145) and 1% penicil-
lin–streptomycin–neomycin (PSN, Sigma-Aldrich, Ref. 
P4083). Cells were maintained at 37  °C and 5%  CO2 in 
humidified atmosphere and routinely sub-cultured twice 
a week at 70–80% confluence by treatment with 0.5% 
trypsin–EDTA (Sigma-Aldrich, Ref. T3924).

Table 1 Overview on the physicochemical properties of applied graphene oxides and graphene nanoplatelets

Overview on the physicochemical properties of the applied label-free graphene-related materials (GRM) as determined by Kucki et al. [20]. Original material acronyms 
were retained for sake of clarity

Graphene oxide Graphene nanoplatelets

GO‑1 GO‑3 GNP

Material source Commercial Research Commercial

Preparation method Modified hummers method Modified hummers method Microemulsion

Starting material Graphite Natural graphite Natural graphite

State as received Powder Dispersion Powder

Lateral dimensions 1–40 µm (SEM) 150 nm ± 44 nm (AFM) Aggregate size 1–10 µm; mean ~5 µm (SEM)

Number of layers Single to few layer Single layer Aggregate thickness <5 µm

C/O ratio (XPS) 1.7 ± 0.1 1.9 ± 0.1 24.0 ± 2.5

Dispersion in … Ultra-pure water Ultra-pure water 0.1 mg/ml sodium cholate in ultra-pure water

Dispersion colour Brown Brown Anthracite

Zeta-potential in ultra-pure water −39.4 ± 1.3 mV −43.9 ± 1.4 mV −62.6 ± 1.9 mV
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Differentiation of Caco‑2 cells
Caco-2 cells were seeded on porous membrane supports 
(12-well) at a seeding density of 250,000 cells/well which 
corresponds to 2.2 × 105 cells/cm2. For SEM analysis and 
immunofluorescence labelling, cells were seeded on poly-
ethylene terephthalate (PET) membranes (ThinCert™, 
Greiner bio-one, Ref. 665631, 12-well, 3.0 µm pore size). 
For TEM analysis cells were seeded on polycarbonate 
(PC) membranes (Transwell, Corning, Ref. 3402, 12-well, 
3.0 µm pore size). Cells were grown for 21 days to obtain 
mature differentiated monolayer. After 21 days the integ-
rity of the Caco-2 monolayer was controlled by measure-
ment of the transepithelial electrical resistance (TEER) by 
Epithelial Voltohmmeter (EVOM) with sterilized STX2 
electrodes (World Precision Instruments, 175 Sarasota 
Center Boulevard Sarasota, FL 34240-9258, USA).

Cell exposure—undifferentiated and differentiated Caco‑2 
cells
For cell culture experiments GRM stock dispersions of 
1 mg GRM/ml were diluted to the respective final GRM 
concentrations in supplemented cell culture medium 
(MEM supplemented with 10% FCS, 1% l-glutamine, 1% 
NEAA and 1% PSN). Caco-2 cells were either differenti-
ated for 21 days as described above or seeded on perme-
able supports (12-well) at a seeding density of 100,000 
cells/well which corresponds to 8.9 × 104 cells/cm2 and 
allowed to adhere for 24  h (referred to as undifferenti-
ated). Thereafter, both undifferentiated and differentiated 
Caco-2 cells grown on permeable supports were exposed 
to GRM under identical conditions.

Scanning electron microscopy (SEM) analysis of Caco‑2 
cells
Caco-2 cells (undifferentiated or differentiated on porous 
PET membrane supports) were exposed to GO1, GO3 or 
GNP dispersed in supplemented cell culture medium at 
concentrations of 10, 20 or 40 µg GRM/ml (correspond-
ing to 7.4, 14.8 or 29.6  µg GRM/cm2) for 24  h. Control 
cells were exposed to supplemented cell culture medium 
without GRM. After exposure cells were washed twice in 
pre-warmed phosphate buffered saline (PBS) and fixed 
with modified Karnovsky fixation solution [4  g para-
formaldehyde (CAS 30525-89-4), 50 ml aqua bidest, 5 ml 
glutaraldehyde 50% (CAS 111-30-8), 45 ml PBS without 
glucose and pH 7.4] at room temperature for 1 h. Samples 
were washed twice in PBS and dehydrated by ascending 
ethanol series (50–100% ethanol) followed by treatment 
with hexamethyldisilizane (HMDS, CAS 999-97-3). Sam-
ples were dried overnight in a fume hood and stored in 
a desiccator until transfer to SEM sample holders with 
conductive adhesive tapes. Samples were sputter-coated 

(Sputter Coater Leica EM ACE600) with gold–palla-
dium (ratio Au/Pd =  80/20; 10  nm thickness). Analysis 
was performed with a Hitachi S-4800 SEM operating at 
2.0 kV.

TEM preparation of Caco‑2 cells—undifferentiated 
and differentiated cells
Caco-2 cells (undifferentiated or differentiated on 
porous PC membrane supports) were exposed to GRM 
as described above or remained untreated. GO-exposed 
cells and control cells were fixed in 3% glutaraldehyde 
in 0.1 M sodium cacodylate buffer and washed in 0.2 M 
sodium cacodylate buffer. After a post-fixation step in 
2% osmium tetroxide in 0.1 M sodium cacodylate buffer 
samples were dehydrated through a graded ethanol series 
followed by acetone and finally embedded in Epon resin 
(Sigma-Aldrich). Ultrathin sections were contrasted with 
2% uranyl acetate and lead citrate (Reynolds 1963) before 
imaged in a Zeiss EM 900 TEM (Carl Zeiss Microscopy 
GmbH, Germany) at 80 kV.

Flow cytometry
Undifferentiated Caco-2 cells were seeded in 6-well 
plates at a seeding density of 100,000 cells/ml (250,000 
cells/well or 27,700 cells/cm2). After 24  h pre-culture 
cells at 50–60% confluence were incubated for 24  h 
with the indicated amount of GRM (10, 20, 40  µg/ml 
or 2.8, 5.5, 11.1 µg/cm2 respectively). Control cells were 
exposed to supplemented cell culture medium with-
out GRM. Control cells exposed to supplemented cell 
culture medium containing water or sodium cholate 
without GRM served as solvent controls. To exclude 
extracellular GRM from the analysis, medium was 
removed and the cell-layer was washed two times with 
pre-warmed PBS. Afterwards cells were harvested at 
80–90% confluence by treatment with 0.5% trypsin–
EDTA, pelleted by centrifugation (200g, 5 min) and re-
suspended in PBS for flow cytometry. Changes in side 
scatter (SS) values were recorded on a logarithmic scale 
and plotted against linearly recorded forward scatter 
(FS) values or counts using a Gallios TM flow cytom-
eter and Kaluza software (Beckman Coulter). A total 
of 10,000 counts were analysed per sample. Side scat-
ter values in flow cytometry indicate the granularity or 
complexity of a cell and it has been shown previously 
that e.g. the uptake of titanium dioxide  (TiO2) nanopar-
ticles (NPs) or ellipsoid-shaped supraparticles results 
in a dose-dependent shift, i.e. increase, in SS values 
[31, 32]. According to this method cells associated with 
GRMs (intra- and extracellular) were gated and quanti-
tatively determined in dependence of their increase in 
side scatter signal.
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Results
Physicochemical properties of applied graphene oxide 
and graphene nanoplatelets
As mentioned before, the applied label-free GRM have 
been already used in a recent study with undifferentiated 
Caco-2 cells. Details regarding the preparation and char-
acterization of the materials are given in Kucki et al. [20]. 
Table 1 gives an overview on the physicochemical prop-
erties of the applied materials. For sake of clarity and to 
allow a direct comparison, we retain the material num-
bering used in Kucki et al. [20]. Both GO samples showed 
good dispersion behaviour in water due to oxygen-func-
tionalized groups. In a previous study we investigated the 
potential effect of GO1 and GO3 among other GO on the 
metabolic activity of undifferentiated Caco-2 cells [20]. 
This study demonstrated clearly that 24 or 48 h exposure 
to either GO1 or GO3 in a concentration range from 5 
to 80  µg/ml has no acute toxic effect, which is relevant 
for the investigation of cellular uptake. GNP aggregates, 
also applied in Kucki et al. [20], were included as ‘refer-
ence material’ as further detailed in the “Methods” sec-
tion. Figure  1 shows representative images of the GRM 
morphology after incubation in supplemented cell cul-
ture medium in the presence of cells after 24 h.

SEM analysis of the interaction of GO and GNP with the cell 
surface of undifferentiated Caco‑2 cells
Undifferentiated Caco-2 cells were exposed to different 
concentrations of either GO1 or GO3 in supplemented 
cell culture medium. Control cells were cultured in 
similar medium but were not exposed to GO. Scanning 
electron microscopy (SEM) analysis of undifferentiated 
Caco-2 (Fig. 2) cells showed close interaction of the GRM 
with the cell surface, in agreement with previous results 
obtained by Kucki et al. [20]. By screening the surface of 
thousands of Caco-2 cells, we found several hints towards 
an active uptake of the sheets, or at least towards active 
attempts of uptake. The active role of the cell membranes 
was clearly evident in particular for the bulky, rigid 
GNP, where the cells were strongly deformed trying to 
engulf the platelets (Fig.  2E, F; Additional file  1: Figure 
S4). Conversely the thinner, more flexible GO1 platelets 
were often deformed by mechanical action of the cell 
membrane, which created multiple folds and bends on 
the GO1 surface (Fig. 2A, B). At the periphery of Caco-2 
islets, cells exhibited wave-like protrusions in contact 
with GO1 sheets, indicating possible cellular uptake. In 
contrast, the surface of the centre of these islets showed 
less amounts of associated GO sheets. As depicted in 
Fig.  2, cellular protrusions were found at corners and 
edges of GO1 sheets as well as GNP, covering parts of 
these GRM. In several cases GO1 exhibited parallel align-
ment to the cell membrane, similar to observations made 

by Russier et  al. with human and murine macrophages 
and described as “mask-effect” [33]. The smallest GO3 
sheets were instead primarily found in form of mat-like 
agglomerates of folded and wrinkled sheets as shown in 
Fig. 2C, D and Additional file 1: Figure S3. The mechani-
cal properties of GO are difficult to estimate as they 
depend on several factors such as the amount of defects 
as well as their localization and arrangement in the GO 

Fig. 1 Scanning electron microscopy (SEM) images of applied GO 
(A, B) and GNP (C). Images show morphology of GRM on glass slides 
after incubation in supplemented cell culture medium for 24 h in the 
presence of undifferentiated Caco-2 cells (cells not shown)
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sheets [34]. The pre-requisite for the deformation of the 
GO sheets by the cell would be that forces generated by 
the Caco-2 cells are sufficiently high enough to induce 
folds and wrinkles to the material. Our observations are 
a clear demonstration of the strong mechanical interac-
tions that can exist between flexible but robust mono- to 
few layer nano-sheets and human cells.

TEM analysis of GO uptake by undifferentiated Caco‑2 cells
Verification of a possible uptake of GO1 and GO3 by 
undifferentiated Caco-2 cells was performed by transmis-
sion electron microscopy (TEM) analysis. GNP turned 
out to be a challenging material for TEM analysis. Its 

rigid structure and general hardness resulted in holes 
and other artefacts during ultrathin slicing of the sam-
ples. This precluded proper analysis and meaningful 
conclusions. We therefore excluded GNP from TEM 
analysis. Figure  3A shows a section of neighbouring 
undifferentiated Caco-2 cells grown in form of islets 
on polycarbonate membrane (PCM) supports. In con-
trast to differentiated Caco-2 cells (compare Fig. 8) cells 
show membrane protrusions instead of microvilli (MV) 
on the surface. Mitochondria are clearly visible and ran-
domly distributed throughout the cells. Nuclei exhibit 
deep invaginations forming pockets as well as tunnels. 
Cellular protrusions can be found on the basal side 

Fig. 2 Interaction of GO and GNP with the cell surface of undifferentiated Caco-2 cells. SEM images of undifferentiated Caco-2 cells exposed to 
either 40 µg/ml GO1 (A, B), GO3 (C, D) or GNP (E, F) for 24 h. B Is displayed in false-coloration to enhance visibility of GO1 (purple) in contrast to the 
cell surface (grey). GO3 sheets (C, D) exhibit several folds and show agglomeration forming larger mats of GO on the cell surface. Hints are given 
towards a simultaneous uptake of several GO3 sheets in form of larger agglomerates. For further SEM images see Additional file 1: Figures S3 and S4
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associated with the PCM pores. Exposure of undifferen-
tiated Caco-2 cells to either 20  µg/ml GO1 or GO3 for 
24 h led to a clearly visible internalization of GO sheets. 
Figure  3B gives an overview on the association of large 
GO1 sheets with the undifferentiated Caco-2 cells. Unex-
pectedly uptake was not limited to small GO sheets with 
lateral dimensions below 1 µm as can be found for GO3 
(Fig. 4B, C). Astonishingly, undifferentiated Caco-2 cells 
were also able to internalize large GO1 sheets with lat-
eral dimensions within the range of 5–10 µm, as can be 
seen in Figs.  3B and 4A. This is surprising as epithelial 
cells are not considered as professional phagocytes, not 
even when of cancerous origin as the Caco-2 cell line. 
In addition, the TEM images clearly show that uptake 
of GO sheets was not restricted to a few individual cells 
but rather the case for a larger number of cells. In the 
majority of cases internalized GO1 sheets were present 
in form of structures made of several stacked GO sheets. 
Interestingly, these structures exhibited folds and sharp 
bends as shown in Figs. 3B and 4A, indicating a certain 
flexibility but also rigidity of the stacked material. The 

stacking of the GO might have occurred before or dur-
ing cellular uptake, or probably as a combination of both. 
The sharp-bended structure of the GO1 sheets observed 
by TEM analysis reflects the structure of the sheets pre-
viously observed by SEM analysis, as shown for example 
in Fig.  2A, B. Also internalized small GO3 sheets were 
found accumulated throughout the cytoplasm, but with 
a significantly different structure. Figure 4A, B compare 
the aspect of GO1 and GO3 within the cell. Our results 
regarding the uptake of GO3 sheets are in line with 
other studies investigating the uptake of GO by various 
cell types. Just recently, uptake of nano-sized GO sheets 
was reported for HeLa cells as well as for murine mac-
rophages J774.2 [35]. By TEM analysis the authors found 
significant amounts of GO sheets enclosed in membrane-
bound compartments. Both cell-types internalized two 
different types of nano-sized GO, irrespectively of the 
lateral size dimension, which was in the range of 89 and 
277 nm respectively. Nevertheless, the authors reported 
a size-dependent effect on the metabolic activity of both 
cell types, but no elevation of cell death above the nor-
mal cell turnover (for GO concentrations up to 100 µg/
ml; incubation time 24 and 48 h). In a previous in vitro 
approach, we did not find a size-dependent effect of 
GO on the metabolic activity of undifferentiated Caco-2 
cells, regardless of the differences in the lateral dimen-
sion of GO1, GO3 and other applied GO [20]. Overall, 
the presented results demonstrate a very strong interac-
tion of the cell membrane with GO leading to the forma-
tion of bent GO structures. This strong interaction seems 
to allow the intestinal epithelial cells to kind of “crum-
ple” and internalize even the large GO1 sheets with lat-
eral dimensions in the size range of whole cells. Despite 
reports showing the uptake of micro-sized GO sheets by 
human and murine macrophages [33], which have the 
function to take up and eliminate foreign materials, to 
the best of our knowledge there is no study available that 
previously reported the uptake of large GO sheets with 
lateral dimensions of up to several tens of micrometres 
by human epithelial cells.

Semi‑quantification of Caco‑2 cells with cell‑associated 
GRM
Undifferentiated Caco-2 cells were treated for 24 h with 
40  µg/ml GRM, rinsed, detached by trypsin/EDTA 
treatment and harvested by centrifugation (Fig.  5a). 
Dependent on the type of GRM cell pellets appeared 
either almost black (GNP), dark brown (GO1), or light 
brown (GO3). This macroscopic and qualitative obser-
vation indicates that dependent on the GRM type dif-
ferent amounts of GRM are associated with Caco-2 
cells. Absorbance measurements at 490 nm reveal simi-
lar results (Fig.  5b; [20]). Treatment of undifferentiated 

Fig. 3 Internalization of GO by undifferentiated Caco-2 cells I. Com-
posed TEM images of undifferentiated Caco-2 cells grown on perme-
able supports: A control cells, B after exposure to 20 µg GO1/ml for 
24 h. NC nucleus, PCM polycarbonate (PC) membrane. Scale bars 2 µm
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Caco-2 cells with increasing concentrations of the indi-
cated GRM for 24 h results in linearly increasing absorb-
ance values. In this experimental setting GO1 absorbance 
levels are higher compared to GNP. GO3 treatment only 
marginally increases absorbance values (Fig.  5b). This 
effect is most prominent at the highest concentration of 
40 µg/ml GRM.

Finally a flow cytometric analysis was carried out to 
estimate the number of undifferentiated Caco-2 cells 
associated with GRM (Fig.  5c) as a semi-quantitative 
measure of interaction and therefore to complement the 
qualitative TEM- and SEM-data. It has been shown pre-
viously that uptake as well as extracellular adhesion of 
nanoparticles lead to an increase in cell granularity which 

can be detected by elevated side scatter values [31, 32]. 
As this method does not allow discrimination between 
intra- and extracellular GRM, the sum of both is given 
as “% of cells associated with GRM”. This sub-popula-
tion was gated in  SShigh according to the gating strategy 
presented in Additional file 1: Figure S5. GO1 and GNP 
treatment of undifferentiated Caco-2 cells for 24 h leads 
to a concentration-dependent increase in the population 
of cells associated with GRM (Fig. 5c). At lower concen-
trations (10 and 20 µg/ml) GO1 treatment leads to more 
pronounced effects compared to GNP treatment. How-
ever, at the highest concentration analysed (40  µg/ml) 
more cells associate with GNP (17%) compared to GO1 
(12%) (Fig. 5c). In contrast in GO3 treated samples side 

Fig. 4 Internalization of GO by undifferentiated Caco-2 cells II. TEM micrographs of undifferentiated Caco-2 cells grown on permeable supports. 
Caco-2 after exposure to 20 µg/ml GO1 (A) or GO3 (B, C) for 24 h; C composed image of TEM micrographs showing parts of a Caco-2 cell with intra-
cellular accumulation of GO3 sheets; B higher resolution image of framed area in C. NC nucleus, PCM polycarbonate membrane. Scale bars 2 µm
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scatter values were not elevated above background lev-
els of untreated and solvent treated control samples at 
all concentrations analysed. This indicates no or only lit-
tle uptake and interaction of GO3 with undifferentiated 
Caco-2 cells. In general the flow cytometric quantifica-
tion correlates with the macroscopic observations as well 

as the absorbance measurements: darker cell pellets—
higher absorbance values—more cells associated with the 
respective GRM.

However the increase in side scatter values correlates 
not only with the amount of a material that is associated 
to the cell but also with the scattering properties of the 

Fig. 5 Cell-associated GRM. a Undifferentiated Caco-2 cells exposed to GRM for 24 h show GRM-concentration dependent increase in absorbance 
(absorbance corrected for intrinsic cell absorbance; n = 4 for GNP, n = 6 for GO1 and GO3); b images of Caco-2 cell pellets in phenol-red containing 
cell culture medium including all supplements after exposure to 40 µg GRM/ml for 24 h in comparison to unexposed control cells; c flow cytometric 
analysis (n = 3) shows concentration-dependent increase in % of cells associated with GO1 and GNP. Exposure to GO3 did not lead to a significant 
increase in the % of cells with cell granularity above the control cells
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respective material itself. As depicted in Additional file 1: 
Figures S1 and S2, the different GRM (GNP, GO1 and 
GO3) show distinct scattering properties in differential 
interference contrast (DIC). While GO1 and GNP show 
clearly visible surface scattering, GO3 can only be rec-
ognized as a change in intracellular architectures of the 
perinuclear region with low contrast compared to cellu-
lar components. These observations may contribute to 
the differences in absolute side scatter values measured 
after Caco-2 treatment with different GRM. Nevertheless 
the applied method allows a relative quantification com-
paring an untreated sample with corresponding samples 
treated with different concentrations of the same GRM.

SEM analysis of the interaction of GO and the cell surface 
of differentiated Caco‑2 cell monolayers
Upon reaching confluency Caco-2 cells stop proliferation 
and undergo a process of polarization and differentia-
tion to obtain an enterocyte-like phenotype as schemati-
cally illustrated in Fig.  6. Differentiation of Caco-2 cells 
is connected with transcriptome and proteome changes 
[36–39], as well as an intensive re-modelling of the cell 

architecture. Characteristic morphological features of 
differentiated Caco-2 cells are the formation of a dense 
apical brush border (BB) of close-packed microvilli (MV) 
(Fig. 7; Additional file 1: Figure S6) and the presence of 
tight junctions (TJs) (Additional file 1: Figure S7).

To investigate the interaction of GO sheets with the 
apical surface of the differentiated Caco-2 cell mon-
olayer, cells were exposed to 20 µg/ml GO1 or GO3 for 
24 h. Differentiated Caco-2 cells with and without expo-
sure to GO1 showed no significant difference in cell sur-
face morphology. In both cases differentiated Caco-2 
cells exhibited a dense BB formed by numerous MV per 
cell. Density of the brush border varied from cell to cell 
within the monolayer, which is consistent with Wilson 
et al. [22] and others. There was no visible difference in 
average brush border density between the GO-exposed 
and non-exposed cell layers. In both cases, several cells 
showed hexagonal arrangement of close-packed MV. 
Noteworthy, only very few GO sheets could be identi-
fied on top of the differentiated GO-exposed Caco-2 cells 
(Fig. 7; Additional file 1: Figure S6). The surface topogra-
phy around attached GO sheets did not show any hints 

Fig. 6 Schematic illustration of the differentiation of intestinal cells. a In vivo architecture and organization of the intestinal epithelium (small intes-
tine) based on information given in Refs. [75–77]. At least cells of seven lineages (enterocytes, mucus-secreting goblet cells, enteroendocrine cells, 
Paneth cells, tuft cells, M-cells, and cup cells) originate from the intestinal stem cells near the crypt base. Enterocytes differentiate during migration 
from the crypt to the villus tip. b Caco-2 cells undergo intense morphological and physiological changes during differentiation. c In vitro  Transwell® 
model applied for Caco-2 cell differentiation: diffusion chamber system composed of an apical and basolateral compartment separated by a porous 
membrane support. Caco-2 cells are grown on the apical side. PCM polycarbonate (PC) membrane
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towards obvious GO-induced cell surface structure re-
arrangements e.g. in form of reduced MV number, length 
or density. No GO could be found inserted between the 
MV. GO1 showed weak attachment to the cell monolayer 
and the majority of sheets were already washed away dur-
ing the first steps of sample preparation. Residual GO 
could be rarely found and was often associated to MV 
bundles with an orientation tilted from the upright posi-
tion, so that a higher degree of surface interaction with 
the MV membrane surface was enabled. In contrast to 
undifferentiated Caco-2 cells differentiated cells showed 
significantly less cell-associated GO after a similar cell 

preparation procedure, which indicates differences in the 
GO-cell surface interaction.

TEM analysis of GO uptake by differentiated Caco‑2 cell 
monolayers
To investigate whether differentiated Caco-2 cells exhibit 
similar GO uptake behaviour as undifferentiated Caco-2 
cells, differentiated Caco-2 cells were exposed to 20  µg 
GO1 or GO3 per ml for 24 h (Fig. 8) similar to the undif-
ferentiated Caco-2 cells. Figure 8A, B show differentiated 
Caco-2 cells without exposure to GO (control cells). The 
cells exhibit clear polarization with a dense apical BB 

Fig. 7 Cell surface morphology of differentiated Caco-2 cells. Scanning electron microscopy (SEM) images of differentiated Caco-2 cells grown on 
permeable membrane supports. Images show control cells without GO exposure (A, B) and cells after exposure to 20 μg GO1/ml (C, D) or 20 μg 
GO3/ml (E, F) for 24 h. Only a few GO1 sheets could be identified on the brush border surface (highlighted by red box), whereas no GO3 sheets could 
be clearly identified. For further SEM images see Additional File 1: Figure S6



Page 12 of 18Kucki et al. J Nanobiotechnol  (2017) 15:46 

Fig. 8 TEM analysis of the interaction of GO and differentiated Caco-2 cells. TEM images of differentiated Caco-2 cells grown on permeable sup-
ports: A, B control cells without GO exposure, C Caco-2 cells after exposure to 20 µg/ml GO1 for 24 h. D–F Caco-2 cell morphology after exposure 
to 20 µg/ml GO3 for 24 h (E polarized cell layer on PC membrane. D, F Microvilli-arrangement). Neither GO1 nor GO3 sheets could be found closely 
attached to or internalized by differentiated Caco-2 cells
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and TJs. The cell nuclei can be found within the baso-
lateral compartment of the cells and exhibit pockets 
and tunnels, a finding frequently observed in Caco-2 
cells. As already observed by SEM analysis, differenti-
ated Caco-2 cells exposed to GO1 or GO3 for 24  h did 
not reveal signs of BB disruption, obvious changes in 
the MV number or length. Figure  8D shows a close-up 
of adjacent MV of GO1-exposed cells. Parallel align-
ment of actin filaments within individual MV is clearly 
visible. MV exhibit a typical length of about 1  µm and 
width around 0.1  µm as reported by Crawley et  al. [40] 
and others. The presence of TJs further highlights intact 
cell–cell contacts and does not give hints towards severe 
effects on the barrier integrity of the Caco-2 cell mon-
olayer. TJs were clearly visible in TEM analysis as well 
as detected by immunofluorescence labelling of Zonula 
occludens-1 (ZO-1) proteins (see Additional file  1: Fig-
ure S7). Interestingly, no uptake of GO sheets could be 
observed; neither of large nor of small GO sheets. In case 
of GO3 some single sheets were found on top of the BB 
microvilli as shown in Fig. 8F, but no GO sheets could be 
detected inserted between the MV or within the Caco-2 
cells. Based on TEM we cannot totally exclude uptake of 
unlabelled GO sheets by differentiated Caco-2 cells, but 
the here presented results clearly show that the incidence 
and the amount of GO uptake is dramatically reduced 
for differentiated Caco-2 cells. This conclusion is further 
confirmed by the following macroscopic observations. In 
contrast to undifferentiated Caco-2 cells (Fig. 5) differen-
tiated Caco-2 cells treated with GRM exhibit no brown 
coloration (Fig.  9). After 24  h of treatment with GO1 
or GO3 supernatants exhibit the typical brown colour 
(Fig. 9a1; black (Disp.) and dark grey (S0) bars in Fig. 9b). 
However, after removal of the supernatant and a single 
washing step, cells adhering to the permeable support 
(Fig. 9a2) as well as detached and pelleted cells (Fig. 9c) 
cannot be distinguished from the untreated control cells. 
Absorbance values of the original GO dispersions and the 
corresponding supernatants after 24  h of cell treatment 
are indistinguishable. In contrast both washing solution 
(S1 and S2) are at background levels (Fig. 9b). This sup-
ports the low adhesion and no or negligible uptake of GO 
to differentiated Caco-2 cells.

Discussion
Cellular uptake of nanomaterials is a key process and 
triggers further biological effects within the cell. We 
could observe that uptake of label-free GO sheets and 
other GRM by cells is highly dependent on the cell phe-
notype. Whereas undifferentiated Caco-2 cells exhibited 
uptake of small and large GO sheets of several microme-
tre in size, no GO uptake could be found in differenti-
ated Caco-2 cells. In undifferentiated Caco-2 cells large 

membrane folds, ruffles and wave-like membrane pro-
trusions engulfing GRM might be seen as hints towards 
macropinocytosis, an active uptake mechanism, but this 
still needs to be confirmed. Further evidence for active 
uptake is reported by Chowdhury et  al. who observe 
uptake of oxidized graphene nanoribbons (GNR) func-
tionalized with PEG-DSPE by HeLa cells. The authors 
proposed endocytosis as possible uptake mechanism for 

Fig. 9 GRM association with differentiated Caco-2. a Differentiated 
Caco-2 cells grown on cell culture inserts (PET membrane). a1 After 
exposure to GO1, GO3 or control medium for 24 h; a2 after exchange 
of supernatant (S0) by phenol-red free cell culture medium; b absorb-
ance spectra of original GO dispersions (40 µg/ml GO) and control 
medium, as well as of cell culture supernatants after 24 h cell expo-
sure (S0), after one washing step (S1) and two washing steps (S2). c 
Obtained cell pellets of differentiated Caco-2 cells after exposure to 
GO after two washing steps. No evidence for cell-associated GO given
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small GNR aggregates and macropinocytosis for large 
GNR aggregates [41]. Clear identification of the uptake 
mechanism is not without difficulties due to the lack of 
specific markers and inhibitors for macropinocytosis 
[42]. However, the observed engulfment of GO sheets by 
undifferentiated Caco-2 cells in our study is not a single 
event, but was frequently observed for numerous Caco-2 
cells in each individual SEM analysis. On the other hand 
it must be added that just recently, simulations have 
shown the possibility of passive membrane penetration 
of graphene and the results were underlined by electron 
microscopy imaging [15]. Unfortunately, the frequency 
of such penetration events within the cell culture was not 
reported by the authors. In contrast, our investigations 
with undifferentiated Caco-2 cells do not give any hint 
towards a similar razor blade-like passive entrance of GO 
through the cell membrane having analysed hundreds of 
comparable SEM-pictures. However, further experiments 
would be necessary to elucidate the uptake mechanism(s) 
of GRM into undifferentiated Caco-2 cells and to exclude 
any passive way of entrance, even though the results pre-
sented herein strongly support an active mechanism of 
GRM uptake.

To achieve uptake of stacked GO sheets with lateral 
dimensions of several hundreds of nanometres or more 
cells have to perform intensive deformation and remod-
elling of their surface and underlying cytoskeleton. 
Astonishingly, undifferentiated Caco-2 cells were able 
to internalize GO sheets with lateral dimensions not 
far from their own diameter. Our results clearly show 
that the applied GO sheets are not rigid structures and 
allow certain deformation of their form. The mechani-
cal properties of GRM have been studied experimentally 
and by simulation [43–49], but nevertheless remain not 
fully understood. Monolayer graphene exhibits a high in-
plane Young’s modulus [43] but has a high out-of-plane 
deformability. It has been shown that at the nanome-
tre scale “perfect” graphene is not completely flat. The 
degree of functionalization and the presence of defects 
have a significant impact on the materials mechanical 
behaviour and the formation of extrinsic wrinkles [44, 
45]. Stacking of GO sheets can lead to a decrease in the 
fracture strength and Young’s modulus dependent on 
the thickness of the GO stack [48]. Chen et  al. showed 
that the bending stiffness of few-layer graphene (2–6 lay-
ers) is highly dependent on the thickness and number of 
graphene layers [50]. As stacking and folding of GRM 
induces changes in the physical properties the number of 
GRM layers might have a significant effect on the uptake 
behaviour of the cells. We made the observation that GO 
sheets dispersed in cell culture medium undergo different 
degrees of wrinkling and folding forming simple to highly 
complex structures. Furthermore, results of our SEM 

analysis give hints that the here applied GO sheets can 
be deformed during the cellular uptake process. Undif-
ferentiated Caco-2 cells might be able to generate forces 
high enough to induce further folding of the sheets. Tym-
chenko et  al. have reported traction forces of adherent 
cells (endothelial cells and fibroblasts) in the range of tens 
to hundreds of Nanonewton [51]. It becomes evident that 
the mechanical properties of GRM are of high relevance 
and that the lateral dimension of GRM is only one major 
criterion determining the cellular uptake. As long as the 
material is deformable, the impact of lateral dimension 
might be smaller than originally expected and even large 
GO sheets might be less problematic for cells.

Another important observation is the fact that the dif-
ferentiated Caco-2 cells exhibit dramatically different 
uptake efficiency than undifferentiated Caco-2 cells. The 
reason for this difference is the altered phenotype after 
polarization and differentiation. As mentioned earlier, 
upon reaching confluency, Caco-2 cells undergo spon-
taneous polarization and differentiation, which is con-
nected with progressive changes in cell morphology 
and multiple biochemical pathways. From a biochemi-
cal point of view undifferentiated Caco-2 cells resemble 
the tumorigenic phenotype, whereas by differentiation 
they obtain a phenotype similar to enterocytes in healthy 
tissue [37]. Gene expression profiles of differentiated 
Caco-2 cells showed similarities with normal human dif-
ferentiated villus cells and colonic tissue [38, 52]. One 
possible explanation for the differences in cellular uptake 
behaviour might be changes in the expression of recep-
tors involved in cellular uptake as was reported for Yers-
inia pseudotuberculosis cell-entry in Caco-2 cells [53]. 
But to our opinion, the most likely explanation for the 
differences in GO uptake behaviour between the two 
phenotypes lies within the architecture of the apical 
surface. Undifferentiated Caco-2 cells exhibit a few to 
several protrusions on the cell surface. During differen-
tiation Caco-2 cells undergo extensive remodelling of the 
apical surface. Microvilli clusters are formed which result 
in the generation of a dense brush border (BB) as shown 
in Figs.  7, 8 and Additional file  1: Figure S6, leading to 
amplification of the surface area of the small intestine. 
The BB allows an enrichment of membrane-associated 
enzymes and ion exchangers for nutrient absorption 
[40, 54], therefore MV are important for the intestinal 
homeostasis. Perturbation of the BB by loss of MV can 
lead to malabsorption and diarrhoea. After a close look 
on the details of the MV architecture and the complex-
ity of the BB, as summarized by Crawley et  al. [40], it 
becomes clear that the BB also serves as a physical bar-
rier. In short, MV are finger-like protrusions (~1  µm in 
length and ~100 nm in diameter) with a core formed by 
20–40 bundled actin filaments necessary for the stability 
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and rigidity of the MV. Each microvillus is anchored into 
the terminal web which underlies the apical cell surface 
and promotes the long-term stability of the BB. Neigh-
bouring MV are connected to each other by extracellular 
inter-microvillar adhesion links at their distal tips [55]. 
These adhesion links are thought to be important for BB 
assembly by promoting MV close packing. Interconnec-
tion of MV might prevent the occurrence of large gaps 
within the BB arrangement which could act as protective 
niches for microbial growth as well as access points for 
invasion. It is also assumed that they might be involved in 
obtaining MV with uniform length [40]. In other words, 
the BB seems to function as kind of mesh or filter which 
restricts the passage of larger items such as luminal bac-
teria and micro-sized particles, while allowing passage 
of molecules and particles small enough to slip through 
the inter-microvillar spaces. In addition, it could be fur-
ther speculated that the MV arrangement itself leads to 
a highly reduced attachment of micrometre sized materi-
als and bacterial cells to the epithelial cell surface. In the 
1990s Gebert et al. stated that “the brush border of nor-
mal enterocytes is dense and regular, and therefore inhib-
its the binding of bacteria to larger membrane domains” 
[56]. Interestingly conversion of Caco-2 cells to M-like 
cells in the presence of B-lymphocytes results in a reor-
ganization of the BB and uptake of particles and bacte-
ria in contrast to non-converted Caco-2 monolayers [57]. 
Recently Bennet et  al. have shown that the BB can act 
as an electrostatic barrier repelling intestinal microbes 
[58]. By generating Caco-2 cells lacking BB formation 
(microvillus-minus cells, MVM cells), the authors could 
demonstrate that bacterial adhesion is strongly affected 
by the presence of MV on the apical surface. Bacte-
ria showed preference for binding to MVM cells rather 
than to microvilli-possessing Caco-2 cells. Furthermore, 
the preference for binding was proportional to the zeta-
potential of the bacterial particles. In addition, binding 
of negatively charged poly lactic-co-glycolic acid (PLGA) 
NPs resembled the binding behaviour of bacteria exhibit-
ing binding preference for MVM cells, whereas positively 
charged PLGA particles showed preference for the con-
ventional Caco-2 cells. The results clearly show an elec-
trostatic barrier effect of the MV. A similar assumption 
was made by Vandrangi et al. [59]. A general low adhe-
sion of foreign bodies and bacteria should be beneficial 
to keep the cell surface “clean”. Adhesion of foreign mate-
rials and bacteria would block the surface and should 
compromise the absorptive function of the cells as well 
as be beneficial for bacterial invasion. These facts might 
explain our observation of the low adhesion of GO, which 
comprises a negative zeta-potential, to the BB of differ-
entiated Caco-2 cells. Therefore the previously described 
mask-effect, an intimate and parallel alignment of GO 

sheets to the cell surface was only found for undifferenti-
ated Caco-2 cells, but not for differentiated Caco-2 cells.

The hypothesis that the MV play a decisive role in the 
barrier function is further strengthened by the fact that 
M-cells, which are specialized for sampling luminal 
microbial particles and food antigens, lack a BB on their 
apical surface [60, 61]. Gebert et  al. assumed that “the 
irregular or even flat surface of M cells could facilitate the 
association of potential antigens with the M cell surface.” 
[56]. Just recently Schimpel et al. have shown that M-cells 
exhibit a 1.7-fold higher cell elasticity compared to 
Caco-2 cells with BB, as well as higher adhesion forces to 
the applied AFM tip [62]. The authors assumed that the 
sparse arrangement of MV and the increased elasticity 
are responsible for the high endocytic activity of M-cells. 
These results further highlight the importance of cell 
surface topography and deformability for cellular uptake 
behaviour. Therefore, M-cells would be a very interest-
ing model in regard of GRM uptake. Furthermore, it was 
shown that entero-pathogenic Escherichia coli (EPEC) 
and Salmonella typhimurium have evolved mechanisms 
to induce re-modelling of the apical surface of human 
enterocytes leading to disruption of the BB and adhesion 
of the bacteria [63, 64].

Our results are further in line with an in  vitro study 
performed by Clark et al. which assessed the interactions 
of pristine and oxidized multi-walled carbon nanotubes 
(MWCNT; 10–20  nm in diameter, 200–500  nm length) 
and differentiated Caco-2 cells. The authors found no 
evidence for an uptake of neither pristine nor oxidized 
MWCNT by differentiated Caco-2 cells [65].

Uptake of spherical NPs with 50  nm in size, but not 
for 100  nm particles and larger, has been demonstrated 
for differentiated Caco-2 cells [66]. Similarly NPs smaller 
than 40  nm were found in enterocytes of mouse small 
intestine after per-oral and intraluminal administration, 
whereas NP larger than 100  nm were not found [67]. 
Janer et al. reported no uptake of  TiO2 NP (primary par-
ticle size ~18 nm) by differentiated Caco-2 cells in vitro 
as well as no detectable  TiO2 NP in sections of the small 
intestine of exposed rats in vivo [68]. Peuschel et al. have 
shown uptake of amino- and carboxyl-functionalized 
CdSe/ZnS quantum dots of around 14  nm in size by 
undifferentiated Caco-2 cells, but not by differentiated 
Caco-2 cells [69]. Comparable results were obtained for 
26 and 100  nm  TiO2 NPs and their aggregates by Song 
et al. [70].

Taken together, the enterocyte architecture is an 
extremely efficient barrier not only for micro-sized but 
also for nano-sized foreign materials. The results indi-
cate that larger particles and NP-aggregates suffer from 
sterical hindrance and are therefore excluded, whereas 
particles with sizes smaller than the distance between 
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adjacent MV bear the potential to pass through the BB, 
but are not necessarily taken up by the cells. Uptake of 
GRM and other 2D materials, even when consisting of 
only one or few layers, so with thickness in the range of 
1–10 nm, but with lateral dimensions in the upper nano-
metre or micrometre range, seems to be very unlikely for 
differentiated Caco-2 cells. Such materials might bear the 
potential for transcellular passage of the enterocytes only 
in case of perturbation of the BB and terminal web.

It has to be noted that one limitation of the here 
applied Caco-2 cell model is that it does not consider 
the mucus layer covering and protecting the cells in the 
intestinal tract. Recently, Sinnecker et  al. have shown 
in an ex  vivo model of the rat intestine that the mucus 
layer is a critical barrier to overcome. Model polystyrene 
NPs were trapped within the mucus and no absorption 
of particles could be found in the applied experimental 
set-up [71]. Therefore the here presented experimental 
conditions with differentiated Caco-2 cells resembles the 
situation where the mucus barrier would be disturbed 
and a direct contact of the GRM with the epithelial cells 
is possible. Based on these facts and the results obtained 
by our study, the potential of GRM with lateral dimen-
sions of several hundreds of nanometres or more to pass 
through the healthy intestinal barrier by transcytosis of 
enterocytes seems to be extremely unlikely. Neverthe-
less, even if enterocytes are the most abundant cell type 
of the intestinal barrier, the passage and uptake of GRM 
by other cell types found in the intestinal mucosa such as 
M-cells, goblet cells, enteroendocrine cells, Paneth cells 
as well as stem cells cannot be excluded and has to be 
determined in future investigations. Furthermore 2D- or 
3D models composed of different cell types are needed 
to mimic the complexity of the intestinal barrier and to 
improve in vitro-in vivo correlation [26, 72, 73]. Models 
including intestinal microbes or considering the mechan-
ical forces by peristalsis can further increase the physio-
logical relevance. Disease models can help to understand 
nano- and microparticle translocation across the intesti-
nal barrier under inflammatory conditions [66, 74].

Conclusions
We can conclude that the GRM uptake behaviour of 
Caco-2 cells is highly dependent on the phenotype given 
by the cell differentiation status. Whereas undifferenti-
ated Caco-2 cells were able to internalize label-free GO 
sheets probably by macropinocytosis, no GRM uptake 
could be found for differentiated Caco-2 cells. We can 
further conclude that the mechanical properties of the 
GRM, such as deformability of the materials, seems to 
be an important factor for cellular uptake by undifferen-
tiated Caco-2 cells allowing internalization of even large 
GO sheets as large as 10 µm.

Our results highlight the importance of using appropri-
ate cell culture models. Undifferentiated Caco-2 cells can 
be applied in screening approaches to identify hazard-
ous nanomaterials. However the model’s predictability is 
limited, due to significant differences in comparison to 
human enterocytes in vivo. During differentiation Caco-2 
cells undergo intense phenotypic changes leading to an 
enterocyte-like morphology similar to enterocytes in the 
human body. The BB alters the cell surface properties such 
as the topography and leads to repellent effects which 
apparently results in a low adhesion of GO sheets and lack 
of uptake. Passage of GO through healthy enterocytes is 
therefore expected to be extremely unlikely.
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Additional file 1: Figure S1. Differential interference contrast (DIC) 
images of non-confluent Caco-2 cells grown on glass cover slips. Cells 
were exposed to either 20 μg/ml GO1, GO3 or GNP for 24 hours. GRM-
exposed cells showed no morphological differences in comparison to the 
unexposed control cells. Accumulation of dark material in the perinuclear 
region gives hints towards uptake of GO3 by non-confluent Caco-2 cells. 
Microscopy analysis was performed with an Axio ImagerZ.1 microscope 
(Zeiss, Oberkochen, Germany). Figure S2. Fluorescence microscopy 
images (overlays) of non-confluent Caco-2 cells. Cells were exposed for 
24 hours to 20 μg/ml GO1, GO3 or GNP respectively. Control cells not 
exposed to GO were run in parallel. Cell nuclei were labelled with DAPI 
(blue; λex = 335-383 nm, λem = 420-470 nm). Actin-network was labelled 
with Phalloidin-Alexa Fluor® 488 (green; λex = 455-495 nm, λem = 505-
555 nm). GRM is visible by transmitted differential interference contrast 
(TL DIC) microscopy. Microscopy analysis was performed with an Axio 
ImagerZ.1 microscope (Zeiss, Oberkochen, Germany). Figure S3. SEM 
images of non-confluent Caco-2 cells after exposure to GO1 or GO3 for 
24 hours. Cells were exposed to 40 μg GO1/ml (top, left) or 20 μg GO1/
ml (top, right). GO1 sheets exhibited either highly crumpled morphology 
especially at the cell-substrate border or were aligned parallel to the cell 
surface. GO3 was applied in a concentration of 40 μg GO3/ml. GO3 is vis-
ible in form of mat-like agglomerates of folded and wrinkled sheets both 
on the substrate and cell surface (bottom, right). Formation of circular 
wave-like protrusions on the surface of GO3-exposed cells give hints 
towards the possible uptake mechanism macropinocytosis (bottom, left). 
Figure S4. Interaction of GNP and the surface of non-confluent Caco-2 
cells. SEM images of cells after exposure to 20 μg GNP/ml for 24 h. Most of 
the shown GNP aggregates were found on the cell surface near the edges 
of Caco-2 islets and were associated with membrane protrusions. Bottom 
images: GNP aggregate is exemplarily displayed in purple to facilitate 
identification. Figure S5. FACS analysis. Scatter plots of non-confluent 
Caco-2 cells after 24 h exposure to GRM. Figure S6. Cell surface morphol-
ogy of differentiated Caco-2 cells. SEM images of control cells without GO 
exposure and cells after exposure to 20 μg GO1/ml for 24 h. Only a few 
GO1 sheets could be identified on top of the brush border (highlighted by 
red boxes). Figure S7. Fluorescence microscopy images of differentiated 
Caco-2 cell monolayer. Control cells without GO exposure and Caco-2 
cells after exposure to GO; cells were exposed for 24 hours to 20 μg GO1/
ml or 20 μg GO3/ml respectively. Channel 1 (Ch1; λex = 335-383 nm, 
λem = 420-470 nm) shows cell nuclei labelled with DAPI (blue). Channel 
2 (Ch2; λex = 455-495 nm, λem = 505-555 nm) shows the presence of 
tight junctions by labelling with ZO-1 mouse monoclonal antibody-Alexa 
Fluor® 488 (green). Channel 3 (Ch3; λex = 538-562 nm, λem = 570-640 
nm) shows the actin-network labelled with Phalloidin-Alexa Fluor® 546.
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