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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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