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ABSTRACT: Nano-graphene oxide (GO) has attracted great
interest in nanomedicine due to its own intrinsic properties
and its possible biomedical applications such as drug delivery,
tissue engineering and hyperthermia cancer therapy. However,
the toxicity of GO nanosheets is not yet well-known and it is
necessary to understand its entry mechanisms into mammalian
cells in order to avoid cell damage and human toxicity. In the
present study, the cellular uptake of pegylated GO nanosheets
of ca. 100 nm labeled with fluorescein isothiocyanate (FITC-
PEG-GOs) has been evaluated in the presence of eight
inhibitors (colchicine, wortmannin, amiloride, cytochalasin B,

cytochalasin D, genistein, phenylarsine oxide and chlorpromazine) that specifically affect different endocytosis mechanisms.
Three cell types were chosen for this study: human Saos-2 osteoblasts, human HepG2 hepatocytes and murine RAW-264.7
macrophages. The results show that different mechanisms take part in FITC-PEG-GOs uptake, depending on the characteristics
of each cell type. However, macropinocytosis seems to be a general internalization process in the three cell lines analyzed. Besides
macropinocytosis, FITC-PEG-GOs can enter through pathways dependent on microtubules in Saos-2 osteoblasts, and through
clathrin-dependent mechanisms in HepG2 hepatocytes and RAW-264.7 macrophages. HepG2 cells can also phagocytize FITC-
PEG-GOs. These findings help to understand the interactions at the interface of GO nanosheets and mammalian cells and must
be considered in further studies focused on their use for biomedical applications.
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B INTRODUCTION

Nano-graphene oxide (GO) and its functionalized derivatives
have attracted great interest in nanomedicine due to its own
intrinsic properties, all the dimensions lower than 100 nm and a
singular chemical structure,’ which allows interestin§ possible
biomedical applications such as drug delivery,” tissue
engineering”> and hyperthermia cancer therapy.*™® The
evaluation of the interactions at the interface of GO nanosheets
and mammalian cells must be carried out before this
nanomaterial can be used for biomedical applications.
Concerning GO administration, although GO colloids are
soluble in water, they need further functionalization with
molecules like poly(ethylene glycol-amine) (PEG), which
improves the material dispersion and stability in aqueous
solutions.”” Previous studies with PEGylated GO nanosheets
labeled with fluorescein isothiocyanate (FITC-PEG-GOs)
revealed differences in the amount of FITC-PEG-GOs uptake
by Saos-2 osteoblasts, 1929 fibroblasts, RAW-264.7 macro-
phages and MC3T3-E1 preosteoblasts as a function of the cell
type involved. Thus, FITC-PEG-GOs uptake was higher and
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faster in osteoblasts than in the other three cell types without
inducing cell membrane damage.10 Recent studies evidenced
that for doses of 75 pg/mlL, after cell internalization, FITC-
PEG-GOs are preferentially localized on F-actin filaments,
inducing cell-cycle alterations, apoptosis and oxidative stress in
these cell types.'" Concerning the potential use of nano-
graphene oxide for hyperthermia cancer therapy, preliminary
studies have shown effective induction of cell death in vitro
after irradiating tumoral osteoblasts with internalized PEG-
GOs.° However, the study of the toxicology of these
nanosheets is still in its very early stages and it is necessary
to know the entry mechanisms of PEG-GOs into mammalian
cells for assessing its human toxicity. External nanoparticles can
interact with the plasma membrane and enter into cells through
different endocytosis processes. Two main types of endocytosis
are distinguished depending on the size of the endocytic
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vesicles formed due to the particle size: phagocytosis (particles
larger than 0.5 pm) and pinocytosis (uptake of fluids and
solutes)."” Phagocytosis is characteristic of specialized phag-
ocytes such as macrophages, neutrophils, monocytes and
dendritic cells. Nanoparticles that enter into cells through
phagocytosis are recognized by different opsonins such as
immunoglobulins, complement components and serum pro-
teins. Then the opsonized nanoparticles bind to the cell surface,
inducing the cup-shaped membrane extension to form the
phagosomes, which move into cells to fuse with lysosomes.
Pinocytosis is carried out in all cell types and presents multiple
forms depending on the cell type and function. The most
recent classification of pinocytosis is based on the proteins
involved in the different pathways of this endocytic process.
Thus, pinocytosis is classified in “clathrin-mediated endocy-
tosis” and “clathrin-independent endocytosis”."> The clathrin-
independent pathways are further classified as (a) caveolae-
mediated endocytosis, (b) clathrin- and caveolae-independent
endocytosis and (c) macropinocytosis. Clathrin- and caveolae-
independent pathways are subclassified as Arf6-dependent,
flotillin-dependent, Cdc42-dependent and RhoA-dependent
endocytosis."* Recent studies with protein-coated graphene
oxide nanosheets indicate that small nanosheets enter cells
mainly through clathrin-mediated endocytosis, and the increase
of grii})hene size enhances its phagocytotic uptake by C2C12
cells.

In the present study, the cellular uptake of pegylated GO
nanosheets labeled with fluorescein isothiocyanate (FITC-
PEG-GOs) has been evaluated in the presence of several
inhibitors that specifically affect different endocytosis mecha-
nisms. Three cell types have been chosen taking into account
their origin and specific reasons: (a) human Saos-2 osteoblasts,
because the FITC-PEG-GOs uptake by these osteoblast-like
cells was higher and faster than by other cell types without
resulting in cell membrane damage;lo’11 (b) human HepG2
hepatocytes, because when a nanomaterial is placed in contact
with the human body, proteins adsorb to its surface, activating
cellular and molecular mechanisms, which leads to fast
elimination by the liver;'*"” (c) murine RAW-264.7 macro-
phages, because after in vivo administration, the triggering of
immunological processes leads to a reduction of the circulation
half-life of nanoparticles in the bloodstream by macrophages,
which culminates in a reduction of biodistribution and often the
impossibility of achieving the specific targets.®

B EXPERIMENTAL SECTION

Preparation and Characterization of GO Nanosheets. GO
nanosheets have been prepared following the method previously
published by the authors.'® Basically, GO nanosheets of ca. 100 nm
(GOs) were obtained from exfoliation of high ?urity graphite in acidic
medium by a modified Hummers method.'® The resulting GOs
suspension was then dialyzed until a pH of 7, activated to promote
—COOH groups at its surface and functionalized by covalent bonding
with nontoxic and nonimmunogenic polymer poly(ethylene glycol-
amine) (1-arm PEG, 1.5 kDa) to avoid the intercession with cellular
functions or target immunogenicities and to decrease aggregation.10
The sample was marked with the amine reactive dye fluorescein
isothiocyanate (FITC) covalently bonded to the PEG. Transmission
electron microscopy (TEM) was performed on a 200 kV JEOL JEM
2100. FITC-PEG-GOs were analyzed by atomic force microscopy
(AFM, VEECO multimode, USA.) and Fourier transform infrared
spectroscopy (FTIR, Nicolet Nexus spectrometer). Dynamic light
scattering (DLS) particle size analysis measurements were also
performed in pH S solutions in a Zetasizer Nano series instrument
equipped with a 633 nm “red” laser from Malvern Instruments with

reproducibility being verified by collection and comparison of
sequential measurements. Z-average sizes of three sequential measure-
ments were collected at room temperature (RT) and analyzed.

For checking the successful fluorescence labeling after PEGylation,
the amino content of the 1-arm-PEG-GO was determined at every
synthesis step by quantitative analysis of the amino groups in order to
monitor the chemical modifications.

Cell Culture for Incorporation of FITC-PEG-GOs and
Previous Treatment with Endocytosis Inhibitors. Saos-2
osteoblasts, HepG2 hepatocytes and RAW-264.7 macrophages were
seeded on 6-well culture plates (CULTEK) at a density of 10° cells/
mL in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum (FBS, Gibco), 1 mM L-glutamine
(BioWhittaker), penicillin (200 ug/mL, BioWhittaker) and strepto-
mycin (200 pg/mL, BioWhittaker), under a 5% CO, atmosphere and
at 37 °C. After 48 h, different endocytosis inhibitors were added
separately to the culture medium and the cells were maintained for 2 h
under a 5% CO, atmosphere and at 37 °C. The inhibitors used in
these assays were 2.5 uM colchicine (Alexis-Enzo), 23 uM
wortmannin (Biomol-Enzo), 1 mM amiloride (Alexis-Enzo), 20 uM
cytochalasin B (MP Biomedicals), 4 uM cytochalasin D (MP
Biomedicals), 37 uM genistein (Alexis-Enzo), 3.7 uM phenylarsine
oxide (PAO, Sigma-Aldrich) and 30 uM chlorpromazine (Alexis-
Enzo). The dose of each inhibitor was chosen taking into account the
previous studies carried out by different research groups.'®~>° After 2 h
of treatment with these inhibitors, the culture medium was removed
and fresh medium with 37.5 pg/mL FITC-PEG-GOs was added to the
cultures, which were maintained for 2 h under a 5% CO, atmosphere
and at 37 °C. Then, cells were harvested using either 0.25% trypsin—
EDTA (in Saos-2 and HepG2 cells) or cell scrapers (in RAW-264.7
cells) and counted with a Neubauer hemocytometer. For evaluating
the FITC-PEG-GOs incorporation, the fluorescence of FITC was
excited at 488 nm and measured with a 530/30 band-pass filter in a
FACScalibur Becton Dickinson flow cytometer. Two control types
were carried out in parallel: (a) Control, which corresponds to cells
without inhibitors and without FITC-PEG-GOs and (b) Control +
GO, which corresponds to cells without inhibitors but with FITC-
PEG-GOs.

Cell Viability Measurements. After culture with FITC-PEG-GOs
in the presence or the absence of different endocytosis inhibitors, cells
were detached and incubated with propidium iodide (PI; 0.005% in
PBS, Sigma-Aldrich) to stain the DNA of dead cells. The PI exclusion
indicates the plasma membrane integrity and cell viability. The
fluorescence of PI was excited at 488 nm and the emission was
measured with a 670 nm LP in a FACScalibur Becton Dickinson flow
cytometer.

Confocal Microscopy Studies. Cells were seeded on glass
coverslips and cultured with FITC-PEG-GOs for 2 h in the presence
or the absence of different endocytosis inhibitors, fixed with 3.7%
paraformaldehyde in PBS, permeabilizated with 0.1% Triton X-100
and preincubated with PBS containing 1% BSA. Then, cells were
incubated for 20 min with rhodamine phalloidin (1:40), stained with
4'-6-diamidino-2’-phenylindole (DAPI, 3 uM in PBS) and examined
using a Leica SP2 confocal laser scanning microscope. Rhodamine
fluorescence was excited at 540 nm and measured at 565 nm. DAPI
fluorescence was excited at 40S nm and measured at 420—480 nm.
FITC fluorescence was excited at 488 nm and measured at 491—586
nm.

Inflammatory Cytokine Detection. IL-6 cytokine released by
cells to the culture medium was quantified by ELISA with a Gen-Probe
Diaclone kit.

Statistics. Data are expressed as means + standard deviations of a
representative of three experiments carried out in triplicate. Statistical
analysis was performed using the Statistical Package for the Social
Sciences (SPSS) version 19 software. Statistical comparisons were
made by analysis of variance (ANOVA). A Scheffé test was used for
post hoc evaluations of differences among groups. In all of the
statistical evaluations, p < 0.05 was considered as statistically
significant.
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Figure 1. (a) Transmission electron micrograph of GO nanosheets. (b) AFM topographic image of dispersed GO nanosheets. (c) GO nanosheets
particle size distribution obtained by DLS. (d) FTIR spectra of GO nanosheets and PEGylated GO nanosheets.

B RESULTS AND DISCUSSION

The study of the interaction of nanomaterials with cells and
their entry mechanisms is necessary as a previous step for their
application in biomedicine. These interactions are not only
affected by surface and size factors but also strongly depend on
cell types.*'”'"*7?® The aim of the present study was to know
the mechanisms of endocytosis involved in the internalization
of GO nanosheets (GOs) of ca. 100 nm, functionalized with
PEG and marked with FITC (FITC-PEG-GOs), into Saos-2
osteoblasts, HepG2 hepatocytes and RAW-264.7 macrophages.

Graphene oxide (GO) has been of great interest in
applications like biomaterials. However, its large lateral
dimensions avoid the cellular internalization. In that sense,
the potential of that material resides in the decrease of size to a
nanometric scale at all the dimensions (nano-GO). After
submitting GO to ultrasounds in an acidic medium, it is
possible to obtain a sharp decrease in particle size, as can be
observed on TEM and AFM images in Figure 1la,b. As it can be
observed, GO nanosheets are formed by flexible sheets with 2
or 3 layers of graphene. Dynamic light scattering (DLS)
analysis confirmed the imaging techniques by giving a final GO
average size of 80 nm prior to PEGylation (Figure 1c). Once
the PEG polymer is covalently bonded, the hydrodynamic size
increases up to an average size of 100 nm.

The functionalization of GO with PEG chains is an
important step that avoids opsonization and consequently
removal of nanoparticles from the bloodstream by macro-
phages, decreasing its lifetime on the body. FTIR analysis
clearly indicates the presence of the PEG chains at the surface
of GO platforms by adding to the presence of the oxygen
functionalities at GO surface, the C—O stretch vibration band
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(1100—1150 cm™) and the strong C—H stretch peak (2800
cm™h).

Values of the amine quantification for having a direct
measure of the average quantity of amines before and after
fluorescent labeling on 1l-arm pegylated GOs are shown in
Table 1, showing a decrease in the amino content after FITC
linking synthesis, directly implying a successful FITC linking.

Table 1. Quantitative Analysis of Amine Content (107
mmol mg™")

GO GO-PEG GO-PEG-FITC
13 1.52 147

The functionalization of GOs by covalently bonding with 1-
arm PEG has been carried out because it decreases aggregation,
avoids the intercession with cellular functions or target
immunogenicities and also reduces protein adsorption and
nonspecific uptake by macrophages, which allows these GOs to
have a long blood circulation halflife.'® These PEG-GO
nanosheets have previously shown effective internalization and
induction of cell death in vitro after irradiating tumoral
osteoblasts.®

Figure 2 shows the values of FITC-PEG-GOs incorporation
by cultured Saos-2, HepG2 and RAW-264.7 cells and its effects
on viability and cell number after 2 h of treatment in the
absence of inhibitors. Significant incorporation differences were
observed among these cell types, obtaining higher values in
osteoblasts and hepatocytes than in macrophages, in agreement
with the demonstrated higher uptake of smaller particles by
cells in which phagocytosis is not the main endocytosis

dx.doi.org/10.1021/am5031598 | ACS Appl. Mater. Interfaces 2014, 6, 13697—13706
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Figure 2. FITC-PEG-GOs incorporation by cultured Saos-2, HepG2 and RAW-264.7 cells and its effects on cell viability and cell number after 2 h of
treatment in the absence of inhibitors. ***, p < 0.00S (compared to Control without FITC-PEG-GOs).

Scheme 1. Steps for Indirect Measurement of FITC-PEG-GOs Endocytic Mechanisms with Specific Endocytosis Inhibitors

1- ENDOCYTOSIS INHIBITOR
{Colch, Wort, Amil, CytB,
CytD, Genis, PAO, Chlor)

2- FITC-PEG-GOs

3- Cytometric analysis of

IENNE) FITC-PEG-GOs uptake by

CULTURED CELLS
Osteoblasts, Hepatocytes, Macrophages

non-affected mechanisms

Table 2. Effects of Specific Endocytosis Inhibitors Indicating the Affected Mechanism, the Altered Protein Target and the

References Concerning the Action of each Compound

endocytosis inhibitors

inhibitor affected mechanism target references
colchicine mitosis tubulin: microtubule polymerization alteration and cell cycle arrest in metaphase. 19
wortmannin phagocytosis PI3K (selective) and other kinases as miosine light chain kinase and PI4K. 20
amiloride macropinocytosis Na*/H* exchanger. Unspecific. 21
cytochalasin B macropinocytosis actin: blockage of its polymerization avoiding microfilaments action. 22
cytochalasin D macropinocytosis actin: blockage of its polymerization avoiding microfilaments action and inhibition of other 23
endocytosis routes.
genistein clathrin-independent caveolae: inhibition of Src tyrosine kinases and caveolae dynamics. 24
endocytosis
phenylarsine oxide clathrin-dependent tyrosine phosphatases: membrane fluidity decrease and thiol groups oxidation. 22,25,26
(PAO) endocytosis
chlorpromazine clathrin-dependent clathrin: alteration of clathrin-coat assembly, membrane fluidity and permeability. 23
endocytosis

mechanism.'' On the other hand, the properties of PEG, used
to functionalize GOs in the present study, limit the interaction
with biological interfaces and also decrease the particle uptake
by macrophages, increasing their circulation time as indicated
above.”'® Although the highest uptake was obtained in Saos-2
cells and the lowest incorporation in RAW-264.7 cells, RAW
viability was more affected by the FITC-PEG-GOs treatment
than this parameter in osteoblasts and hepatocytes, which
showed values over 80—90% after treatment. A slight but
significant decrease in the cell number produced by contact
with this material was also observed in all cases, in comparison
with the controls without FITC-PEG-GOs, as reported
previously for this dose.'”'" The higher effect of FITC-PEG-
GOs on HepG2 proliferation than on Saos-2 and RAW-264.7
proliferation can be due to the characteristics of HepG2 cells,
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which are slower growing cells that have a high tendency for
cell—cell attachment.

It must be taken into account that the FITC-PEG-GOs dose
used in the present study was chosen because previous assays
with this dose have shown good results concerning
incorporation and cell viability'®"" as well as an effective
induction of cell death in vitro after irradiating tumoral
osteoblasts with internalized PEG-GO nanosheets.® The
evaluation of the plasma membrane integrity is one of the
most common ways to measure cell viability and cytotoxic
effects. This parameter, analyzed through propidium iodide
exclusion in the present study and through lactate dehydrogen-
ase release in previous assays,'* reveals high viability levels and
indicates that the FITC-PEG-GOs dose used in our studies
does not induce plasma membrane damage. However, previous
studies have shown that the FITC-PEG-GOs uptake produces

dx.doi.org/10.1021/am5031598 | ACS Appl. Mater. Interfaces 2014, 6, 13697—13706
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significant increases of reactive oxygen species (ROS) in
MC3T3-El preosteoblasts and RAW-264.7 macrophages but
not in Saos-2 osteoblasts."!

To understand the endocytic mechanisms involved in FITC-
PEG-GOs uptake by cultured Saos-2 osteoblasts, HepG2
hepatocytes and RAW-264.7 macrophages, eight specific
endocytosis inhibitors (colchicine, wortmannin, amiloride,
cytochalasin B, cytochalasin D, genistein, phenylarsine oxide
and chlorpromazine) were added to the culture medium before
FITC-PEG-GOs treatment to know the effects of each agent on
the material entry into each cell type. Scheme 1 shows the steps
carried out in the present study for the indirect measurement of
FITC-PEG-GOs endocytic mechanisms after treatment of
cultured osteoblasts, hepatocytes and macrophages with specific
endocytosis inhibitors and flow cytometric analysis.

Table 2 shows the mechanism affected by each inhibitor, the
protein target that is altered after its binding and the references
concerning the action of these compounds. The dose of each
inhibitor used in these experiments was chosen according to the
references in Table 2. Figure 3 shows the effects of each
inhibitor on FITC-PEG-GOs incorporation by Saos-2, HepG2
and RAW-264.7 cells. Cultures were treated for 2 h with each
inhibitor, then the medium was removed and fresh medium
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Figure 3. Effects of specific endocytosis inhibitors on FITC-PEG-GOs
incorporation by cultured Saos-2, HepG2 and RAW-264.7 cells.
Cultures were treated for 2 h with each inhibitor, then the medium was
removed and fresh medium with 37.5 pg/mL FITC-PEG-GOs was
added and maintained for 2 h. Controls without inhibitors but with
FITC-PEG-GOs (Control + GO) were carried out in parallel. #, p <
0.0S; ##, p < 0.01; ###, p < 0.00S (compared to Control + GO).
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with 37.5 pg/mL FITC-PEG-GOs was added and maintained
for 2 h. The results evidence the coexistence of different
mechanisms for FITC-PEG-GOs uptake, and their dependence
on the characteristics of each cell type.

Concerning Saos-2 osteoblasts, colchicine and amiloride
produce a significant FITC-PEG-GOs incorporation decrease,
suggesting the entry through pathways dependent on micro-
tubules (affected by colchicine) and macropinocytosis mecha-
nisms (affected by amiloride). Macropinocytosis comprises a
series of events initiated by extensive plasma membrane
reorganization or ruffling to form an external macropinocytic
structure that is then enclosed and internalized. Macro-
pinosomes share many features with phagosomes and both
are distinguished from other forms of pinocytic vesicles by their
large size, morphological heterogeneity and lack of coat
structures.”® Macropinocytosis is dependent on microtubule
function because these elements are involved in plasma
membrane ruffling and also are necessary for transport of
GTPases that mediate macropinocytosis to specific glasma
membrane domains where they can be activated.®® The
pronounced effect of amiloride, which inhibits macropinocy-
tosis by lowering submembranous pH and preventing Racl and
Cdc42 signaling,® demonstrates that this endocytosis mecha-
nism is the main process for FITC-PEG-GOs entry into Saos-2
cells. However, the doses used of cytochalasins B and D, which
inhibit macropinocytosis by actin polymerization blockage
avoiding microfilaments action,*>** did not reduce the FITC-
PEG-GOs incorporation by this cell type at these experimental
conditions.

As it can be observed in Figure 3, the treatments with either
wortmannin or genistein significantly increase FITC-PEG-GOs
uptake by Saos-2 osteoblasts. Wortmannin inhibits phosphoi-
nositide 3-kinase (PI3K) and phosphoinositide 4-kinase
(P14K),* which play important roles in many cellular processes
such as cell motility, adhesion, proliferation, apoptosis and
cytoskeletal organization,®” affecting phagocytosis mechanisms.
Genistein produces inhibition of Src tyrosine kinases and
caveolae dynamics.”* Because wortmannin and genistein did
not decrease FITC-PEG-GOs incorporation by osteoblasts,
phagocytosis and caveolae-mediated uptake are not mecha-
nisms involved in the FITC-PEG-GOs uptake by this cell type
at these experimental conditions. On the other hand, the action
of these inhibitors seems to increase the entry of this material
through other mechanisms that are not blocked for these
treatments. The doses of phenylarsine oxide (PAO) and
chlorpromazine used in this study did not induce statistically
significant effects on Saos-2 cells, thus suggesting that clathrin-
dependent endocytosis is not involved in the GO incorporation
by this cell type.

Concerning FITC-PEG-GOs incorporation by HepG2
hepatocytes, significant decreases were observed after treatment
with wortmannin, amiloride, cytochalasin B and phenylarsine
oxide (PAO). Because both macropinocytosis inhibitors,
amiloride,*! and cytochalasin B,* significantly decreased
FITC-PEG-GOs uptake by hepatocytes, the results indicate
again that macropinocytosis is the main mechanism for FITC-
PEG-GOs entry into this cell type too. Colchicine and
cytochalasin D also produced slight diminutions with the
doses used in the present study, but these effects were not
statistically significant after data analysis.

The inhibition produced by wortmannin, specific inhibitor of
phagocytosis,”® evidence that hepatocytes can phagocytize
FITC-PEG-GOs in agreement with the capability of this cell

dx.doi.org/10.1021/am5031598 | ACS Appl. Mater. Interfaces 2014, 6, 13697—13706



ACS Applied Materials & Interfaces

Research Article

type described by other authors to uptake silicon particles and
exogenous substances.>® Polarized hepatic cells present
endocytosis via phosphoinositide 3-kinase of resident apical
plasma membrane proteins.** The significant decrease of FITC-
PEG-GOs entry produced by PAO (inhibitor of clathrin-
dependent endocytosis)*****® and the absence of genistein
effect (inhibitor of clathrin-independent endocytosis mediated
by caveolae),”* indicate the role of clathrin-dependent
endocytic pathway in FITC-PEG-GOs uptake by hepatocytes.
HepG2 cells have no endogenous caveolin, so they are unable
to uptake nanoparticles by caveolae-mediated endocytosis.>®
Chlorpromazine, inhibitor of clathrin-dependent mechanisms,”
also produced a slight diminution of FITC-PEG-GOs
incorporation by HepG2 cells but it was not statistically
significant at these experimental conditions. Thus, macro-
pinocytosis, phagocytosis and clathrin-dependent endocytic
pathways can be involved in the fast elimination of GO
nanosheets by the liver.'®"”

Concerning FITC-PEG-GOs incorporation by RAW-264.7
macrophages, amiloride and PAO treatments produced
significant FITC-PEG-GOs entry decreases, thus indicating
the existence of macropinocytosis®’ and clathrin-dependent
mechanisms,”>**?° respectively, for the internalization of this
nanomaterial into RAW cells. However, cytochalasin B and
chlorpromazine, which also are inhibitors of macropinocytosis>>
and clathrin-dependent mechanisms,* respectively, did not
produce an effect on FITC-PEG-GOs uptake by this cell type
with the doses and assay conditions used. In this sense, the dose
of wortmannin used in the present study according to other
references”® was not enough to inhibit the active phagocytosis
carried out by RAW macrophages, which has been observed in
previous studies with these cells and other materials.*®
Colchicine (microtubule polymerization alteration)," cytocha-
lasin D (actin polimerization blockage)*® and genistein
(inhibition of caveolae dynalmics)24 seem to increase the
entry of FITC-PEG-GOs through other mechanisms probably
due to cytoskeletal alterations which makes this structure more
accessible for FITC-PEG-GOs binding, in agreement with
previous studies, which indicates the specific localization of
FITC-PEG-GOs on F-actin filaments of different cell types."'

Figure 4 shows the effects of these specific endocytosis
inhibitors and FITC-PEG-GOs on cell viability of cultured
Saos-2, HepG2 and RAW-264.7 cells in comparison with
controls carried out in parallel without inhibitors and without
materials. Although high viability values were obtained with
Saos-2 osteoblasts after these treatments, amiloride and PAO
inhibitors induced a significant and pronounced decrease of this
parameter, indicating the toxicity of both compounds.

Cytochalasin B produced a slight significant viability decrease
in Saos-2 cells, although high viability values were obtained in
the presence of this inhibitor (80%). However, in HepG2
hepatocytes, only amiloride produced a significant viability
decrease to 70%, demonstrating the higher resistance of this cell
type to all these inhibitors and to GO. Although RAW-264.7
cells showed more sensitivity to all these treatments, specially
to PAO, amiloride did not induce significant changes in the
viability of these macrophages.

It must be taken into account that the dose of each inhibitor
was chosen after considering the J)revious studies carried out by
different research groups.'®™>° Although some inhibitors
produced cell damage in the experimental conditions of the
present study, the results evidence that several processes are
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Figure 4. Effects of specific endocytosis inhibitors and FITC-PEG-
GOs on cell viability of cultured Saos-2, HepG2 and RAW-264.7 cells.
Cultures were treated for 2 h with each inhibitor, then the medium was
removed and fresh medium with 37.5 pg/mL FITC-PEG-GOs was
added and maintained for 2 h. *, p < 0.05; **, p < 0.01; ***p, < 0.005
(compared to Control carried out without inhibitors and without
material). #, p < 0.05; ###p < 0.005 (compared to Control + GO
carried out without inhibitors but with FITC-PEG-GOs).

involved in FITC-PEG-GOs uptake, depending on the
characteristics of each cell type.

On the other hand, because in previous studies FITC-PEG-
GOs induced in Saos-2 osteoblasts a significant decrease of IL-6
levels at longer times (72 h),'"" the production of these
proinflammatory cytokine was evaluated in the culture medium
after treatment of Saos-2 cells with each specific endocytosis
inhibitor and in the two situations: before or after FITC-PEG-
GOs addition. Figure 5 shows the values of IL-6 levels in each
situation compared with controls carried out in parallel without
treatment (horizontal line). As it can be observed, no significant
differences on this cytokine were obtained before and after 2 h
of FITC-PEG-GOs addition to cells without inhibitor treat-
ment (Control + GO in the figure). However, significant IL-6
increases were observed in the culture medium of Saos-2 cells
that were previously treated with endocytosis inhibitors except
in the cases of wortmannin and amiloride, which were more
pronounced after FITC-PEG-GOs addition in almost all cases.
The treatment with these two inhibitors did not produce
significant IL-6 changes before FITC-PEG-GOs addition but
wortmannin decreased significantly the IL-6 levels after FITC-
PEG-GOs addition and amiloride increased significantly this
parameter after FITC-PEG-GOs addition to cells.

These data must be taken into account in further studies
focused on the effects of GOs incorporation on cellular
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Figure S. Effects of specific endocytosis inhibitors and FITC-PEG-GOs on the production of IL-6 evaluated in the culture medium after treatment of
Saos-2 cells with each inhibitor and before or after FITC-PEG-GOs treatment. The values were compared with controls carried out in parallel
without treatment. **, p < 0.01; ***, p < 0.00S (compared to control without treatment, horizontal line). ###, p < 0.005 (comparing before and
after FITC-PEG-GOs addition).
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Figure 6. Effects of genistein and PAO on FITC-PEG-GOs incorporation by cultured Saos-2, HepG2 and RAW-264.7 cells. Cultures were treated
for 2 h with each inhibitor, then the medium was removed and fresh medium with 37.5 ug/mL FITC-PEG-GOs was added and maintained for 2 h.
The percentages are referred to controls with FITC-PEG-GOs but without inhibitors carried out in parallel (Control + GO, horizontal line). ##, p <
0.01; ###, p < 0.005.
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Figure 7. Effects of amiloride, cytochalasin B and cytochalasin D on FITC-PEG-GOs incorporation by cultured Saos-2, HepG2 and RAW-264.7
cells. Cultures were treated for 2 h with each inhibitor, then the medium was removed and fresh medium with 37.5 pg/mL FITC-PEG-GOs was
added and maintained for 2 h. The percentages are referred to controls with FITC-PEG-GOs but without inhibitors carried out in parallel (Control
+ GO, horizontal line). #, p < 0.05; ##, p < 0.01; ###, p < 0.008S.

and RAW-264.7 cells. Values are expressed as percentages
referred to cultures treated with FITC-PEG-GOs but without

functions in the presence of these agents. On the other hand,
the action of wortmannin, which inhibits phosphoinositide 3-

kinase (PI3K) and phosphoinositide 4-kinase (PI4K),*° is in
agreement with the effects of this inhibitor on IL-6 production
observed with osteoarthritis synovial fibroblasts.*®

In Figure 6 are summarized the effects of genistein and PAO
on FITC-PEG-GOs incorporation by cultured Saos-2, HepG2

13703

inhibitors carried out in parallel. The figure demonstrates the
opposite action of genistein (which acts inhibiting Src tyrosine
kinases and caveolae dynamics)** and PAO (which inhibits
tyrosine phosphatases, producing membrane fludity de-
creases).”>*>*® These two inhibitors affect clathrin-independ-
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Figure 8. Morphology evaluation by confocal microscopy of cultured human Saos-2 osteoblasts after treatment with specific endocytosis inhibitors
and FITC-PEG-GOs. Cells were stained with DAPI for the visualization of the cell nuclei in blue, rhodamine phalloidin for the visualization of
cytoplasmic F-actin filaments in red and FITC for the visualization of FITC-PEG-GOs in green. Ctrl+GO = control with FITC-PEG-GOs and
without inhibitors, Colch = colchicine, Wort = wortmannin, Amil = amiloride, CytB = cytochalasin B, CytD = cytochalasin D, Genis = genistein,
PAO = phenylarsine oxide and Chlor = chlorpromazine.
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Figure 9. Morphology evaluation by confocal microscopy of cultured human HepG2 hepatocytes after treatment with specific endocytosis inhibitors
and FITC-PEG-GOs. Cells were stained with DAPI for the visualization of the cell nuclei in blue, rhodamine phalloidin for the visualization of
cytoplasmic F-actin filaments in red and FITC for the visualization of FITC-PEG-GOs in green. Ctrl+GO = control with FITC-PEG-GOs and
without inhibitors, Colch = colchicine, Wort = wortmannin, Amil = amiloride, CytB = cytochalasin B, CytD = cytochalasin D, Genis = genistein,
PAO = phenylarsine oxide and Chlor = chlorpromazine.

ent and clathrin-dependent endocytosis, respectively, through In Figure 7 are summarized the effects of amiloride,
these kind of enzymes, tyrosine kinases and tyrosine cytochalasin B and cytochalasin D on FITC-PEG-GOs
phosphatases, with opposite effects. incorporation by cultured Saos-2, HepG2 and RAW-264.7
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cells. Values are expressed as percentages referred to cultures
treated with FITC-PEG-GOs but without inhibitors carried out
in parallel. The pronounced effect of amiloride, which inhibits
macropinocytosis by lowering submembranous pH and
preventing Racl and Cdc42 signaling,®" demonstrates that
this endocytosis mechanism is the main process for FITC-PEG-
GOs entry into osteoblasts, hepatocytes and macrophages.
However, the doses used of cytochalasins B and D, which
inhibit macropinocytosis by actin polymerization blockage
avoiding microfilaments action,*** only were effective on
HepG2 cells at these experimental conditions.

Because Saos-2 and HepG2 cells showed higher FITC-PEG-
GOs incorporation than RAW macrophages, confocal micros-
copy studies were carried out with these two cell types to
evaluate their morphology after treatment with these eight
endocytosis inhibitors and FITC-PEG-GOs. Figures 8 and 9
correspond to confocal images of osteoblasts and hepatocytes,
respectively, showing FITC-PEG-GOs (in green), rhodamine
phalloidin (to stain F-actin filaments in red) and DAPI (for
nuclear staining in blue) after each inhibitor treatment.

The evaluation of human Saos-2 osteoblast morphology after
treatment with specific endocytosis inhibitors and FITC-PEG-
GOs (Figure 8) evidence the typical characteristics of this cell
type with cube-shaped morphology except after treatment with
amiloride and PAO, in agreement with the effect of these
inhibitors on cell viability (Figure 4). Osteoblasts control with
FITC-PEG-GOs and, without inhibitors, show colocalization of
FITC-PEG-GOs (green) and F-actin (red), in agreement with
previous results.'" The lowest FITC-PEG-GOs incorporation is
observed after amiloride treatment, as results in Figure 3 also
confirm. The highest FITC-PEG-GOs incorporation by
osteoblasts observed by confocal microscopy corresponds to
the samples treated with genistein, in agreement with the flow
cytometric analysis (Figure 3). Because green fluorescence is
not decreased with genistein, it confirms that caveolae-mediated
uptake is not involved in the FITC-PEG-GOs incorporation by
this cell type. This inhibitor seems to increase the entry of
FITC-PEG-GOs through other mechanisms, which could be
related to enhanced plasma membrane fluidity.”* Confocal
images of Saos-2 osteoblasts treated with amiloride allow us to
suggest the FITC-PEG-GOs incorporation through pathways
dependent on macropinocytosis mechanisms.

Figure 9 shows the morphology evaluation by confocal
microscopy of cultured human HepG2 hepatocytes after
treatment with specific endocytosis inhibitors and FITC-PEG-
GOs. After all these treatments, this cell type maintains its
polygonal characteristic shape, in agreement with the viability
values obtained (Figure 4). Hepatocytes control with FITC-
PEG-GOs and without inhibitors also present colocalization of
FITC-PEG-GOs (green) and F-actin (red). As it can be
observed, the samples treated with wortmannin do not show
green fluorescence, demonstrating that phagocytosis is the main
mechanism for FITC-PEG-GOs uptake.”® Other mechanisms
such as macropinocytosis and clathrin-dependent endocytic
pathways can be also involved in the incorporation of FITC-
PEG-GOs by hepatic cells, as it can be concluded from the
results obtained in the present study by flow cytometry, taking
into account the higher sensitivity of this multiparametric
technique.

Bl CONCLUSIONS

To understand the entry mechanisms of PEGylated FITC-GO
nanosheets of ca. 100 nm into mammalian cells, the

incorporation of this nanomaterial by Saos-2 osteoblasts,
HepG2 hepatocytes and RAW-264.7 macrophages was
evaluated in the presence of eight inhibitors which specifically
affect different endocytosis mechanisms. The results evidence
that several processes are involved in FITC-PEG-GOs uptake,
depending on the characteristics of each cell type. Although
macropinocytosis is the general mechanism of FITC-PEG-GOs
internalization observed in the present study, this nanomaterial
can also enter through pathways dependent on microtubules in
osteoblasts, and through clathrin-dependent mechanisms in
hepatocytes and macrophages. Hepatocytes can also phag-
ocytize FITC-PEG-GOs nanosheets. These findings help to
understand the interactions at the interface of GO nanosheets
and mammalian cells and must be considered in further studies
focused on its use for biomedical applications as GO mediated
hyperthermia for cancer therapy.
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