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C
arbon nanomaterials are a family of
important nanomaterials1withmany
unique properties that represent di-

verse application potential,2�9 including in
the biomedical field.10�13 In particular, full-
erene, nanodiamond, and carbon nanotubes
(CNTs) have been extensively employed as
intracellular agents for drug delivery,14 gene
regulation,15 and imaging.16�18 Graphene is a
newly discovered two-dimensional carbon
nanomaterial with a single layer of sp2-
bonded carbon that has attracted intense
interest,19�21 due to its fascinating electronic,
mechanical, and thermal properties.22�24

While many breakthroughs have been made
toward the nanoelectronic applications for
graphene (e.g., ultrafast transistors25 and am-
bipolar memory device26), biological studies
on graphene and its derivatives (e.g., gra-
phene oxide (GO), reduced graphene oxide)
have only recently become the subject of
active investigation.27,28 Several groups
have reported that functionalized GO un-
dergoes high in vivo uptake in healthy cells
and tumors and then could serve as nano-
cargos to effectively deliver insoluble
drugs,29�31 nucleic acids,32,33 and other
molecules34 into cells for bioimaging and
therapeutic purposes.
Given the exceptional promise of biome-

dical applications for graphene and GO, it is
critically important that a systematic evalua-
tion of their potential risk to human health
be carried out.35 Generally speaking, car-
bon-based nanomaterials are regarded as
“safe” since the carbon element is inherently
compatible with living systems. Indeed, a
range of carbon nanomaterials,36,37 includ-
ing functionalized graphene,29,30,38�40 have
exhibited little cytotoxicity in studies invol-
ving living cell lines. Recent studies showed
that the dose-dependent cytotoxicity of GO
during the 24 h incubation time was attrib-
uted to the generation of reactive oxygen
species (ROS),41,42 while nonfunctionalized
GO was capable of killing bacteria via

cell membrane damage.43,44 Our previous

studies revealed that nonfunctionalized GO
was capability of killing bacteria, while mini-
mally perturbing mammalian cells.44 Other
studies also suggested that graphene nano-
materials functionalized by macromole-
cules (chitosan,45 tween,39 artificial
peroxidase,46 PEI,47 components of cell
medium38,48,49) or PEG29,30 demonstrated
excellent biocompatibility. These studies
clearly suggested complex interactions be-
tween graphene nanomaterials and cells.
Consequently, we herein carried out sys-
tematic investigations on the interactions
between GO nanosheets and mammalian
cells and reported our finding of the serum-
mitigated cytotoxicity of GO.

RESULTS AND DISCUSSION

GO nanosheets prepared via the modi-
fied Hummers method50 exhibited a thick-
ness of ∼1.0 nm under atomic force
microscopy (AFM) (Figure 1b), characteristic
of a single layer of 2-D nanosheets.51 Inter-
estingly, when GO was incubated in the
commonly used cell culture RPMI 1640
medium that is supplemented with fetal
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ABSTRACT Graphene is a single layer of sp2-bonded carbons that has unique and highly

attractive electronic, mechanical, and thermal properties. Consequently, the potential impact of

graphene and its derivatives (e.g., graphene oxide, GO) on human and environmental health has

raised considerable concerns. In this study, we have carried out a systematic investigation on cellular

effects of GO nanosheets and identified the effect of fetal bovine serum (FBS), an often-employed

component in cell culture medium, on the cytotoxicity of GO. At low concentrations of FBS (1%),

human cells were sensitive to the presence of GO and showed concentration-dependent cytotoxicity.

Interestingly, the cytotoxicity of GO was greatly mitigated at 10% FBS, the concentration usually

employed in cell medium. Our studies have demonstrated that the cytotoxicity of GO nanosheets

arises from direct interactions between the cell membrane and GO nanosheets that result in physical

damage to the cell membrane. This effect is largely attenuated when GO is incubated with FBS due

to the extremely high protein adsorption ability of GO. The observation of this FBS-mitigated GO

cytotoxicity effect may provide an alternative and convenient route to engineer nanomaterials for

safe biomedical and environmental applications.
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bovine serum (FBS) for 2 h, the amount of FBS proteins
in the supernatant decreased along with the increase
of GO concentration (Figure 1a), suggesting the ex-
istence of strong interactions between GO and FBS
proteins. The thickness of GO in RPMI 1640 medium
substantially increased to the range 4.0�18.0 nm
(Figure 1b). This observations revealed that a large
amount of proteins had coated the surfaces of the GO
nanosheets (designated as FBS-coated GO). Additionally,
GO�FBS protein binding reached equilibrium within
30 min (Figure 1c). In order to further study the
interactions, we explored the adsorption ability of GO
nanosheets by measuring the amount of a model
protein, bovine serum albumin (BSA), adsorbed to
GO. As shown in Figure 1d, 1 mg of GO nanosheets
was able to adsorb ∼1.6 mg of BSA. This loading
capacity was respectively∼9-fold and∼1.8-fold higher
than that of BSA to twowell-knownnanomaterials with
high protein adsorption ability, namely, multiwalled
carbon nanotubes (MWNTs) and single-walled carbon
nanotubes (SWNTs). These data suggested that GO
nanosheets possessed exceptionally high adsorption
capability for abundant proteins in the FBS medium,
which arose form the special 2-D nanostructure that

provides ultrahigh surface-to-volume ratios. Proteins
might be adsorbed to the surfaces of GO via both
electrostatic and hydrophobic interactions. In addition,
GO possessedmany surface defects that could serve as
binding sites for proteins, while defects of CNTs usually
existed at both ends rather than the walls. This differ-
ence could contribute to the observed different pro-
tein adsorption ability of GO and CNTs.
We employed the classic MTT viability assays to eval-

uate and compare the cytotoxicity of GOnanosheets and
two types of carbon nanotubes (SWNTs and MWNTs).
A549 (adenocarcinomic human alveolar basal epithelial)
cells were incubated in the presence of either GO or
MWNTs for 24 h, and the dose-dependent cytotoxicity of
both was observed (Figure 2a). As a general trend, the
cytotoxicity of both nanomaterials wasmildwith a∼50%
decrease in the metabolic activity for GO and ∼30% for
MWNTs, even at the high concentration of 100 μg/mL. Of
note, the cytotoxicity of GO was slightly higher
(∼10�20%) than that of MWNTs.
Interestingly, the cytotoxicity of GOwas not found to

be strongly dependent on the duration of incubation
time. As shown in Figure 2b, while there was a small
difference (5�10%) in the dose-dependent metabolic

Figure 1. Characterization of interaction of GO with FBS proteins. (a) SDS-PAGE of FBS proteins in the supernatant after
centrifugation. 50 μL of 10% (v/v) FBS solution was incubated with different amounts of GO (the amount of GO from lane 1
to land 4 was 0, 40, 80, and 100 μg, respectively) for 2 h at 37 �C. Themolecular weight of Marker was 72 kD (top) and 55 kD
(bottom), respectively. (b) AFM images of GO (left) and FBS-coated GO nanosheets (right). 100 μL of GO (1 mg/mL) was
incubated with 200 μL of RPMI 1640 medium (10% v/v FBS) for 2 h at 37 �C, and then FBS-caoted GO was resuspended in
Milli-Q water after centrifugation. (c) FBS protein loading ratio on the surfaces of GO at different incubation times. The GO
was incubated with FBS proteins at 37 �C for 1, 5, 10, 30, 60, and 120 min. Then the amount of FBS proteins in the
supernatant was determined via the Bradford method after centrifugation. (d) BSA loading capability of GO, SWNTs, and
MWNTs. After incubation with BSA solution at 37 �C for 2 h, the mixture was centrifugated. Then the amount of BSA in the
supernatant was determined. The capability of BSA loading was evaluated by the following: q = (WTotal � WSup)/(WGO) �
100% (WTotal,WSup,WGO represent the total amount of protein, the amount of protein in the suspension, and the quantity of
GO, respectively).
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activity curves of the 2 and 4 h incubation times, the
metabolic activity of cells was almost identical, and this
characteristic remained when the incubation time was
prolonged to 24 h. The number of live cells and their
morphological change further confirmed the absence
of a time-dependent mechanism for GO-induced cyto-
toxicity (Figure 2c), implying that GO killed cells only
upon initial interaction. It was presumable that subse-
quent incubation in the cell medium passivated GO
and mitigated its cytotoxicity. By contrast, previous
studies revealed that MWNTs exhibited time-depen-
dent cytotoxicity,52 possibly resulting from poorer
protein adsorption ability of MWNTs as compared
to GO.
We reasoned that this mitigation behavior arose

from the high protein adsorption ability of GO53�55

and the presence of abundant proteins in FBS of the
RPMI 1640 medium used in our study. We then mea-
sured the viability of GO-treated A549 cells for 2 h in
RPMI 1640 medium supplemented with conventional
(10%) and low (1%) concentrations of FBS. Themedium
with 10% FBS was associated with a slight increase

(5�10%) in cell viability (Figure 3a). Of note, GO
substantially coagulated in the presence of FBS-free
medium;47 thus it was not employed for the cytotoxi-
city studies. However, the relatively small mitigation
effect that accompanied the 10-fold decrease in the
FBS concentration suggested that uncoated GO could
instantly kill a significant amount of cells upon inter-
action with the cells. Significantly, when GO was pre-
coated with FBS and then incubated with cells in the
medium with 10% FBS, the cytotoxic effect was largely
reduced; nearly 100% survival was achieved with 20
μg/mL FBS-coated GO and∼90%with 100 μg/mL FBS-
coated GO. Similar trends were observed with longer
incubation times (4 and 6 h; Figure 3b) and GO covered
by BSA (Figure S2). These data further suggested that
the cytotoxicity of GO was a result of the initial direct
interactions of GO with cells. Previous studies have
revealed that BSA might not be the primary compo-
nent for the formation of a protein corona on the
surface of nanomaterials.56,57 However, the similarity
in the observed cytotoxicity of FBS- and BSA-coated
GO suggested that the main function of protein

Figure 2. Cytotoxicity of GO nanosheets against A549 cells in complete RPIM 1640medium (10% v/v FBS). (a) Comparison of
the cytotoxic effects of 100 μg/mL carbon nanotubes (MWNTs and SWNTs) with GO nanosheets on A549 cells for 24 h, based
onMTT assays. (b) Cell viability of A549 cells treatedwith GO nanosheets at different concentrations and incubation times. (c)
Morphology of A549 cells treated with different concentrations of GO nanosheets for 24 h (top) and 100 μg/mL GO
nanosheets for a series of incubation times (bottom). The scale bar is 20 μm.
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adsorption might come from the impedance of the GO
surfaces from their direct interactions with cells; thus
the component of the protein corona did not contri-
bute significantly to the cytotoxicity.
We further studied the temperature effect on the

cytotoxicity of GO. At both 4 and 37 �C, viability of
cells exposed to GO nanosheets wasmuch lower than
that of cells treated with FBS-coated GO nanosheets.
This finding complemented the hypothesis that FBS
was able to reduce the cytotoxicity of GO nanosheets
via weakening of the interactions between GO and
cells. A549 cells treated with FBS-coated GO na-
nosheets did not exhibit any cytotoxic effects at
either 4 or 37 �C (Figure 4); however, in the FBS-free
RPMI 1640 medium the viability of 20 μg/mL GO-
treated A549 cells at 4 �C was∼30% higher than that
at 37 �C (Figure 4), suggesting that incubation tem-
perature could play an important role in mitigating
the interactions between A549 cells and GO na-
nosheets. Since cell membranes tend to be less fluidic
and have lower permeability at lower temperatures,
our results suggested that relationships may exist
between the cytotoxic mechanisms of GO and the
integrity of cell membranes.
Transmission electron microscopic (TEM) imaging

was employed to obtain direct evidence for the
distinct morphological changes elicited upon A549
cells being exposed to GO (Figure 5). After A549 cells

were incubated with 100 μg/mL GO in 1% FBS med-
ium at 37 �C for 2 h, the membrane of treated A549
cells had become obviously severed, with the outflow
of cytoplasm indicating irreversible cell damage. GO
nanosheets were also observed in the cytoplasm
(Figure 5a�d). In contrast, A549 cells that had been
treated with FBS-coated GO remained viable with
their membrane integrity intact (Figure 5e,f). Thus,
TEM imaging demonstrated that uncoated GO de-
stroys cell membranes and directly induces cell death,
an effect that is eliminated by precoating of GO with
FBS.
We proposed that the cytotoxicity of GO nanosheets

occurred as a result of physical damage to the cell
membrane, which was induced by direct interactions
between the cell membrane and GO nanosheets. Pre-
vious studies on the cytotoxicity of MWNTs/SWNTs
have suggested three mechanisms underlying this
event: oxidative stress,58,59 metal toxicity,60,61 and
physical piercing causing rupture.62 Interestingly, we
discovered that the cytotoxicity of GO nanosheets
occurred mostly during the initial contact stage of
GO and cells and was independent of exposure dura-
tion. This observation largely excluded the contribu-
tion of an oxidative stress mechanism since that is a
time-dependent process. In addition, there were es-
sentially no metal catalysts involved in the synthesis of
GO (see Experimental Section, Preparation of GO
Nanosheets). These two mechanisms, thus, could not
account for the cytotoxic effects of GO on human cells.
On the other hand, previousmolecular dynamics63 and
TEM64 studies have revealed that highly dispersed single
SWNTs were able to cross cell membranes and enter the
intracellular space. Recent studies have also suggested
that GO and SWNTs can cause physical damage to the
outermembraneofE. colibacteria, resulting in the release
of intracellular components.43,44,65,66 Our temperature
studies provided additional evidence of physical damage
of the cell membrane. Despite the presence of the
evidence, we emphasize that the principal mechanism

Figure 3. Cytotoxic effect of FBS on cytotoxicity of GO
nanosheets. (a) Cell viability of A549 cells treated with GO
nanosheets (20 μg/mL, 100 μg/mL) dispersed in RPMI
medium 1640 containing various concentrations of FBS for
2 h. (b) Cell viability of A549 cells treated with GO (10% FBS)
and FBS-coated GO nanosheets for 4 and 6 h.

Figure 4. Viability of A549 cells treatedwith GOnanosheets
and FBS-coated GO nanosheets at 4 and 37 �C. The A549
cells were incubatedwith 20 μg/mL GO or FBS-coated GO at
4 and 37 �C for 2 h; then the viability was determined via
MTT assay.
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responsible for the observed cytotoxicity of GO has to
be the subject of thorough investigations.
It is worthwhile to note that the observed FBS-

mitigated cytotoxicity has important implications for
the developed and future applications. First, nanoma-
terials can easily form “coronas” with proteins in bio-
logical systems;56,57,67,68 thus it is important to consider
contextual effects when evaluating the safety of
nanomaterials.69,70 Second, since FBS is usually present

in cell culture medium, GO is fairly safe for use in most
medium-based cellular studies, as has been previously
reported (despite the undefined nature of the FBS
role).29�31,47 Third,mitigation of nanomaterial-induced
toxicity is a major concern in the field of nano-
technology.71 Our observations of FBS-mitigated GO
cytotoxicity may provide an alternative and conveni-
ent method by which to engineer nanomaterials for
safe biomedical and environmental applications.

EXPERIMENTAL SECTION

Preparation of GO Nanosheets. GO nanosheets were prepared
from purified natural graphite by using the modified Hummers
method,50 resulting in a colloidal suspension of GO sheets. In a
typical experiment, graphite powder (4 g) was added to amixture
of 24 mL of concentrated H2SO4, 8 g of K2S2O8, and 8 g of P2O5.
The mixture was heated to 80 �C and maintained with stirring for
5 h. The resultant dark blue mixture was thermally isolated and
allowed to slowly cool to room temperature, over a period of 6 h.
The cooled mixture was then diluted to 300 mL and filtered
through a 0.22 μmmembrane (Generay Biotech Co., Ltd., Shang-
hai, China). The filtrate was dried overnight at 60 �C. The
preoxidized graphite powder (2 g) was added to 92 mL of cold
H2SO4 (0 �C), followed by 12 g of KMnO4 being added gradually
with stirring in an ice bath. After stirring for 15 min, 2 g of NaNO3

was added to the mixture, and stirring was continued for an

additional 2 h at 35 �C, after which distilled water (200 mL) was
added. The reaction was terminated by addition of 10mL of 30%
H2O2 and 570 mL of distilled water. For purification, the mixture
was first washed with 1:10 HCl and then with Milli-Q water. The
graphite oxide product was resuspended in water to form a
brown dispersion, which was subjected to dialysis in order to
remove residual metal ions and acids. The purified graphite oxide
dispersion was sonicated for 1.5 h at 300 W to exfoliate the
graphene oxide; unexfoliated graphene oxide was removed by
centrifugation (3000 rpm, 5 min). The final graphene oxide
products were then characterized with atomic force microscopy.

Characterization of Interaction of GO with FBS Proteins. A 50 μL
amount of 10% (v/v) FBS solution was mixed with different
amounts of GO (0, 40, 80, 100 μg), and then themixturewas kept
for 2 h at 37 �C. After centrifugation at ∼19000g for 10 min,
10 μL of the supernatant was applied to sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE).

Figure 5. TEM images of A549 cells treatedwith 100 μg/mLGO nanosheets (a, b) and FBS-coated GOnanosheets (e, f) at 37 �C
for 2 h. (c, d) Magnified regions of (b) showing interactions between GO nanosheets and A549 cells.
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A 100 μL portion of GO suspension at 1 mg/mL concentra-
tion was mixed with 200 μL of RPMI 1640 medium supplemen-
ted with 10% (v/v) FBS at 37 �C for 2 h. After centrifugation at
∼19000g for 10 min, the conjugates were resuspended in Milli-
Q water and imaged via AFM.

The GOwas incubated with FBS proteins at 37 �C for 1, 5, 10,
30, 60, and 120 min. After centrifugation, the amount of FBS
proteins in the supernatant was determined via Bradford
Protein Assay Kit (Tiangen Biotech Co. Ltd., Beijing, China).
The FBS protein loading ratio was evaluated by the following
equation: q = (WTotal � WSup)/(WGO) � 100% (WTotal, WSup, and
WGO represented the total amount of protein, the amount of
protein in the suspension, and the quantity of GO, respectively).

Additionally, the GO suspension (1 mg/mL) was mixed with
BSA solution (1 mg/mL) at 37 �C for 2 h. After centrifugation at
∼19000g for 10 min, the protein concentration of the super-
natant was measured by Bradford Protein Assay Kit, and the
capability of BSA adsorbed (q) on the GO face was calculated as
the defined equation.

Cell Culture and Cytotoxicity Test. A549 cells were grown in
RPMI-1640 (Invitrogen, Carlsbad, CA, USA) with 10% heat-
inactivated fetal bovine serum and antibiotics (100 μg/mL
streptomycin and 100U/mLpenicillin) at 37 �Cunder conditions
of 5% CO2. Cells were seeded in 24-well plates and grown
overnight. When ∼70% confluency was reached, fresh media
containing MWNTs, GO, or FBS-coated GO suspension was
added at different concentrations (0, 20, 40, 60, 80, and 100
μg/mL). In addition, some cell suspensions were generatedwith
or without 1% FBS and 20 μg/mL GO or FBS-coated GO
suspension. After incubation, 50 μL of 5 mg/mL Thiazolyl Blue
tetrazolium bromide (MTT; Sigma-Aldrich, St. Louis, MO, USA)
solution was added to each well of the 24-well plate, followed
by additional 4 h incubation at 37 �C. These cells were then lysed
with 10% acid sodium dodecyl sulfate (SDS; Sigma) solution.
After centrifugation at ∼19000g for 10 min, the absorbance of
the supernatant was measured at 570 nm on a microplate
reader (model 680; Bio-Rad Hercules, CA, USA).

TEM Characterization. A549 cells were incubated at 37 �C in 1%
FBS/RPMI 1640 medium containing 100 μg/mL GO or FBS-
coated GO nanosheets, with a final cell concentration of 105

per mL. After 2 h, A549 cells were collected and washed twice
with PBS, then fixed with 2.5% glutaraldehyde. The fixed cells
were washed with PBS, postfixed with 1% aqueous OsO4 (Fluka
Chemical Corp. of Sigma-Aldrich) for 1 h, andwashed twice with
PBS. The cells were dehydrated through an ethanol series (70%
for 15min, 90% for 15min, and two times with 100% for 15min)
and embedded in Epon/Araldite resin (polymerization at 65 �C
for 15 h). Thin sections (90 nm) containing the cells were placed
on the grids, stained for 1 min each with 4% uranyl acetate (1:1
acetone/water) and 0.2% Raynolds lead citrate (in water), air-
dried, and examined under a transmission electron microscope
(JEM-1230; Jeol Ltd., Tokyo, Japan).
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