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Systematic toxicity investigation of graphene
oxide: evaluation of assay selection, cell type,
exposure period and flake size†

V. Giesa and S. Zou *a,b

Understanding the toxicity of nanomaterials is essential for the safe and sustainable development of new

applications. This is particularly true for a nanomaterial as widely used as graphene oxide (GO), which is

utilized as films for electronics, membranes for filtration, drug carriers and more. Despite this, the current

literature presents conflicting results on the overall toxicity of GO. Here, the cytotoxicity of three sizes of

commercially available GO was investigated on six cell lines, as values of NOAEL/LOAEL. The effectiveness

of four viability assays was also evaluated. The overall toxicity of GO greatly varied between cell lines; the

suspension cells showed a greater response to the GO treatment compared to the adherent cell lines.

Time dependent cytotoxicity was also cell line dependent, with only one cell line demonstrating obvious

dependence. The six cell lines were also tested to evaluate their response to varying GO flake sizes: the

suspension/phagocytic cells showed little variation in viability, while a difference was observed for the

adherent/non-phagocytic cell lines. By systematically studying the effect of dose, GO size and treatment

time for the six cell lines by using commercially available GO samples, we eliminate many of the variables

which may result in the conflicting reports on the cytotoxicity of GO in the literature.

Introduction

Graphene oxide (GO), a member of the 2-dimensional carbon
family, is composed of sp2-hybridized carbon atoms decorated
with epoxides, alcohols, carboxylic acids and other keto
groups.2–4 Similar to graphene, GO demonstrates exceptional
electronic, optical and mechanical properties but is in-
expensive, easily produced in large quantities and versatile,
providing a starting material for further functionalization.1,3,5

The promising characteristics of GO have attracted much
attention in the fields of materials science, physics, chemistry
and biotechnology.4 Transparent conductive films, solar cells,
light emitting diodes and photodetectors have been produced
to exploit the flexibility, optical transparency and electrical
conductivity of GO and reduced-GO.5,6 Recently, laminates of
GO have been prepared for filtration and separation, benefit-
ting from the internal low frictional water flow.7 GO flakes
were also used to adsorb dyes from waste water.8,9 Moreover,

GO is of particular interest in biological systems because of its
hydrophilic nature;10 this property allows for its use as carriers
in drug delivery and probes in cellular imaging and
biosensors.11–15

Due to the vast range of applications of GO, a thorough
understanding of the cytotoxicity of GO is essential for the safe
and sustainable development of GO based nanotechnologies.16

In vitro toxicity measurements are a popular and effective start-
ing tool to understand the cytotoxicity of materials. The tox-
icity of pristine GO has been an area of interest for many other
groups.10,17–23 Though toxicity is typically reported as the con-
centrations that result in the death of half of the cell popu-
lation after 48 h exposure,24 many current GO literature
studies either did not reach 50% viability or did not study the
48 h exposure period. To facilitate comparisons, toxicity will
be described with the no observed adverse effect level/lowest
observed adverse effect level (NOAEL/LOAEL) where the NOAEL
is the last concentration which results in a final viability
higher than 80% and the LOAEL is the first concentration
which results in a final viability lower than 80%. Common to
most literature studies which evaluated the toxicity of GO, a
dose dependent toxicity was observed where higher concen-
trations resulted in lower viabilities.10,17–23,25 No consensus
has been reached on the time dependence of the toxicity: both
time dependent18,23 and time independent20,21 cytotoxicity of
GO have been reported. Regarding the impact of size on the
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toxicity, most results indicate that smaller flake sizes result in
a greater toxicity;19,20,23 however, one group studying compara-
tively low concentrations did not observe a size dependence on
all cell lines studied.10 The values reporting the overall toxicity
of GO have also been largely inconsistent: the LOAEL was
observed to be 10 µg mL−1 for HeLa cells,22 two groups separ-
ately observed that 20–25 µg mL−1 GO was the LOAEL for A549
and skin fibroblast cells.19,21 Another group which studied
fibroblasts observed 50 µg mL−1 to be the LOAEL.18 Finally,
other literature studies suggest that GO is biocompatible and
cells may even use GO as a surface to grow.17,25 Some of the
most commonly referenced studies which study the cyto-
toxicity of GO through proliferation/viability based assays are
summarized in Table 1.

Many apparent contradictions are clearly present in the
current literature evaluating the toxicity of GO on mammalian
cells. There are large discrepancies among the overall toxicity
and biocompatibility, the time dependence, the size and the
type of assay used for GO toxicity measurements. In most of
these studies, in-house prepared GO is usually studied only on
one cell line using a single viability assay. It has been demon-
strated that GO prepared through different methods (e.g.
Hofmann, Staudenmaier, Tour and Hummers methods) has a
different impact on the toxicity on human lung epithelium
cells.26 In-house prepared GO will likely vary in composition
and purity between labs and further complicate the compari-
son of the results. Using the same source of GO will eliminate
compositional and structural variances.

The viability assay and method used to calibrate the cyto-
toxicity may further influence the results. The two most
common assays are the MTT assay and the WST-8 assay; both
are based on the same principle. Briefly, a tetrazolium salt is
reduced by metabolically active cells to produce a colored for-
mazan and the measured optical density is then proportional
to the number of metabolically active cells in the sample.
Carbon nanotubes and other nanomaterials have been
observed to interfere with the MTT assay29,30 and Liao et al.
even observed this to be the case for GO.19 However, many
other groups did not observe any interference.21,22 Other
assays used include the Alamar blue assay (another prolifer-
ation assay), trypan blue exclusion assay (a stain based assay),
and the LIVE/DEAD assay (a fluorescence based assay).

In order to directly compare the data and understand the
toxicity of GO, it is necessary to use a consistent source of GO
with a systematic control on the size, dosage and time of treat-
ment with different cell types while validating the effectiveness
of the viability assay. We had recently developed a simple soni-
cation and analysis approach to control and determine the
size of GO flakes using commercially available materials.31 In
this work we applied this method to yield three different sizes
of GO flakes and studied their cytotoxicity on six different cell
lines: NIH 3T3, RAW 264.7, A549, U87, NB4 and HL60.
Literature studies on a variety of nanomaterials have demon-
strated that the cellular response is cell line dependent32

which outlines the importance of studying multiple cell lines.
Our selection of cells includes three adherent cell lines, one

Table 1 Summary of commonly referenced studies which used colorimetric, proliferation based assays to study the cytotoxicity of GO

Citation Cell line GO source GO size (nm) Assay used
Exposure
period

Time
effect?

Size
effect?

LOAELa

(µg mL−1)

Chang20 A549 In house-modified
Hummers method
(In-HU)

l-GO: 750 ± 410 WST-8 &
Trypan blue

24, 48, 72 h No Yes l-GO: NT
m-GO: 430 ± 300 m-GO: NT
s-GO: 160 ± 90 s-GO: 200

Wang18 HDF In-HU Not-explored WST-8 1–5 days Yes N/A 50
Hu21 A549 In-HU Not explored MTT 24, 12, 6, 4, 2 h No N/A 40
Liao19 CRL-2522 In-HU pGO-30: 342 ± 17 MTTb, WST-8 &

TB stain
24 h N/A N/A pGO-30:

25 µg mL−1

Chng26 A549 In-house
Hofmann (HO),
Staudenmaier (ST),
Tour (TO) and
Hummers (HU)

N/A MTT 24, 48 h No N/A GO-ST: 8
GO-HO: 8
GO-HU: 2
GO-TO: NT

WST-8 No N/A GO-ST: 8
GO-HO: 35
GO-HU: 8
GO-TO: 20

Das23 HUVEC Cheap Tubes Inc. S1: 400–800 MTT 24, 48 h Yes Yes GOS1: 5
S2: 200–800 GOS2: 1

Yue10 PMØ, J774A1,
MCF-7, Hep G2,
LLC & HUVEC

In-HU S1: 350 WST-8 48 h N/A No S1: 10c

(HUVEC)
S2: 2000 S1 & S2: NT

(other cells)
Zhang22 HeLa In-HU N/A MTT 24 h N/A N/A 20
Peruzynska27 MCF7 In house 1000–15 000 WST-1 48 h N/A N/A 100c

Contreras-Torres28 H9c2 In-TO 380 Alamar blue 24 h N/A N/A 100

a Concentrations listed represent the lowest observed adverse effect level, the first concentration that resulted in a final viability lower than 80%
after 24 h exposure. Non-toxic (NT) is listed if less than 80% viability was not reached for the concentrations studied. bGO was observed to inter-
fere with the MTT assay and the assay was deemed unsuitable for GO toxicity evaluation. c After 48 h exposure.
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semi-adherent cell line and two suspension cell lines and
within this selection one is phagocytic and five non-phagocytic
cells. Brain, lung, blood and structural tissues are all rep-
resented in this selection and demonstrate how GO may affect
different target areas within the body. To accomplish this, we
first studied four viability assays to explore which assay yields
the most reliable results and is most appropriate for studying
the cytotoxicity of GO. No fluorescence based assays were
selected as it has been demonstrated that they may not be suit-
able for the quantification of the toxicity of carbon nano-
materials due to fluorescence quenching.33,34

Methods
Materials

Graphene oxide, 4 mg mL−1, was purchased from Graphenea
(Gipuzkoa, Spain) and diluted to 2 mg mL−1 with sterile water
as the stock solution for further dilutions. All other materials
and cell culture media information can be found in the ESI.†

Graphene oxide sample preparation

2 mg mL−1 Graphenea GO was sonicated at 4 °C until a set
amount of energy was delivered to the sample. Table S1†
reports the sonication times and energies used to produce
three distinct sizes of GO.

Dynamic light scattering (DLS) measurements

DLS measurements of GO samples of varying sizes were per-
formed on the Zetasizer Nano ZS particle size analyser
(Malvern Instruments, Worc, UK) in a semi-micro polystyrene
disposable cuvette (VWR, PA, USA). Samples for DLS were
diluted to 2 µg mL−1 in MilliQ water. Measurements were per-
formed at 25 °C with 180 s of equilibration time. More details
are included in the ESI.†

Atomic force microscopy (AFM) measurements

AFM height/topography images were recorded using a
MultiMode NanoScope V with PeakForce QNM (Bruker Nano
Surfaces Division, Santa Barbara, CA, USA). ScanAsyst-Air
probes with a typical spring constant of 0.4 N m−1 and a reso-
nance frequency of 50–90 kHz were used. The peak force was
always maintained at the lowest stable imaging level of
200–500 pN. Details regarding samples, imaging parameters
and data processing are included in the ESI.†

Cell viabilities

For the three formazan based assays, cells were seeded in a 96
well, flat bottom plate and treated with 5, 10, 20, 30, 50, 75,
100 and 200 µg mL−1 of GO for a predetermined exposure
period of either 24, 48 or 96 h. Following the exposure period,
the assay reagent was added for the MTS and WST-8 assays.
Additional treatment details for the MTT assay and control
experiments for all assay tests can be found in the ESI.†

Bright field imaging

Cells were seeded in a 24 well, flat bottom plate and treated
with the same series of GO concentrations. After the exposure
period, the cells were washed twice with PBS and images were
recorded on the Olympus LX81-DSU Microscope (Olympus
America Inc., NY, USA) using the CoolSNAP ES Camera
(Photometrics, AZ, USA) and X-Cite Series 12OPC excitation
source (Excelitas Technologies, QC, Canada) with a 20× objec-
tive (Olympus America INC, NY, USA). Exposure period,
detailed cell treatment and conditions are outlined in the
ESI.†

Results and discussion
GO size control and evaluation

The size of GO, as with many nanomaterials, impacts the
materials’ characteristics and properties.35 Moreover, size tai-
lored GO flakes are needed to meet a broad range of appli-
cations. We have recently developed a new method to manip-
ulate the size of GO flakes via probe sonication and quantify
the resulting flake size through DLS and AFM.31 Detailed
changes in the GO flake size (30 different sized samples) con-
trolled by sonication energies are included in Fig. S1.† Here,
we modified and applied this new method to control the GO
flake size and selected three distinct sizes of GO for further
tests: 150 nm small GO (s-GO); 250 nm medium GO (m-GO)
and 1000 nm large GO (l-GO). See Table S1† for the sonication
time and energies which led to these flake sizes.

The three flake sizes were characterized by both DLS and
AFM. It should be noted that the intensity-weighted equivalent
sphere hydrodynamic diameter is determined by the DLS
measurements, while in AFM, the number-weighted average
Feret’s diameter is measured. Table 2 summarizes the average
flake sizes of the three GO samples determined through these
two methods.

Fig. 1 also demonstrates the width of the flake size distri-
butions of the three samples by both AFM and DLS. The width
is the smallest for s-GO and the largest for l-GO. This is likely
because less energy is required to break apart the large flakes
compared to the small flakes and they are therefore first to
degrade. From DLS and AFM, we were able to measure and
confirm the flake size of the three sets of samples. These three
samples were then used to understand the size dependent
toxicity of GO.

From the AFM height images shown in Fig. 1, it can be
seen that the flakes are smooth, do not contain holes or

Table 2 Average sizes of GO flakes determined by DLS and AFM

GO
sample

Hydrodynamic diameter
determined by DLS (nm)

Feret’s diameter
determined by AFM (nm)

s-GO 154 ± 6 151 ± 7
m-GO 240 ± 14 233 ± 10
l-GO 1040 ± 47 974 ± 29
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defects and are mostly uniform in height, which indicates that
sonication does not introduce obvious damage to the GO
flakes. It was observed that the average GO flake size can be
reliably tuned via a range of controlled sonication energies.

Configurational changes and cellular interactions with GO

Bright field imaging allows, and is often used for, the obser-
vation of configurational changes in cell morphology upon
nanomaterial treatments.18,36,37 These morphology changes
may provide information regarding the cellular interactions
with external factors, illustrate cell growth or death based on
confluency and population vs. a control in response to an
external factor.37 An initial measurement of cytotoxicity of GO
may be assessed through bright field imaging.

Fig. 2 shows bright field images of NIH 3T3 cells after 24 h
exposure to a series of concentrations of s-GO. NIH 3T3 cells
were selected for imaging due to their distinct morphology
which facilitates the visual evaluation of the cell health. As the
concentration of s-GO increased from 5 to 50 µg mL−1, the
images have increased amounts of dark, non-cellular features,
which then decreased as the concentration increased to 200
µg mL−1. These features were recognized as s-GO flakes and
aggregates, which were not washed away after two PBS rinses.
It cannot be clearly determined if the s-GO was under, inside
or attached to the outside of the cell. GO has been observed to
act as a surface for cellular growth.17,25 Although the 150 nm
surface is likely too small for the cells to use to grow, they may
still be attaching to the flakes and retaining the material. This
could provide an explanation for the initial increase of

retained GO followed by a decrease; only viable cells would be
able to retain the GO and would therefore be washed away at
high concentrations where few viable cells remain.

At low concentrations (5 and 10 µg mL−1 of s-GO) few con-
figurational changes were observed: the cells remained adher-
ent with intercellular networks, though they appeared to be
less populous. At 20 µg mL−1, the cells began to show config-
urational signs of apoptosis, a few cells have shrunk, and
some show blebbing (white arrow in Fig. 2d) and less cellular
networking. At concentrations of 30 µg mL−1 and higher,
increased amounts of cell shrinkage and blebbing are shown
until few viable cells were present (Fig. 2e–i).

Imaging of NIH 3T3 cells treated with varying amounts of
GO allowed for the initial, qualitative evaluation of GO’s cyto-
toxic effects. Quantifying the cytotoxicity of GO through bright
field imaging is, however, not feasible. To quantify the cyto-
toxicity of GO we performed various viability assays.

Proliferation assay evaluation

Cell based assays are a popular and effective tool for screening
the effect of materials on a cell population.38 Ensuring that the
assay chosen gives reproducible and accurate results is crucial
to obtain meaningful information on the cytotoxicity of the
material studied39 and may produce more relevant in vivo pre-
dictions.40 Before beginning to study the cytotoxicity of GO on
a variety of cell lines, we first demonstrated that none of the
formazan based assays’ reagents were reduced by the GO
flakes to produce falsely high viabilities (see Fig. S3†). We then
explored the reproducibility and compared the results of four

Fig. 1 AFM height images and histograms of the GO flake diameters of
(a) s-GO, (b) m-GO and (c) l-GO. The histograms determined by AFM are
overlaid with size distributions measured by DLS (blue lines, right axis).

Fig. 2 Bright field images of NIH 3T3 cells after 24 h of exposure to a
series of concentrations of GO after two PBS washings. The value listed
on the image is the concentration of s-GO. White arrows indicate cell
blebbing and/or shrunken cells. Black arrows point to the retained GO,
which is darker in color.
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different viability assays on the NIH 3T3 cells using s-GO. The
results are displayed in Fig. 3.

For the 24 h exposure period, the NOAEL/LOAEL values
were determined to be 5/10, 10/20, 20/30 and 10/20 µg mL−1

for the TB stain, WST-8, MTS and MTT assays, respectively.
These values did not greatly change for the 48 h exposure
period. The NOAEL/LOAEL was 0/5 µg mL−1 for the TB stain,
WST-8 and MTS assays, and 5/10 µg mL−1 for the MTT assay
after 96 h exposure.

To understand which assays agreed well with one another,
and are likely the most valid, the entire toxicity profile must be
analysed. The TB stain, WST-8 and MTT assays indicate that
there is a concentration dependent toxicity in which the viabi-
lity of the cells gradually decreases along the concentrations
studied. The TB stain and WST-8 assay results are in very close
agreement with one another, both assays show less than 10%
viable cells for GO concentrations higher than 100 µg mL−1

and show a similar change in viability as a response to concen-
tration. The MTS assay resulted in values similar to the TB
stain and WST-8 assay for the 48 and 96 h exposure periods as
well as the 24 h exposure period for low concentrations.
Deviations between the MTS assay and the TB stain/WST-8
assays began to occur for the higher concentrations, and the
viabilities determined from the MTS assay were higher.
Equating precision of measurements to reliability, the WST-8
assay is the most reliable assay, yielding the smallest standard
error.

The MTT assay results were not in agreement with the
trends observed in the other three assays. All other assays
showed a gradual decrease in viability while the MTT assay
showed a plateau followed by a fast drop in viability for the
24 h period and a sharp decrease, increase and decrease in via-

bility were observed for the 48 and 96 h periods. This bizarre
trend was attributed to the cells retaining the GO as observed
in Fig. 3 (particularly in Fig. 3F). The MTT assay requires the
cells to be washed before the addition of the assay reagent
which is in part used to remove any of the material under
investigation so that the material does not impact the absorp-
tion measurements. Since the GO was retained by viable cells
and not washed away, the retained GO likely impacted the
absorption measurements. The greatest impact was observed
at moderate concentrations which is consistent with this
theory; there was enough GO to impact the absorption
measurements combined with enough viable cells (∼30%, as
determined by the other assays) to retain the GO. Despite MTT
being one of the most commonly used cytotoxicity assays due
to its high sensitivity and low cost, this phenomenon com-
bined with the possible reactivity of GO with MTT observed in
other studies19 suggests that MTT is not an ideal assay to
study the cytotoxicity of GO.

The assay which was favoured overall was the WST-8 assay.
This assay resulted in the most reproducible and meaningful
results and did not require intensive sample preparation.
Furthermore, the WST-8 assay is commonly used in other
studies which facilitates comparison. The WST-8 assay was
selected to perform all other cytotoxicity measurements.

Cell line dependent cytotoxicity of GO

The cytotoxicity of s-GO was studied on six different cell lines
using the WST-8 assay. The LOAEL values, the concentrations
that resulted in a final viability lower than 80%, are summar-
ized in Fig. 4. It is worth noting that the dispersion stability of
GO is greatly reduced in cell culture media compared to water
and is relatively low at high concentrations. It was observed

Fig. 3 Viability profiles of the NIH 3T3 cells after exposure to a series of concentrations of GO determined by four different colorimetric assays: TB
stain, WST-8, MTS and MTT for 24, 48 and 96 h (plus 4 h incubation with the assay reagent). The TB stain assay represents two trials of two repli-
cates. For the WST-8, MTS and MTT assays: up to six wells were recorded for each concentration in a given trial and a minimum of 2 trials were per-
formed. Error bars represent the standard errors of the corresponding measurements.
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that obvious instability began to occur at 75 µg mL−1 and was
most evident at the highest concentration, 200 µg mL−1. To
further investigate the dispersion stability of GO, transmission
measurements were performed on s-GO and l-GO at 50
µg mL−1 and s-GO at 200 µg mL−1. The transmission of the
samples and the images of the samples at 0 h and 24 h post
mixing are shown in Fig. S2.† Briefly, 50 µg mL−1 s-GO and
l-GO were observed to be stable, the change in transmission of
the samples over 24 h was 20% and 15%, respectively, and no
settled material was observed. 200 µg mL−1 s-GO had low stabi-
lity, the transmission changed by 45% and a significant
material was observed to settle. The stability and dispersability
of nanomaterials certainly impacts the observed toxicity.41 Low
dispersability may result in a lower observed toxicity due to
reduced material–cellular interactions, depending on the route
of toxicity. Furthermore, when measuring the viability of cells
with colorimetric assays, settled GO aggregates likely influence
the absorption and scattering by causing inconsistent changes
in the optical density of the samples. This may result in larger
errors in the final results, which is observed with increasing
GO concentrations in Fig. 4. Interestingly, the concentrations
where this impact is the greatest are generally above the con-
centrations which result in the obvious toxicity for all cell
lines.

In Fig. 4, the NOAEL/LOAEL values for the NIH 3T3 cell line
were observed to be 20/30, 10/20 and 0/5 µg mL−1 of s-GO for

24, 48 and 96 h post exposure, respectively. Of the cell lines
studied, the NIH 3T3 cell line was the only one to demonstrate
a time dependence on the toxicity, and the U87 cell line was
even observed to recover after 96 h with the NOAEL/LOAEL
values being 20/30, 30/50, and 50/75 µg mL−1 of s-GO for 24,
48 and 96 h post exposure, respectively. The remaining four
cell lines, A549, RAW 264.7, NB4 and HL60, did not demon-
strate much variation in response to exposure time and the
NOAEL/LOAEL values were 30/50, 5/10–10/20, 5/10 and 5/10
µg mL−1 GO, respectively. The change in proliferation as a
response to increasing concentrations of GO is gradual and
reasonably steady for all of the cell lines studied.

It is clear that the NOAEL/LOAEL values are not universal,
even when using the same source of GO, and depends on the
cell line. Cell line dependent toxicity has been previously
observed for other nanomaterials.32 More interestingly, a trend
which relates the cell type to toxicity was observed. Relatively,
the adherent cell lines, NIH 3T3, U87 and A549, showed the
least change in proliferation as a response to GO, the semi-
adherent cell line, RAW 264.7, showed moderate change, while
the suspension cell lines (white blood cells), NB4 and HL 60,
showed the greatest response. This indicates that GO is the
least toxic on the adherent cell lines and the most toxic on the
suspension cell lines. This observation could provide infor-
mation on the route of toxicity of GO as Akhavan et al. showed
that reduced GO was more toxic than GO on bacteria.42 They

Fig. 4 Percent viability after treatment with varying concentrations of s-GO for (a) NIH 3T3, (b) U87, (c) A549, (d) RAW 264.7, (e) NB4 and (f ) HL60
cells using the WST-8 assay for 24, 48 and 96 h (plus 4 h incubation with the assay reagent) exposure times. At least two trials of six replicates were
performed for each cell line at each concentration at each time. Error bars represent the standard error of the measurements. Values at the upper
right corner of each panel represent the LOAEL (the concentration that resulted in <80% viability) for their respective cell lines for 24, 48 and 96 h
exposure periods.
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attributed this to the sharper nanowalls of the reduced GO.
Our work provides evidence to support this theory for mamma-
lian cells. The suspension cells are entirely exposed to the GO
dispersion in three dimensions and thus increase the prob-
ability of cell–GO interactions, when only a portion of the
adherent cells’ surfaces are exposed to GO. As a result, the sus-
pension cells have more contacts with the sharp edges of GO
and potentially have increased cell damage resulting in death.
The time dependence of the toxicity of GO is also important
for understanding the origin of the toxicity and has been of
interest to other groups. Hu et al. and Chang et al. observed no
time dependence for the A549 cell line. Other studies on fibro-
blasts did observe a dependence on exposure period.18–21 Here
we have demonstrated that the conflicting results were not the
outcome of a different experimental set up but that the time
dependence on the toxicity is more likely cell line dependent.

To investigate whether the toxicity observed in this work
was due to GO or due to contamination introduced into the
sample during processing, experiments with control samples
were performed. Sterile water was processed identical to s-GO
and used to treat both the NIH 3T3 and the NB4 cell lines. The
resulting viability of the cells (>98% viability) indicated that
processing did not impact the apparent toxicity of GO.

Manganese, commonly used in the synthesis of GO via the
Hummers method, is known to impact the toxicity of GO.10 To
explore if manganese or other toxic metal ions may be present
in the sample, additional control experiments were performed
which exploited the comparatively low stability of GO to the
stability of metal ions in water. Centrifugation was used to
extract the suspending water (supernatant) from the GO
samples of both s-GO and the as received GO. The toxicity of
the suspending water was evaluated on the NIH 3T3 and the
NB4 cell lines. Both the as received and the s-GO samples
demonstrated similar toxicity. The viability was reduced to 88
± 6% for the NIH 3T3 cells and 71 ± 6% for NB4. It is not sur-
prising that the NB4 cells showed a greater response than the
NIH 3T3 cells as they also had a greater response to the com-
plete GO samples. The toxicity of the suspending water may be
a result of metal ions present in the Graphenea GO sample,
from small, highly soluble flakes of GO (i.e., oxidized debris
form of GO), or simply because the pH value (pH ∼ 3) of the
suspending water was lower than ideal conditions for cell
growth. Despite the impact on toxicity due to factors which are
not the bulk GO flakes, the impact on the toxicity would be
evenly affected for all samples studied under the same experi-
mental conditions using the same source of GO.

GO size dependent cytotoxicity

Three sizes of GO, s-GO, m-GO and l-GO were studied using
NIH 3T3, U87, A549, RAW 264.7, NB4 and HL60 cells. The size
range of 150–1000 nm was chosen because it covers most of
the range of the possible sizes of commercially available GO
samples such as Graphenea GO. A more detailed explanation
of the flake size selection is found in the ESI.†

A flake size dependence on the cytotoxicity of GO is observed
for NIH 3T3, U87 and A549 cells, as shown in Fig. 5. In general,

the largest flake size has lower cytotoxicity while smaller sized
GO displays higher toxicity and lower cell viabilities. At the
highest concentration studied, 200 µg mL−1, s-GO and m-GO
resulted in no or very few viable cells, but up to 20% of cells
remained viable when exposed to l-GO. The difference in tox-
icity as a response to size increases with increasing concen-
trations; all three sizes have a similar toxicity at 10 µg mL−1 but,
at 100 µg mL−1 the difference in toxicity as a response to flake
size becomes obvious. The difference in toxicity between s-GO
and m-GO is much less than the difference in toxicity between
s-GO and l-GO, likely since s-GO and m-GO are closer in size
than s-GO and l-GO. There was little impact on toxicity as a
response to size for the RAW 264.7, NB4 and HL60 cell lines.

Several papers in the literature have studied the relation-
ship between size and cytotoxicity and have reported a size
dependence effect.19,20,23 The smaller GO flakes may become
internalized by the cells more readily resulting in higher tox-
icity, though a consensus regarding the cellular uptake of GO
has not been reached.18,20,22 Sharp edges of GO were observed
to result in bacteria inactivation;42 the smaller flakes have
more available edges and may account for the difference in
toxicity. Further evidence has been brought forward to suggest
that the structure of GO may impact the cytotoxicity. In studies

Fig. 5 Cytotoxicity profiles of s-GO, m-GO and l-GO on NIH 3T3, A549
and RAW 264.7 cells using the WST-8 assay after 24 h (plus 4 h incu-
bation with the assay reagent) of exposure.
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evaluating the oxygen content and the presence of oxygen con-
taining functional groups, the results have indicated that a
lower C : O ratio may result in a higher toxicity.23

The RAW 264.7, NB4 and HL60 cell lines on the other hand
did not follow this trend. This difference may be due to the
nature of the cell. Studies which report that the flake size
impacts the toxicity frequently study non-phagocytes, adherent
cells like fibroblasts or epithelial cells. The work of Yue et al.
studied both phagocytes and non-phagocytic cells and
observed that there is not always a dependence on the size,
and no dependence on the size was observed for the two
phagocytic cell lines studied.10 Here, higher concentrations
were tested and provided further results to support that the
toxicity of GO on phagocytes is not flake size dependent and
adds evidence to suggest that this is also true for non-phago-
cytic suspension cells.

Conclusion

The impact of cell type, exposure period and flake size on the
cytotoxicity of GO was systematically evaluated using the same
source of the commercially available GO with precise proces-
sing controls. To accomplish this, four viability assays were
considered: TB stain, MTT, MTS and WST-8. The WST-8 assay
was determined to yield the most reproducible results and was
chosen to perform the remaining studies. The cytotoxicity of
GO was observed to vary between cell lines and more impor-
tantly, cell line types. GO had the least impact on the viability
of adherent cells, and the NOAEL/LOAEL was observed to be
between 10/20 and 20/30 µg mL−1. GO had a greater impact on
the semi-adherent cell line with the observed NOAEL/LOAEL
being 10/20 µg mL−1 and GO had the greatest impact on the
suspension cells where 5/10 µg mL−1 was observed to be the
NOAEL/LOAEL (24 h post exposure). Time dependence on the
cytotoxicity of GO was observed only for the NIH 3T3 cell line,
the remaining cells showed little variance as a result of
exposure period. The cytotoxicity of three sizes of GO was
studied and a relationship between the size and cytotoxicity
was observed for the three adherent cell lines: NIH 3T3, A459
and U87. No size dependence was observed for the semi-adher-
ent and suspension cells: RAW 264.7, NB4 and HL60. This
observation may be attributed to the difference between pha-
gocytes and non-phagocytic cells and/or suspension vs. adher-
ent cells.
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