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Graphene-based nanomaterials are expected to have a profound impact on a broad range

of applications. However, studies devoted to investigating the putative adverse health

effects of these nanomaterials are hugely underrepresented in the current scientific litera-

ture. We have investigated the in vitro short-term cellular toxicity associated with graphene

derivatives (GD): graphene oxide and reduced graphene oxide. This study focused on the

toxicity of GD on two cell types (i.e., epithelial cells and macrophages) found in the luminal

aspect of the respiratory system, where the initial exposure to these materials is most

prominent. Graphene oxide exhibited a mild cytotoxic action in comparison to carbon

nanotubes on epithelial cells and macrophages. The interaction of the nanomaterial with

the cell surface generated reactive oxygen species during the initial phase of the exposure

and transmission electron microscopy studies showed that graphene oxide flakes of differ-

ent sizes are taken up by cells via an endocytic pathway, both in epithelial cells and

macrophages.

1. Introduction

Graphene derivatives (GD) have recently been put under the

scientific spotlight due to their exceptional properties, such

as high electronic conductivity, good thermal stability and

excellent mechanical strength. Graphene is a two-dimen-

sional mono-atomic thick material made of carbon atoms

and thus it has a remarkably different shape compared to

one-dimensional carbon nanotubes (CNT). Recent progress

has shown that graphene-based materials can have a pro-

found impact in a broad range of applications, e.g., structural

nanocomposites [1,2], battery electrodes [3], supercapacitors

[1,4] and biomedicine [5–8]. It is anticipated that the number

and use of these materials will significantly increase in com-

ing years.

Among the >15,000 research papers published in the last

5 years, studies related to the health and safety issues and

interaction of GD with cells remain a small contribution to

the total scientific literature, and have only recently become

the subject of intensive investigation. Previous studies fo-

cused mainly on in vitro toxicity tested in bacteria and in

mammalian cells. Results from different studies using similar

approaches often diverge from one to another, and authors

even draw opposite conclusions. While GD are suggested to

be ideally suited for future biomedical applications due to

their increased antimicrobial/antibacterial characteristics
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[9,10], others not only fail to detect bactericidal/bacteriostatic

properties, but instead report GD as a general growth enhan-

cer [11]. In regard to mammalian cell toxicity in vitro, the first

study in PC12 (pheochromocytoma-derived) cells compared

the effect of graphene with single-walled CNT [12]. Both pure

carbon-based nanomaterials induced concentration-depen-

dent neural toxicity; and CNT were clearly more toxic than

graphene. These findings further emphasize the essential role

of the shape of nanomaterials with respect to the adverse bio-

logical impact (acute cytotoxicity). Additional studies have

been performedwith cultured cells deriving from lung epithe-

lium [10,13–15], fibroblasts [16,17], platelets [18], erythrocytes

[16], monocytes and macrophages [14,19–21]. Moreover, the

putative risk of GD to cause adverse health effects in vivo

through inflammatory reactions/responses in the lung was

assessed in only a small number of studies [14,20].

Thus, results from previous studies do not allow definitive

conclusions to be drawn and are rather starting points for fur-

ther experimental verification and mechanistic elucidation of

the cytotoxicity/biocompatibility of GD. Of additional consid-

eration, the risk for generating adverse health effects may be

reduced by surface functionalization as was shown in other

studies, e.g., with polyethylene glycol [5] or chitosan [22].

The latter studies focused on future biomedical applications.

In the field of graphene toxicity, there is emerging literature

on potential health risks, but the limited published work

has not yet allowed to reaching a consensus with respect to

their toxicity and putative adverse health effects.

This study is motivated by the need for a better under-

standing of the mechanisms of GD-cell interactions at the

alveolar epithelium/luminal interface. In the scope of this

work the in vitro cellular response and interaction of A549 epi-

thelial cells and RAW 264.7 macrophages–our respectivemod-

els for primary cellular targets following inhalation of GD

(Fig. 1) was examined. We carried out cell viability tests and

investigated the implication of the apoptotic cell death path-

way. Furthermore, the interaction of graphene oxide (GO)

with the aforementioned cells and its subsequent internaliza-

tion was analyzed by electron microscopy and finally, the

intracellular reactive oxygen species (ROS)-inducing capacity

of GO was tested. Our results show two-dimensional GD to

exhibit mild short-term toxicity on both epithelial cells and

macrophages, clearly lesser than the toxic action of the

one-dimensional CNT. The phagocytic macrophages as well

as the non-phagocytic epithelial cells internalized GO sheets

by an endocytic pathway in a size-independent manner with-

out causing a discernible adverse morphological change. Fi-

nally, we observed short-lived generation of ROS as a result

of nanomaterial–cell interactions; this may be of importance

in the later onset of putative genotoxicity following exposure

to GD.

2. Experimental

2.1. Synthesis and characterization of nanomaterials and
preparation of nanomaterial stock solutions

For our studies, few-layer graphene oxide (GO) sheets were

prepared from graphite flakes of 20-lm size (99.99% purity;

Sigma–Aldrich, Munich, Germany) via the Hummers method

[23]. Analysis of a larger number of AFM images revealed GO

sheets with lateral dimensions (i.e., the maximum dimen-

sions of the material; dproj) of 100 nm to 5 lm (average:

1 lm) and heights in the range of 1.1–15 nm. Approximately

80% of the sheets displayed a height of 1.1 ± 0.2 nm corre-

sponding to true monolayers, andmultiples of this value were

found for the other particles. This data was used to estimate,

whether GO sheets were within the size range of the respira-

ble fraction ending up in alveolar regions. For this, the aerody-

namic diameter (dae) was estimated using the equation

described in Schinwald et al. [20],

dae ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
9 � p
16

� q
q0

� dproj � t
s

where t is the thickness of the GO sheets, dproj represents the

projected diameter and q0 and q are the unit density and den-

sity, respectively. For an average GO sheet (dproj: 1 lm, t = 1–

10 nm, q�2), the aerodynamic diameter is in the range of

20–200 nm, respectively and thus in the respirable fraction

as reported in [24]. The same was also observed for graph-

ene-family nanomaterials with diameters in the range of

0.5–25 lm and a layer thickness of 1–30 layers [19]. Purity

was assessed by energy-dispersive X-ray spectroscopy (EDX)

and near edge X-ray absorption fine structure analysis (NEXA-

FS); GO contained different types of oxygenated functional

groups as reported in Pacile et al. [25], and nometal impurities

were detected (data not shown). The oxygen content was in

the order of 40 at.% in the GO sheets and approximately

10 at.% in rGO similar as reported before [26]. More details

on the material characterization were reported previously

[27].

Compared to pristine graphene, GO is heavily oxygenated

bearing hydroxyl and epoxy groups in the plane, in addition

to carbonyl and carboxyl groups located at the sheet edges.

Hence, GO is highly hydrophilic and readily exfoliated in

water due to electrostatic repulsion (negative surface

charges). GO sheets were chemically reduced to rGO using

hydrazine [27]; size ranges (diameter, thickness) and purity

were essentially identical to the ones observed for GO. Multi-

walled CNTwere produced as described previously [28,29].

The nanomaterial suspensions were prepared as reported

in our previous studies. All solutions were prepared as aque-

ous stock solutions by several consecutive sonication and stir-

ring steps and contained 200 lg/mL nanoparticles and 200 lg/

mL Tween 80.

2.2. Cell culture

We used two cell lines for the experiments: A549 cells of hu-

man origin, used as the in vitro model for type II lung epithe-

lium cells, commonly employed in lung toxicity assays [28–

32], and RAW 264.7 mouse peritoneal macrophage cells for

modeling the alveolar macrophages. Both cell lines were ob-

tained from American Type Culture Collection (ATCC, USA,

catalogue numbers: CCL-185 and TIB-71, respectively). The

cells were cultured in RPMI 1640 medium (Invitrogen) supple-

mented with 10% heat-inactivated fetal bovine serum and

antibiotics (10,000 U/mL penicillin, 10 mg/mL streptomycin;
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Invitrogen). They were maintained in a humidified atmo-

sphere containing 5% CO2 at 37 �C and subcultured when

reached near-confluence. For the cytotoxicity measurements

cells were seeded in 96-well culture plates. After an overnight

incubation (once adhesion was verified), 100 lL of fresh med-

ium containing the corresponding amount of nanomaterials

(NM) was added to the cells. Cells were exposed to 0.02, 0.2,

2 lg/mL NM (with 2 lg/mL Tween 80; Sigma–Aldrich) and/or

20 lg/mL nanomaterials (with 20 lg/mL Tween 80) for up to

5 days. All parallel cultures serving as untreated controls were

also supplemented with fresh medium that contained either

2 or 20 lg/mL Tween 80, respectively. The above-mentioned

NM concentrations correspond to a surface density of

0.0125, 0.125, 1.25 and 12.5 lg NM/cm2, therefore, for easier

comparison with other studies we use the latter measure,

i.e., weight per surface area to present our results. Each exper-

iment was repeated at least three times with a minimum of

three replicates of the same material and NM concentration.

2.3. Cytotoxicity assays

For the determination of cell number, cell viability, cell meta-

bolic status and cell proliferation, all important parameters

related to cytotoxicity, different, and moreover, complemen-

tary assays were used as reported before [25]. Initial effects

of NM were evaluated by the MTT (3-(4,5-dimethylthiazol-2-

yl)-2,5-diphenyltetrazolium bromide) assay (Thiazolyl blue

tetrazolium bromide; Sigma–Aldrich) that reports the com-

bined effects of proliferation (number of viable cells) and cel-

lular metabolic activity [33]. The yellow tetrazolium MTT is

reduced by cells maintaining normal metabolic function, by

the action of mitochondrial dehydrogenase enzymes in the

presence of pyridine nucleotide cofactors that viable, meta-

bolically active cells produce in the respiratory chain. The

resulting intracellular purple formazan crystals were solubi-

lized by the addition of dimethylsulfoxide (DMSO, 100 lL/well)

and the formazan concentration was finally quantified using

an ELISA-plate spectrophotometer by measuring the absor-

bance at 540 nm (Dynatec MRX, Dynatec Produkte AG, Swit-

zerland). The procedure was identical to the one used

previously [28,30], where we had shown that solubilization

of formazan crystals by DMSO is quantitative and not suscep-

tible to artifacts caused by the lumping of formazan crystals

with NM as reported before [34]. In addition, we tested

whether GO alone might catalyze the conversion of the tetra-

zolium solution to formazan. For this, the MTT solution was

incubated for 3 h with GO, rGO and CNT (0.0125–12.5 lg/

cm2). Samples were centrifuged, rinsed with PBS and resus-

pended in DMSO to check whether formazan had formed on

the NM. After centrifugation, O.D.540 nm values of the superna-

tant were found to be identical (in all NM samples) to the one

obtained in absence of any NM (data not shown).

The number/viability of cells following NM exposure

was further investigated by two fluorometric assays: the

Fig. 1 – Transmission electron micrograph (a, c) of a graphene oxide and reduced graphene oxide flake, respectively and the

corresponding scanning electron micrographs (b, d) showing the homogeneity of the material. Both graphene oxide and

reduced graphene oxide are in the same size range.
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fluorometric DNA assay [35] and the fluorometric microcul-

ture cytotoxicity assay (FMCA) [36]. In the former, the deter-

mination of the DNA quantity is based on the increase of

the fluorescence of bisbenzimide (Hoechst 33258) nucleic acid

stain upon selective binding to the cellular dsDNA. The

amount of DNA per sample (in a well of a 96-well plate) was

quantitatively determined and was found to be directly pro-

portional to the number of cells. At time points of interest,

the culture mediumwas removed from the samples, attached

cells were washed with phosphate-buffered saline (PBS) and

frozen at �80 �C. After the first freeze/thaw cycle, 100 lL/well

of double distilled water was added to each well and the 96-

well plates were incubated for 60 min at RTon a rotating sha-

ker; the cell lysates were obtained by two freezing/thawing

cycles. After the second cycle, the cell lysates were trans-

ferred to black microtiter plates (Perkin Elmer AG). To the ly-

sates, 100 lL of a Hoechst 33258 (Sigma–Aldrich) working

solution (20 lg/mL in TNE buffer: 10 mM Tris, 1 mM EDTA,

2 M NaCl, pH 7.4) was added to each sample. The cell lysate

mixtures were then incubated in the dark for 30 min at RT

on a shaker and measured on a VICTOR X3 multilabel plate

reader (Perkin Elmer AG) at kEx/kEm = 350/460 nm. In compari-

son to fluorescence signals obtained in the absence of GD (de-

fined as 100%), even at the highest concentration (12.5 lg/

cm2), the presence of GD had no significant effect on the fluo-

rescence signal intensity (101 ± 2%; n.s.), thus no fluorescence

quenching by GD was detected. In the FMCA assay, cells are

incubated with the cell-permeant, non-fluorescent probe

fluorescein diacetate (FDA) that is hydrolyzed to fluorescein

by the esterase activity of cells with an intact plasma mem-

brane [36–38], thus the emitted fluorescence is proportional

to the number of viable cells. For the measurements, cells

were cultured in black 96-well microtiter plates with or with-

out NMs, respectively. At various time points, the plates were

centrifuged for 5 min (200g), once washed with PBS (200 lL/

well) and centrifuged once more. After aspiration of the PBS

solution, 100 lL FDA (Sigma–Aldrich) working solution

(10 lg/mL FDA in buffer: 125 mM NaCl, 25 mM HEPES pH 7.4)

was added per well. Microtiter plates were incubated at

37 �C in a humidified atmosphere of 5% CO2 for 40 min. The

quantity of released fluorescein was determined on a VICTOR

X3 multilabel plate reader (Perkin Elmer AG) at kEx/kEm = 485/

520 nm. A slight, yet non-significant decrease to 94 ± 2%

(n.s.) fluorescence signal intensity at the highest GD concen-

tration tested (12.5 lg/cm2) was observed; the fluorescence

signal intensity in the absence of GD is defined as 100%. Thus,

differences in fluorescence signal intensity in the FMCA assay

were considered as genuine GD-mediated effects on cells, if

the differences compared to untreated control cells were at

least 10%.

2.4. Alexa Fluor� 488 Annexin V/dead cell apoptosis
assay

The Annexin V assay is a classical technique for detecting

apoptosis and is based on the high affinity and selectivity of

Annexin V to the externalized phosphatidylserine (PS) that

is one of the earliest features during apoptotic cell death.

Once PS is exposed to the outer environment, it remains on

the cell surface throughout the dying process. Annexin V

can be conjugated to fluorophores (e.g., Alexa Fluor� 488)

and once bound to externalized PS, makes the identification

of cells in the early phase of apoptosis possible. Therefore,

when used in conjunction with the propidium iodide (PI) vital

dye, measuring cell membrane integrity, early apoptotic cells

(Annexin V+ only) can be distinguished from late apoptotic/

necrotic cells (Annexin V+/PI+, show both green and red fluo-

rescence, respectively). The population of live cells shows

only a low level of Annexin V staining of the cellular mem-

brane. For qualitative assessment of live, apoptotic and dead

cells, 8 · 103 A549 epithelial cells and RAW 264.7 macrophages

were seeded into 24-well plates and incubated overnight at

37 �C, 5% CO2. The cells were further exposed to 0.0125,

0.125, 1.25 and 12.5 lg NM/cm2 in addition to untreated cells

(control) for the desired time period. 4 days post-exposure,

Alexa Fluor� 488 Annexin V/Dead cell assay (Invitrogen) was

performed according to the manufacturer’s protocol. Briefly,

the cells were washed with ice-cold PBS, loaded with 150 lL/

well Annexin Binding Buffer containing 10 lL Annexin V con-

jugate and 2 lL PI (100 lg/mL working solution) and incubated

for 15 min at RT. After washing and reloading the samples

with 1· Annexin Binding Buffer, the fluorescence was ob-

served using appropriate filters for green and red fluorescence

(fluorescence excitation/emission maxima: Alexa Fluor� 488

Annexin V: 488/499 nm; PI: 535/617 nm). Digital images were

taken with an inverted fluorescent microscope Leica AF7000

(Leica Microsystems CMS GmbH, Mannheim, Germany).

2.5. Reactive oxygen species (ROS) detection

The formation of intracellular ROS was assessed by employ-

ing the fluorescent assay, DCF. The original method was de-

scribed by Wan et al. [39], and has been already used in

other studies on NM toxicity [12,31,40] and moreover, it is

the assay recommended by the NANOMMUNE consortium

http://ki.projectcoordinator.net/projectweb/490599f501abc/

Index.html). The non-fluorescent 2 0,7 0-dichlorodihydrofluo-

rescein diacetate (H2DCF-DA, Molecular Probes) is a cell per-

meable dye due to its diacetate group. Upon enzymatic

deacetylation by intracellular esterases, it is accumulated

within the cell and converted by ROS-mediated oxidation to

a highly fluorescent 2 0,7 0-dichlorofluorescein (DCF). Oxidation

of the probe can be detected by monitoring the increase in

fluorescence.

For the assessment of ROS formation, 8 · 104 RAW 264.7

and 5 · 104 A549 cells were plated in 96-well culture plates

and allowed to attach overnight. Subsequently, the cells were

treated with 0.0125, 0.125, 1.25 and 12.5 lg/cm2 NMs. After

incubation for different time periods from 30 min to 24 h,

cells were washed with pre-warmed Hank’s Balanced Salt

Solution (HBSS, Invitrogen), loaded with 50 lM H2DCF-DA for

30 min at 37 �C and the washing step with HBSS was repeated

in order to eliminate the excess of the unreacted probe. After

adding 100 lL HBSS/well, the fluorescence intensity was mea-

sured at 485 nm excitation and 520 nm emission wavelength

on a VICTOR X3 multilabel plate reader, in which the fold-in-

crease in relative fluorescence intensity was expressed as the

ratio of NM-treated vs. untreated control cells. The effect of

the antioxidant N-acetyl-cysteine (NAC; Sigma–Aldrich) was

studied on RAW 264.7 cells plated at densities 5 · 104 and
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8 · 104 cells/well in microplates. Cells were pre-treated with

10 mM NAC for 1 h and further incubated for 1 h with the

GO suspensions containing the same NAC concentration.

The subsequent steps are identical with the aforementioned

procedure. NAC was prepared as a 0.1 M stock solution in

PBS (pH = 7.4), filter-sterilized and stored at 4 �C.

2.6. Transmission electron microscopy

The NM toxicity-associated morphological alterations at the

cellular/subcellular level, the cell–NM interactions on the sur-

face of the cell membrane and the NM localization within the

cytosol and cell compartments was examined with electron

microscopy. For these experiments 5 · 105 A549 and 7 · 105

RAW 264.7 cells were seeded on PET track-etched membranes

with 3 lm pores (BD Biosciences) and exposed to GO suspen-

sions of 12.5 lg/cm2 for 1, 2, 3 and 96 h, respectively. Specimen

preparation of cells for TEM included 10 major steps: surface

cleaning, primary fixation, rinsing, secondary fixation, rins-

ing, dehydration, infiltration with a transitional solvent, pre-

embedding I (infiltration with resin–solvent mixture), pre-

embedding II (infiltration with resin), flat embedding, and sec-

tioning with staining. Briefly, the surface of the cells grown on

membranes was cleaned by rinsing them with pre-warmed

0.1 M Na-cacodylate buffer (pH = 7.4). The samples were

chemically prefixed in a 2% paraformaldehyde (PFA)/2.5%

GDA solution (90 min), gently rinsed by three changes of

0.1 M Na-cacodylate buffer, cut out from the inserts and sub-

sequently postfixed in 1% OsO4 (1 h, 4 �C). Rinsing was re-

peated as previously, and the samples were kept in a fresh

change of 0.1 M Na-cacodylate buffer overnight at 4 �C. Next,

samples were dehydrated in a graded series of ethanol at RT.

Once the dehydration process was finished (in 100% EtOH)

the alcohol was substituted by propylene oxide (PO), miscible

with the embeddingmedium. The immersion of specimens in

PO twice for 10 min was sufficient prior to the pre-embedding

procedure. The first pre-embedding procedure included

immersion in PO/epoxy resin at different ratios of: 3:1, 1:1

and 1:3 (v/v) for 1 h, RT each. Next, the second pre-embedding

step followed, by immersing the samples in pure epoxy resin

for 1 h 45 min at RT. The polymerization of the resin was

achieved in flat embedding by placing the samples in a drying

chamber for 48 h at 60 �C. Finally, the specimenswere cut with

a microtome to obtain semi-thin sections (7 lm), stained with

toluidine blue for 1 min on a hot plate (60 �C), examined by

light microscope to identify the regions of interest for further

proceeding with ultramicrotomy. Ultra-thin sections (70 nm)

were picked up onto 75-mesh formvar coated copper grids,

contrasted with 5% uranyl acetate for 20 min and lead citrate

for 10 min and photographed with a Philips CM100 Biotwin

transmission electron microscope (magnifications used:

3400·, 5800·, 7400·, 9700· and 13,500·) using the iTEM soft-

ware (Olympus Soft Imaging Solutions GmbH).

2.7. Statistical analysis

Each experiment was repeated at least three times (n P 3) in

triplicates or higher. The results are presented as mean ± SD.

Statistical analysis was performed using Student’s t-test and

differences were considered significant at p < 0.05.

3. Results and discussion

3.1. Assessment of cellular toxicity

The effects of GD on the cell number/metabolic activity of epi-

thelial cells and macrophages was assessed by the MTTassay

(Fig. 2). In comparison to control cells, MTT signals were

clearly decreased in A549 and RAW 264.7 cells exposed to

1.25 lg/cm2 GO and rGO for 5 days; differences were obvious

after 2 and 3 days of treatment in the two cell types, respec-

tively (Fig. 2a,b). At all time points, the decrease in cell num-

ber/metabolic activity was similar for GO and rGO in both

cell types, and the decrease of MTT signals was stronger in

macrophages than in epithelial cells. This can also be ob-

served in the dose–response curves obtained 5 days post-

exposure (Fig. 2c,d). The lower concentrations of 0.0125 and

0.125 lg/cm2 resulted in approximately the same magnitude

(�10–15% and 35–40%) of decrease in MTT signal respectively,

while the highest dose (1.25 lg/cm2) caused a stronger de-

crease in macrophages of up to �60% as compared to only

�40% in epithelial cells.

To directly address whether the decreased MTT signal

after GD treatment was associated with reduced cell num-

ber/cell proliferation, the amount of DNA (�cell number)

was determined by the fluorometric DNA assay during a per-

iod of up to 5 days of exposure in RAW 264.7 cells (Fig. 3). In

the dose range of 0.0125–1.25 lg/cm2 of either GO or rGO,

curves of control and GD-treated cells were essentially identi-

cal. Thus, although metabolic activity of GD-treated cells was

clearly impaired (Fig. 2), cell proliferation determined by the

DNA assay was unaltered.

In order to get a better insight in the putative toxicity of

GD, we chose to compare the toxicity profile of GD with that

of CNT, a nanomaterial previously tested in several studies

[28,29,41]. With respect to chemical composition, GD are sim-

ilar to CNTs. The main difference is their shape: the former

being atomically flat graphitic structures, the latter being

tubular materials. No significant differences between GO

and rGO were seen in the MTTand DNA assays (Figs. 2 and 3).

Since effects on both cell types were essentially identical

for GO and rGO (Figs. 2 and 3), further experiments were car-

ried out with GO. During the synthesis of graphene by chemi-

cal exfoliation, GO is the first derivative compound. This

choice was motivated by the fact that it has higher usage in

various applications compared to rGO. In composites func-

tional groups enhance GO distribution and helps at an effi-

cient load transfer to the matrix for reinforcement. GO is

also the best material for functionalization as oxygen-con-

taining groups can covalently bind chemicals. Furthermore,

we have shown that the presence of oxygen-containing

groups on the surface of CNTs enhances their toxic action

[29]. All consecutive experimentswere additionally performed

at a dose of 12.5 lg/cm2, because of the apparently low toxicity

of GO. This concentration value is still within the range of ‘‘low

dose’’ [42]. Thus, the toxicity of GO and f-CNT in A549 and RAW

264.7 cells was determined after 5 days of exposure by the

FMCA, DNA and MTT assay (Fig. 4). In line with our previous

studies [28,29,41] functionalized CNT (f-CNT) were found to

be cytotoxic for epithelial cells as well as for macrophages;

the decrease in cell viability (Fig. 4a,d), cell number (Fig. 4b,e)
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and cell number/metabolic activity (Fig. 4c,f) was clearly more

pronounced at higher f-CNT concentrations. In A549 cells, the

effect of GO and f-CNT on viability/proliferation evidenced by

the FMCA and DNA assay was rather minor at the two lower

concentrations (0.125 and 1.25 lg/cm2) and an effect was

mostly observed in the MTT assay. At the highest dose

(12.5 lg/cm2) also the number of viable cells was decreased

(Fig. 4a,b). Of interest, the effects of GO and f-CNTonA549 cells

were of similar magnitude in all 3 tests.

In contrast, in macrophages (RAW 264.7) cell number, via-

bility and metabolic activity was much stronger affected by f-

CNT than by GO. While GOmostly impaired metabolic activity

as evidenced in the MTT assay (also compare with Fig. 2) and

had a very minor effect on cell number/viability even at the

highest dose (Fig. 4d,e), f-CNT strongly reduced the number

and viability of macrophages, in parallel to the impaired met-

abolic activity. These results also confirmed our previous

observations that cytotoxicity of nanomaterials is critically

dependent on the cell type [28,41].

Since GO had a cytotoxic effect in both cell types, in partic-

ular at the highest dose tested (12.5 lg/cm2), we investigated

the underlying cell death mechanism(s) resulting from GO

exposure. Processes contributing to cell loss are primarily

apoptotic or necrotic cell death; apoptosis being an active pro-

cess initiated by extra- or intracellular signals, necrosis refer-

ring to a passive form of traumatic cell death that results from

acute cellular injury [43]. Therefore, in addition to the previ-

ously shown quantitative assays we set out to assess by qual-

itative means the impact of GO on the cell viability, i.e., to use

fluorescence microscopy in combination with appropriate

live/dead stains (Annexin V/propidium iodide (PI)). This al-

lows to distinguishing early apoptotic cells (Annexin V-pos.

only) from late apoptotic/necrotic cells (Annexin V-pos./PI-

pos.), while healthy cells show negative staining. A549 and

RAW 264.7 cells were treated with GO and rGO (0.0125–

12.5 lg/cm2) for 4 days. Since no apparent differences were

observed in cells treated with GO or rGO, images are pre-

sented only for GO (Fig. 5; images for rGO are depicted in

Fig. 2 – Effect of GD on A549 (a, c) and RAW 264.7 cells (b, d) assessed by the MTT assay. (a, b) Normalized average growth

curves of A549 and RAW 264.7 cells exposed to graphene oxide and reduced graphene oxide at a 1.25 lg/cm2 dose. (c, d)

Normalized dose-dependent toxicity of A549 and RAW 264.7 cells treated with graphene oxide and reduced graphene oxide

for 5 days. Significant differences (p < 0.05) between control and GD-treated cells (GO and rGO) were observed from day 2 on in

A549 cells (a) and from day 3 on in RAW 264.7 cells (b). In the dose–response curves (c, d), differences were significant at the

two higher concentrations (0.125 and 1.25 lg/cm2) for both materials and both cell types. In addition, in macrophages, rGO

treatment with the lowest dose (0.0125 lg/cm2) resulted in significantly lower MTT signals.
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Suppl. Fig. 1). Up to a dose of 1.25 lg/cm2, Annexin V-pos.

A549 cells were rare, double-stained cells were even rarer,

but were found at places, where also deposited GO is visible

(Fig. 5a, see merged images). This indicates that GO is rather

non-cytotoxic at the concentrations tested. Macrophages

were clearly more susceptible to GO-induced cytotoxicity

(Fig. 5b). In a concentration-dependent manner, the fraction

of Annexin V-pos. and Annexin V/PI-pos. RAW 264.7 cells in-

creased. These findings are in good agreement with quantita-

tive results (Fig. 4d, e, f), where a decrease in cell number,

viability and metabolic status of GO-treated macrophages

was observed. Furthermore, the rare occurrence of PI-pos.

only (necrotic) cells indicates that the cell loss of GO-treated

macrophages is mostly the result of apoptotic cell death.

3.2. Uptake of GO by epithelial cells and macrophages

Apoptosis in cells exposed to GO might be caused by several

mechanisms including the interaction with the plasma mem-

brane or as the result of GO internalization. The latter has al-

ready been addressed in studies using monolayer cell

cultures, e.g., in epithelial, fibroblast and macrophage cells

[10,13–15,17,19–21]. While Hu and co-authors [10] found endo-

cytic internalization of GO in A549 epithelial cells, Chang et al.

[13] proposed that single-layered GO sheets do not enter this

cell type. Moreover, three recent studies reported internaliza-

tion of graphene sheets in THP-1 [19,20] and RAW 264.7 cells

[44], however the translocation of GD to either the cytosol or

to subcellular compartments of macrophages is still largely

unexplored. The study of Yue et al. [21] addressed the size ef-

fect of GO in respect to phagocytic and non-phagocytic cell

types reporting that only macrophages were able to internal-

ize GO sheets having lateral dimensions of 350 nm and 2 lm

in a size-independent manner. In addition, micron-sized GO

induced stronger inflammatory responses, whereas nano-

sized GO displayed better biocompatibility. Thus, we set out

to investigate the fate and localization of the GO used in this

study when applied to A549 and RAW 264.7 cells by sedimen-

tation. For this, cells were incubated for 4 days with 12.5 lg/

cm2 GO and their intracellular localization pattern and cell

morphology was analyzed. A qualitative analysis of low-mag-

nification TEM images revealed the presence of GO or rGO in a

considerable fraction of cells, i.e., in the order of 35–45%, the

lower value prevalent in A549 epithelial cells, the higher one

mostly seen in RAW 264.7 macrophages (data not shown).

Untreated (control) A549 cells showed morphological fea-

tures characteristic of alveolar epithelial type II cells, such

as short and small microvilli on the surface and lamellar body

structures within the cytoplasm (Fig. 6a). In GO-treated cells

intracellular accumulation of GO sheets of various dimen-

sions was observed (Fig. 6b–d). In all cases the nanomaterial

was confined to intracellular vesicles surrounded by an intact

membrane indicative of an endocytotic process of uptake.

Although some stacks of GO sheets were in close proximity

of the nucleus even causing an indent in the nuclear envelope

(Fig. 6c,d), the nanomaterial was clearly outside of the nu-

cleus unlike in cells treated with long, straight fibrous materi-

als such as TiO2 nanofilaments or BNNT [28,30]. Besides the

presence of the membrane-confined GO, no other modifica-

tion in the morphology or ultrastructure of A549 cells was

found when compared to untreated control cells.

The cell surfaces of RAW264.7macrophages hadmany pro-

trusions (pseudopodia, filopodia) that varied in shape; the nu-

cleus had an irregular outline and the rather electron dense

cytoplasm showed abundant mitochondria, vesicles and lyso-

somes at various developmental stages (Fig. 7a). In macro-

phages exposed to GO, the nanomaterial was internalized

and localized within structures surrounded by membranes,

likely phago(lyso)somes of varying sizes, similar to the case

Fig. 3 – Cell proliferation of GD-treated RAW 264.7 cells

determined by the fluorometric DNA assay (a–c). Normalized

average growth curves of macrophage cells treated with (a)

0.0125 lg/cm2, (b) 0.125 lg/cm2 and (c) 1.25 lg/cm2 graphene

oxide and reduced graphene oxide for 5 days. Fluorescence

signals (DNA content) are directly proportional to the cell

number per sample.
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of A549 cells. The phagosomes incorporated a considerable

amount of GO, often accommodating more than one nano-

sheet at a time (Fig. 7b–d); the shape of the phagosomewas of-

ten determined by the rather irregular shape of the engulfed

nanomaterial (Fig. 7c–f). In comparison to A549 cells, the total

load of GO per RAW 264.7 cell was clearly higher, in line with

the principal function of macrophages to phagocyte foreign

material. However,with respect to themorphologyof other cell

organelles (nucleus, mitochondria) RAW 264.7 cells appeared

‘‘healthy’’, i.e., no apparent signs of nuclear shrinkage (pykno-

sis) or impaired ‘‘swollen’’mitochondria.AlsonoGOwas found

outside ofmembrane-enclosed vesicles indicating that in both

cell types, GO are taken up by an endocytic pathway.

3.3. Generation of reactive oxygen species (ROS) by
graphene oxide

Several studies proposed oxidative stress as a key mechanism

involved in the toxicity of various nanomaterials [31,45–47]

that results from the imbalance between excessive

Fig. 4 – Effect of nanomaterials on A549 (a–c) and RAW 264.7 (d–f) cells determined by FMCA assays (a, d), DNA assays (b, e)

and MTT assays (c, f). Measurements were performed after 5 days of exposure to 0.125, 1.25 and 12.5 lg/cm2 GO and f-CNTs.

Mean ± standard deviation values from three independent experiments are shown. [*p < 0.05 in comparison to untreated

controls]. For each condition and type of assay, the value for untreated control cells was defined as 100%.
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Fig. 5 – Alexa Fluor� 488 Annexin V/Dead Cell Apoptosis Assay for A549, epithelial (a) and RAW 264.7, macrophage (b) cells

after 4 days of incubation with GO at different concentrations. Representative photomicrographs of control (first row) and

treated cells with 0.0125 lg/cm2 (second row), 0.125 lg/cm2 (third row), 1.25 lg/cm2 (fourth row) and 12.5 lg/cm2 (fifth row)

graphene oxide are shown in panels (a) and (b), respectively.
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generation of ROS and the limited antioxidant defense capac-

ity of cells, thereby leading to adverse biological effects such

as damage of biomolecules, e.g., peroxidation of membrane

lipids, denaturation of proteins and alterations in DNA. Thus,

we aimed to investigate whether GO could cause such an

imbalance in A549 and RAW 264.7 cells. They were exposed

to the nanomaterial at various concentrations (0.0125 lg/

cm2–12.5 lg/cm2) for periods of 30 min to 24 h. The formation

of intracellular ROS was measured by the commonly used

DCF assay [12,31,40,48], which is based on the conversion of

the non-fluorescent 2 0,7 0-dichlorodihydrofluorescein diace-

tate to the highly fluorescent 2 0,7 0-dichlorofluorescein; the

substrate is oxidized preferentially by peroxides [39,49].

GO enhanced the formation of intracellular ROS in both

A549 and RAW 264.7 cells at the highest concentration of

12.5 lg/cm2 up to 3.5-times compared to control cells, already

after 30 min (Fig. 8a,b). ROS generation was found to be tran-

sient and reached a maximum fold-induction within an hour

before gradually decreasing. The number of viable A549 and

RAW 264.7 cells evidenced by the FMCA assay was not af-

fected by the addition of GO (12.5 lg/cm2; Suppl. Fig. 2) during

the period of 24 h. These results were further confirmed by

counting viable cells using the Trypan Blue assay (data not

shown). Thus, ROS generation is not the result of decreased

cell viability. The ROS formation was significantly attenuated

when macrophages were co-incubated with N-acetyl-L-cys-

teine (NAC; 10 mM) an antioxidant, known as a precursor of

glutathione synthesis. This suggests that ROS production is

the result of a transient reduction in antioxidant defense of

cells exposed to GO. In total four experiments were performed

at two different cell densities. In the case of cells plated at

higher initial density (8 · 104 cells/well) the fold increase of

ROS was reduced from 4.2 ± 2.4 to 1.8 ± 0.5 (Student’s t-test;

p < 0.05), and at lower cell density (5 · 104 cells/well) from

2.8 ± 0.35 to 1.4 ± 0.09 (Student’s t-test; p < 0.001) after NAC

treatment (Suppl. Fig. 3).

After 24 h a minor ROS accumulation was still observed,

but the relative intensity remained close to untreated

Fig. 6 – Transmission electron micrographs of A549 cells exposed for 4 days to the culture medium alone ((a); blue arrows

point to some of the lamellar body structures that are abundant in the cytoplasm) or 12.5 lg/cm2 graphene oxide (b–d).

Graphene oxide is internalized by epithelial cells and located within (endo)lysosomal compartments (red arrowheads; b–d).

Magnified image of (c) showing the perinuclear area of a cell with a GO-containing lysosome. Scale bars are 20 lm (a, b), 5 lm

(c) and 2 lm (d). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
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controls. During the first three hours, also at a lower dose of

1.25 lg/cm2 GO an increase in ROS production was observed;

however relative values were rarely increased by more than

20% compared to untreated control cells. The 2 lowest doses

did not lead to an imbalance in the redox state of the cells,

evidenced by unaltered ROS production compared to un-

treated cells.

Our results provide evidence on the production of unspe-

cific intracellular ROS during a rather short initial period after

GO exposure, mostly evident at the highest dose tested. The

fact that GO-mediated increases in ROS levels decline rather

fast might be the result of several processes. On the one hand,

the GO-mediated increase in ROS production could be elimi-

nated/attenuated by the induction of the radical scavenging

system of the cells within 24 h. On the other hand, ROS pro-

duction could cease caused by the different localization of

GO at a later time point than the one at initial exposure. More-

over, ROS production was not determined at later time points,

thus we cannot exclude that continuous GO exposure might

trigger a further delayed release of ROS. As mentioned above,

the employed method allows for the detection of unspecific

ROS (mostly peroxides) formation inside cells; it does not

however measure the whole spectrum of ROS, e.g., superox-

ide anions. Nevertheless, in order to compare our results with

previous studies, the DCF assay was selected.

3.4. Comparison of the kinetics of intracellular GO
accumulation and intracellular ROS generation

In order to establish a putative mechanistic link between GO

uptake and ROS production, we carried out time-lapse TEM

experiments using RAW 264.7 macrophages that were ex-

posed to GO at 12.5 lg/cm2 for 1, 2 and 3 h, within the time

interval, where significant ROS generation has been observed

(Fig. 8). The time course for phagocytic uptake of micrometer-

sized particles in macrophages has been reported to occur

quickly, generally 50–75% of the particles are taken up within

the first 3 h following particle deposition [50]. Representative

TEM micrographs of GO-treated macrophages for 1–3 h are

shown in Fig. 9. At the earliest time point (60 min) most of

the nanosheets were already in close proximity of the cell

membranes and their uptake was initialized as evidenced

by the formation of cup-shaped plasma membrane exten-

sions bending over the GO sheets (Fig. 9a). This indicates an

Fig. 7 – Uptake of graphene oxide by RAW 264.7 macrophages: control cells incubated in a cell culture medium (a) and cells

incubated for 4 days with 12.5 lg/cm2 graphene oxide (b–f). The cells phagocytosed GO; the nanomaterial with lateral

dimensions up to several microns is localized in phagocytic vesicles, phagosomes that often occupy a significant volume of

the cells (red arrowheads; b–f). The cell region in the inset of the micrographs (c) and (e) is shown at higher magnification in

(d) and (f), respectively. Scale bars: 5 lm (a–c) and 2 lm (d–f). (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)
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active uptake mechanism via phagocytosis and/or macro-

pinocytosis. Due to the heterogeneous size distribution of

GO nanosheets ranging from a hundred nanometers to a

few micrometers in lateral dimension, both processes can oc-

cur in macrophages, the former preferentially in the case of

large (>1 lm) sheets, while the latter taking place, when they

are a few to several hundred nanometers [51]. GO located in

intracellular vesicles could be identified only rarely. After

the second hour of GO treatment, besides GO interacting with

the extracellular layer of the plasma membrane, cells incor-

porated the material, enclosing them in phagosomes

Fig. 9d–f. At the latest time point investigated (180 min post-

exposure), most of the nanomaterial was located within pha-

go(lyso)somes, however GO could still be observed bound to

the extracellular leaflet of the cell membrane (Fig. 9g–i).

In comparison, ROS formation peakedwithin the first hour

of GO exposure in RAW 264.7 cells, when GO was rarely ob-

served intracellularly. Our findings hint that the principal trig-

gering signal for the formation of intracellular ROS is the

initial interaction between GO and the cell surface upon GO

deposition rather than the subsequent internalization of GO.

Nevertheless, it is possible that further internalization by

endocytic processes contributes to sustaining the disequilib-

rium in the oxidative status of the cells.

3.5. Physiological consequences of the cell–nanomaterial
interaction

Our results strongly support the notion that the shape of NM

plays a key role in the biological/toxicological responses of

cells, in line with previously published studies [12,20]. GO

and rGO were found to be less toxic when compared to f-

CNT. Nonetheless GD considerably decreased the metabolic

activity of NM-exposed cells, at least at the highest doses

tested (1.25–12.5 lg/cm2). This is the likely result of NM–cell

interactions. In addition to hydrophobic graphenic domains,

the oxygen-containing groups (hydroxyl, epoxy groups in

the plane, carbonyl and carboxyl groups located at the sheet

edges [27]) in GO introduce charged and electronegative re-

gions on the surfaces, thus enabling non-covalent interac-

tions between GO and proteins, including formation of

hydrogen bonds, electrostatic forces as well as hydrophobic

interactions [15,52]. Thus, GO sheets might interact with cell

surface receptors in such a way as to either prevent the bind-

ing of signaling molecules to these receptors or possibly by

mimicking the ligand of a receptor, which then might result

in its constitutive activation. In both cases, abnormalities

may occur in intracellular signaling pathways that regulate

cell growth, proliferation, differentiation or survival. It may

also impair trans-membrane proteins acting as transporters

for nutrients or other essential biomolecules, thus leading

to the decreased metabolic activity observed after GD treat-

ment. In epithelial cells (A549), the reduction in metabolic

activity evidenced by the MTT assay rarely caused cells to

die, while in macrophages characterized by their high phago-

cytic capacity, both necrotic and more evident, apoptotic cell

death were increased. GO was previously shown to cause

morphological changes characteristic for apoptosis in human

fibroblast cells (HDF), when added at 100 and 20 lg/mL for 1

and 3 days, respectively. Longer exposure (5 days) yet at a low-

er dose (5 lg/mL) resulted in unaltered cell morphology [17].

Clearly more studies have focused on the effects of pristine

graphene. Pheochromocytoma-derived PC12 cells show evi-

dence of apoptosis through caspase-3 activation after expo-

sure to 100 lg/mL of graphene [12]. Interestingly, only

pristine graphene and not carboxyl-functionalized graphene

exerted an intracellular stress response in monkey renal cells

that induced apoptosis, particularly at higher doses of 100

and 300 lg/mL [53]. Pathways leading to apoptotic cell death

in graphene-exposed RAW 264.7 macrophages include the

activation of the mitochondrial pathway through the activa-

tion of the MAPKs (JNK, ERK and p38) as well as the TGF-b-re-

lated signaling pathways [44]. Thus, in all studies, apoptotic

pathways were shown to be relevant for graphene- and GD-

induced cytotoxicity. Of note, in the various studies different

materials were tested, different doses were applied and vari-

ous cellular responses were investigated. Similarly to other

ENMs, a standardized approach for the in vitro toxicity assess-

ment of GD has not yet been established, which hampers the

direct inter-laboratory comparison of the obtained results.

Fig. 8 – Formation of ROS in A549, epithelial (a) and RAW

264.7, macrophage (b) cells after nanomaterial incubation

for 30 min, 60 min, 120 min, 180 min and 24 h. Cells were

treated with 0.0125 lg/cm2, 0.125 lg/cm2, 1.25 lg/cm2 and

12.5 lg/cm2 of graphene oxide. ROS were detected by

fluorescence measurement of the reporter DCF; the results

are expressed as the mean ± standard deviation of nP 4

independent experiments [*p < 0.05 in comparison to

untreated controls].
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Only few studies have addressed the question of uptake

and subsequent fate of GO. Hu and co-workers suggested

internalization of GO nanosheets in A549 cells via endocyto-

sis. GO internalization was observed selectively in macro-

phages, but not in other non-phagocytic cell types [21]. Our

TEM analyses revealed GO nanosheets to be present within

vesicular structures in macrophages as well as in cells of epi-

thelial origin (A549), i.e., in both phagocytic and principally

non-phagocytic cells, indicative of endocytosis. In support of

this proposed mechanism, we observed plasma membrane

protrusions surrounding the nanomaterial prior to internali-

zation indicative of an active uptake process by phagocytosis

Fig. 9 – Time-lapse experiment showing the initial interaction of graphene oxide (GO) with RAW 264.7 cells, the subsequent

uptake and subcellular localization. Macrophages were exposed to 12.5 lg/cm2 graphene oxide for 60 min (a–c), 120 min (d–f)

and 180min (g–i). At the earliest time point (60 min) most of the nanomaterials are localized outside the cells, getting in close

proximity to the cell membrane where the cells start to initialize the uptake (red arrows; a–c). The dotted region of the

micrograph in (b) is shown magnified in (c). After two hours of incubation (second row), GO is already observed both in

contact with the external side of the cell membrane (red arrowheads; d, e) and intracellularly inside phagosomes (yellow

arrowheads; e, f). 180 min post-exposure (g–i) most of the nanomaterial is found to be localized inside the cells clearly

confined to membrane-enclosed vesicles (endosomes, endolysosomes; black arrows; g–i). Red asterisks designate areas

where the plasma membrane extends over the GO sheets as cup-shaped extensions indicating phagocytosis or macro-

pinocytosis as the uptake mechanism. Scale bars are: 5 lm on each micrograph apart from (c), where it corresponds to 2 lm.

(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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and/or macro-pinocytosis. All internalized material was lo-

cated exclusively in membrane-confined vesicles regardless

of GO size; no compartmentalization in other organelles or

in the nucleus was observed as previously reported for HDF

fibroblast cells [17]. The lateral material dimension was sug-

gested to affect NM uptake, biological effects and also the

clearance of the NM [20]. GO with lateral dimensions of either

350 nm to 2 lm were both taken up by macrophages, but only

the larger ones increased inflammation cytokine levels (e.g.,

IL-6, MCP, TNF-a) in a dose dependent manner [21]. Also

graphene-based nanoplatelets are internalized; however if

the lateral dimension exceeds 15 lm, the NM is only partially

taken up and induces frustrated phagocytosis in THP-1 cells

[19,20]. In these cells also the Nalp3 inflammasome is acti-

vated as evidenced by increased IL-1b levels. In our study

GO with a lateral dimension of up to 5 lm was internalized

and no evidence of frustrated phagocytosis was found. More-

over, the overall cell morphology and the ultrastructure of the

examined cells remained rather similar to the one of un-

treated cells with the exception of the increased number of

NM-containing phagosomes. Nonetheless, it cannot be ex-

cluded that in samples exposed for longer periods (4 days),

the loosely attached cells with putative abnormalities in their

ultrastructure had been washed off during the specimen

preparation process.

The most accepted paradigm in nanoparticle toxicology

[54] is the oxidative-stress paradigm [55,56], best studied in

CNT toxicity [31,45,57–59]. The chemical resemblance of

graphene and GO to pristine- and f-CNT, respectively, stimu-

lated researchers to investigate the biological responses of

cells with respect to the potential of the graphene family to

cause oxidative stress. Recent studies reporting on graph-

ene-related toxicity [12,20,44,53] propose oxidative stress as

a potential toxicity pathway, however the toxicological profile

of the GD is still to be elucidated.

In line with the above reports, we detected intracellular

ROS production upon GO exposure in A549 and RAW 264.7

cells. Within 1 h of GO exposure, unspecific ROS were pro-

duced, in significant amounts only at the highest concentra-

tions investigated. Since at these early time points,

internalization of GO is minimal, the interaction of GO nano-

sheets with the cell surface appears to be the main trigger-

ing signal for the formation of the detected radicals.

Moreover, we noticed similar kinetics of ROS production

upon GO exposure as ROS generation caused by ambient

ultrafine particles and polystyrene nanoparticles in RAW

264.7 cells [47]. The authors demonstrated that in addition

to peroxides superoxide anions (O2
��) were generated as

well. The formation of peroxides commenced early, in less

than 1 h after exposure, and was observed to decline after

a few hours, while O2
�� production started later and was pro-

gressive in nature. Future studies are aimed to investigate

whether O2
�� generation with similar kinetics would also oc-

cur after GO exposure.

4. Conclusions

Collectively, our results indicate that GO exhibited a mild

acute cytotoxic action on both epithelial and macrophage

cells, as shown by the quantitative viability tests. An impor-

tant parameter determining the biological effects of GO is

its two-dimensional shape. In contrast to one-dimensional

NTs (BNNTs, TiO2) that were found throughout the exposed

cells, i.e., in the cytoplasm, in organelles including the nu-

cleus [28,30], GO nanosheets were only present in phago(en-

do)somes not causing any apparent adverse changes in the

cellular morphology and ultrastructure. Finally, ROS genera-

tion upon GO exposure in the epithelial and macrophage cells

may contribute to the short-term cytotoxicity. Yet, it may

have a more important role in the later onset of intermediate

effects, i.e., genotoxicity as the nanomaterial-induced oxida-

tive stress may induce the expression of pro-inflammatory

mediators initiating inflammatory responses in the target

cells.

Thus far, the potential health risks associated with GD

have only recently become the subject of intensive investiga-

tion. The current literature is too limited to reach definitive

conclusions about the potential hazards of these technologi-

cally relevant nanostructures and is mainly based on in vitro

short-term studies (usually limited to <48 h). Furthermore,

even less studies addressed the question of the bio-distribu-

tion and toxicity in animal models in vivo. The emerging liter-

ature on their biomedical applications [6,7,22,60,61] indicates

that the use of GD in industrial applications is clearly set to

grow in the future. Substantial work remains in elucidating

detailed mechanisms of how the relevant parameters (e.g.,

shape, surface properties) of GD affect humans or animal

models, at the cellular level, at the level of organs and ulti-

mately, the whole organism.
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