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Toxicological evaluation of graphene oxide (GO) has been actively pursued under the context of large-
scale industrial production and the potential for clinical translation. Nevertheless, the safety of GO
remains largely debated, especially due to the lack of toxicological profile in higher mammals. Here
we show that blood exposure to GO under the maximum safe starting dose may cause accidental death
of mammals, including non-human primates (1 in 5 Macaca fascicularis and 7 in 121 mice), while remains
general amenable in others. Elevated levels of immunoglobulin E and severe lung injury were found in
dead animals, suggesting the GO-induced acute anaphylactic reactions. Noticeably, we did not observe
anaphylactic reactions and deaths for two other carbon nanomaterials, including single-walled carbon
nanotubes and nanodiamonds. This difference might arise from the long in-vivo circulating time of two-
dimensional GO materials. This study thus highlights the urgent need to evaluate the hypersensitivity

risks of graphene and other nanomaterials.
© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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Introduction to biomedical applications including cancer diagnostics, drug deliv-

ery, and immunotherapy [4-8]. However, these demonstrations

Graphene oxide (GO) and its derivates are an emerging class of
carbon nanomaterials (CNMs). Due to its unique two-dimensional
(2D) structure, GO possesses outstanding features such as ultra-
high surface area, rendering it a type of highly attractive materials
for industrial applications. The increasing production and use of GO
inindustrial applications like optical/electronic circuitry [ 1], energy
generation and storage [2,3], raise the chance of human exposure to
GO. In the meanwhile, more recent efforts have also been devoted
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generally remain at the stage of fundamental research with lim-
ited clinical translation. One primary hurdle is the safety concern
of in-vivo use of GO. Thus, there is an urgent call for evaluating the
impact of GO on human health.

Extensive studies on the toxicology of GO have been performed,
mostly at the level of in-vitro cells and small model animals. How-
ever, the conclusions often vary greatly or even contradict each
other across the studies on differently leveled models with different
administration doses. For example, the often-observed CNMs-
induced oxidative stress in in-vitro cultured cells and zebrafish
may be well tolerated by mice [4,9-16]. Moreover, the immune
responses to same materials are also diverse among animal species
[17]. Especially, the potential impacts of GO on human remain
unexplored. Non-human primate studies may provide valuable
information due to their close genetic and physiological relation-
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ship with human beings [18,19]. However, toxicological profile of
GO in non-human primates is not available.

In the present study, we investigate the impacts of blood expo-
sure to GOs on BALB/c mice and non-human primates (Macaca
fasciculari) under the maximum safe starting dose. For comparison,
we also studied the effects from two other CNMs with differ-
ent morphologies, including one-dimensional (1D) single-walled
carbon nanotubes (SWCNTs) and zero-dimensional (OD) nanodia-
monds (NDs). The experimental design, including the GO exposure,
blood test, and major organ analysis, is shown in Fig. 1b.

Methods
Materials

Large GO sheets were prepared from purified natural graphite
by using a modified Hummer's method [20]. Then they were
suspended in a 3:1 mixture of concentrated H,SO4/HNOs3 and son-
icated in a water bath for 24 h at room temperature. The pH of
GO solution was adjusted to neutral and subsequently dialyzed
against MilliQ water for several days to remove residual salts. NaOH
(6 mol/L) was added to the GO suspension and bath sonicated
for about 4 h. The resulting solution was neutralized, and subse-
quently dialyzed against MilliQ water for three days to remove
residual salts. The small GO sheets in the supernatant were iso-
lated by centrifugation at 12,000 rpm for 30 min [8]. Further, to
impart aqueous stability, the small GO solution was added with
6-armed PEG-NH; (SunBio, Cat. Nos. P6AM-10) and EDC-HCI for
sonication at room temperature for 30 min. The resultant solu-
tion was kept stirring vigorously at room temperature overnight.
Following dialysis against MilliQ water for one week to remove
unbound six-armed PEG-NH,, the GO-PEG with mean thickness of
1.1 nm and lateral dimension ranged from 20 to 80 nm (named
GO in text) in the supernatant were isolated by centrifugation
at 12,000 rpm for 30 min. The details for characterization were
showninFig. 1a and Supplementary Table S1.The resluting GO with
mean hydrated diameter of ~192 nm (by DLS analysis) and high
O-content (31.9 %, by XPS analysis) exhibited excellent stability

in all biological solutions tested including serum (Supplementary
Fig. S3, S4).

NDs with individual sizes of 2—10 nm, which are synthesized
by detonation techniques, were supplied by Gansu Gold Stone
Nano. Material. Co. Ltd. (Gansu, China). The unique crystal profile
of the NDs was confirmed using an automatic X-ray diffractome-
ter equipped with CuKa (1.541 A) radiation (40 kV, 40 mA). TEM
images showed that the size of the majority of ND clusters was
about 40—200 nm (Supplementary Fig. S7). The details for charac-
terization have been described in our previous work [21].

Purified SWCNTs (purified HiPco, <5 wt% ash content) were pur-
chased from Carbon Nanotechnologies. They were refluxed ina 3:1
mixture of concentrated H;SO4/HNOj3 in a water bath for 40-48
h at 80 °C [22]. The pH of SWCNT solution was adjusted to neu-
tral and subsequently dialyzed against MilliQ water for several
days to remove residual salts. Following 72-h sonication with Probe
Sonicator, the shortened SWCNTs were conjugated with 6-armed
PEG-NH; with the same method as mentioned above. SWCNT-PEG
with length ~50—-300 nm in the supernatant were isolated by cen-
trifugation at 5000 rpm for 15 min. The details for characterization
were shown in Supplementary Table S1 and Fig. S3.

Endotoxin was measured by a Limulus amebocyte lysate assay
kit according to manufacturer’s specifications (Associates of Cape
Cod). The maximum sensitivity of this assay was 0.005 EU/mL. All
CNMs were negative for endotoxin within this detection limit.

Cell lines and treatment

Cervical carcinoma HelLa cells and normal bronchial epithe-
lial BEAS-2B cells were grown in RPMI1640 (Gibco) cell culture
medium supplemented with 10 % fetal bovine serum (FBS).
RAW264.7 macrophage-like cells were grown in the Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10 % FBS.
The resultant cell suspensions (7 x 10% cells/mL for HeLa and BEAS-
2B cells, 1 x 10° cells/mL for RAW264.7 cells) were dispensed into
24-well plates and incubated overnight to allow for cell adherence.
After washing twice with phosphate buffered saline (PBS), cells
were exposed to each CNM at required dose for 24 h.
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Fig. 1. Materials and experimental design. (a) AFM image of GO. Scale bar =50 nm. The experiments were repeated three times independently. (b) Experimental design.
BALB/c mice were administered intravenously (i.v.) with normal saline (NS, 200 pL) or GO (25 mg/kg). n = 10 for each group. The evaluation system was composed of the
following (1): blood circulation of GO, (2) hematologic and biomedical markers analysis at various time points, (3) major organ histopathological evaluation at 1, 7, 14 and
28 d post-administration, (4) trace element biodistribution observation at 28 d post-administration, (5) serious allergic reaction indicator detection at the initial 12 h after
treatment. Macaca fascicularis were administered intravenously (i.v.) with NS (20 mL, n = 1) or GO (4 mg/kg, n = 5). The evaluation system was composed of the following:
(1) blood circulation of GO; (2) hematologic, biomedical markers and urine routine analysis at various time points; (3) major organ histopathological evaluation at 90 d
post-administration; (4) trace element biodistribution observation at 90 d post-administration; (5) temperature and pressure monitoring every week following injection;

(6) body weight monitoring every week following injection.
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Small animal models and treatment

The study was conducted at the Laboratory Animals Center of
National Chengdu Center for Safety Evaluation of Drugs, Chengdu
and all animal protocols were approved by the Institutional Animal
Care and Use Committee of West China hospital, Sichuan Univer-
sity. BALB/c mice (male, 18~22 g) were purchased from Shanghai
SLAC Laboratory Animal Co. Ltd., China, and maintained under
pathogen-free conditions according to American Association for
Accreditation of Laboratory Animal Care (AAALAC) guidelines. Five
in standard cages with free access to food and water and a 12-h
light/dark cycle.

Groups of mice (n=10 for each timepoint) were tail vein injected
with CNM dispersions in 0.9 % sodium chloride as required. The
evaluation system was composed of the following (1): blood cir-
culation of each CNM, (2) hematologic and biomedical markers
analysis at various time points, (3) major organ histopathologi-
cal evaluation at 1, 7, 14 and 28 d post-administration, (4) trace
element biodistribution observation at 28 d post-administration,
(5) hypersensitive indicator detection at the initial 12 h after GO
treatment. Before dissection, animals were anesthetized by 0.6 %
pentobarbital sodium (i.p. 60 mg/kg).

Large animal models and treatment

The study was also conducted at the Laboratory Animals Cen-
ter of National Chengdu Center for Safety Evaluation of Drugs,
Chengdu, and all animal protocols were approved by the Insti-
tutional Animal Care and Use Committee of West China hospital,
Sichuan University. Adult male Macaca fascicularis (n = 5 for each
CNM and n = 1 for control) ranging from 4 to 5 years in age and
from 3.9 to 5.1 kg in mass were reserve animals in this center.
According to AAALAC guidelines, animals were individually housed
in stainless steel cages (16-26 °C, 40-70% relative humidity, 12/12
h light/dark cycle, automatic control of a Honeywell central air-
conditioning system) and fed a commercial monkey diet. Water
was available ad libitum. Research staff inspected the monkeys
two times each day. Eating fresh fruits twice a week and watching
movies several times a week.

Groups of monkeys were administrated with CNM dispersions
in 0.9 % sodium chloride via intravenous infusion (2 mL/min) as
required. Based on the U. S. FDA Guidance, the mouse dose in mg/kg
was converted to the monkey equivalent dose in mg/kg according
to the following formula [23]:

HED?= mousedoseinmg/kg x(mouseweightinkg/humanweightinkg)®->3
HED?= monkeydoseinmg/kgx(monkeyweightinkg/humanweightinkg)®-?

(HED : humanequivalentdose; a : assumes60kghuman).

The evaluation system was composed of the following (1):
blood circulation of each CNM, (2) hematologic, biomedical mark-
ers and urine routine analysis at various timepoints, (3) major organ
histopathological evaluation at 90 d post-administration, (4) trace
element biodistribution observation at 90 d post-administration,
(5) temperature and pressure monitoring every week follow-
ing injection. (6) body weight monitoring every week following
injection. Before dissection, animals were anesthetized by 3% pen-
tobarbital sodium (i.v. 30 mg/kg).

Results

The GO used in this study was synthesized as previously
described. GO was further modified with six-arm branched
polyethylene glycol (PEG) to increase its water dispersity and bio-
compatibility. [5] Atomic force microscope (AFM) images and TEM

analysis (Fig. 1a and Supplementary Fig. S1,S2) showed that the GO
structures were mostly single-layered sheets with a mean thickness
of 1.1 nm and a size range of 20~80 nm. Zeta potential mea-
surements show that the GO is slightly negatively charged after
PEGylation (Supplementary Table S1), generally in agreement with
previous in-vivo studies.

We first assessed the cytotoxicity of the GO in cultured cell lines
including carcinoma cells (HeLa cells), normal bronchial epithelial
cells (BEAS-2B cells) and macrophage immune cells (RAW264.7
cells). The MTT assay results suggest that the maximal safe dose
of GO for in-vitro cultured cells (cell viability >90 %) is ~51 pg/mL
(Supplementary Fig. S5a,b). Confocal microscopic imaging revealed
that under this dose, GO (labeled with XenoLight CF770) was effec-
tively internalized by these cells (Supplementary Fig. S5c, Fig. S6
and Table S1, S2). In comparison, NDs presented a higher max safe
dose (~52 pg/mL), while PEGylated SWCNTs presented a much
lower one (1.5 pug/mL) (Supplementary Fig. S5a, b). These results
suggest that the safe doses of CNMs have a dependency on their
dimensions and shapes (Supplementary Fig. S6).

To determine proper dose of GO for non-human primates, we
converted the maximum safe dose for BALB/c mice to the equiv-
alent dose for Macaca fascicularis (i.e., maximum recommended
starting dose, or MRSD) according to the guidance from U. S. Fed-
eral Drug and Food Administration (FDA) [23]. With consideration
of the GO doses used in previous mice studies [24-26], we here
chose 25 mg/kg as the max safe dose (or iio observed adverse effect
level) of PEGylated GO for mice. Thus, after the conversion based
on normalization of dose to body surface area (detailed in Method
section), the MRSD of GO for Macaca fascicularis is 4 mg/kg. Like-
wise, we derived that the MRSDs of SWCNTs and NDs for Macaca
fascicularis are 4 mg/kg and 0.12 mg/kg, respectively.

In the animal tests (Supplementary Table S3, S4), the GO sus-
pended in 0.9 % sodium chloride was administrated with the MRSD,
via tail vein injection for mice or intravenous infusion for monkeys.
To our surprise, 7 out of the 121 treated mice died 1~12 h post GO
exposure (mortality rate 5.8 %, Fig. 2a and Supplementary Table S5).
We observed that at least one mouse suffered hematemesis before
its death (Supplementary Fig. S8). As for the Macaca fasciculari, one
out of the 5 monkeys died ~1.5 h post GO exposure (morality rate
20 %). Before its death, this monkey squatted on the ground with
a painful expression (seemingly thoracic pain) and hematemesis.
In comparison, ND or SWCNT treatments under their MRSD sep-
arately did not cause any hematemesis or death of the animals
(Supplementary Fig. S9).

To find out the cause of death, we first performed blood tests
in the GO-treated animals. We sampled and examined the blood
from the survived mice at different time points (1, 2, 6, and 12 h,
5 mice for each time point, respectively) post GO exposure. We
observed that 5 out of the 20 mice (25 %) exhibited abnormal lev-
els of indicators, which include two hepatic function indicators -
aspartate transaminase (AST) and alanine transaminase (ALT), and
two cardiac indicators - creatine kinase (CK) and lactate dehydro-
genase (LDH) (Fig. 2b and Supplementary Fig. S9). These indicators
rose by approximately 3-20 folds in these mice compared to the
average levels of the control group (mice untreated with GO). Espe-
cially, the CK level exhibited a rapid rise (4-fold rise in the first
hour post-exposure) (Fig. 2b). These abnormal indicators suggest
that acute and severe liver and heart injury occurred in these ani-
mals. As for the dead monkey, the levels of AST, ALT, CK and LDH
prior to its death also rose by approximately 8, 20, 10, and 21 folds,
respectively, compared to the control group (Fig. 2c). These results
suggest that there might be anaphylactic reactions (or hyper-
sensitivity reactions) in these GO-treated animals. Anaphylaxis is
a severe, life-threatening hypersensitivity reaction (HSR) initiated
by exposure to a specific antigen in a sensitized organism. It usu-
ally occurs within minutes to hours of exposure, and is typically
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Fig. 2. GO induced anaphylactic reactions in murines and non-human primates. (a-c) Animals were administered intravenously (i.v.) with GO as indicated in Fig.1. (a) The
numbers of live and sudden-death animals after GO administration. *Due to the sudden-death of mice after GO treatment, the animal number of this group was increased
to 121 to make sure that there were enough animals for diverse tests at each timepoint. (b, c) Abnormal biochemical indexes of treated mice (b) and monkeys (c). b upper:
Biochemical indexes of mice showed by indicated colors. The range of index level noted by the color bar is 58 - 1402 U/L for AST, 42 - 337 U/L for ALT, 137 - 2861 U/L for
CK and 654 - 5500 U/L for LDH. c upper: Schematic showing of one monkey died at ~1.5 h post GO exposure. The region rendered in light gray represents the normal range
from the literature (Supplementary Table S6), and the dark gray region represents the range observed in mice without any treatment (Supplementary Table S7). (d, e) BALB/c
mice were administered intravenously (i.v.) with normal saline (NS, 200 L) or GO (25 mg/kg). Blood samples were collected 1 - 12 h post GO exposure, and serum IgE (d)
and IL-4 (e) levels were analyzed with ELISA. Due to the sudden-death of mice after GO exposure, the animal number for serum IgE/IL-4 analysis was 19,17, 19 and 16 at 1,
2,6 and 12 h, respectively. Data are represented as means =+ SD. Light red rectangular columns in (b - e) indicate dramatic rises in tested biochemical indexes.

associated with sudden rise of certain hepatic/cardiac indicators
[27-29]. It is worth noting that among the mice the incidence of
having abnormal indicators (25 %) was much higher than the death
rate (5.8 %), suggesting that the mice may suffer but survive this
abnormal condition. Moreover, the indicators from all survived
GO-treated monkeys were within the normal range, suggesting
that the monkeys might have lower tolerance to the GO-induced
anaphylactic reaction compared to the mice under the equivalent
dose.

Given that anaphylaxis is typically mediated by immunoglob-
ulin E (IgE) antibodies (or so called Type I HSR) [30-34], we
measured the serum IgE level and representative T helper type 2
(Ty2) cytokine interleukin 4 (IL-4) level in the GO-treated mice.
We observed that in 71 mice (survived the GO exposure until
blood collection), two (i.e., 2.8 %) exhibited abnormally elevated
IgE/IL-4 level compared to the control group. One of them showed
180/13-fold rise in IgE/IL-4 level 2 h after the GO exposure, and
the other showed 340/16-fold rise 12 h after the exposure (Fig. 2d,
e), indicating that GO induce Ty2-IgE responses in mice via IL-4
production [35,36]. Considering that the IgE levels of mice dead
from GO exposure were not obtained. The actual incidence of IgE

elevation may be higher than 2.8 % here. Additionally, we in this
study employed PEGylated GO, and its the average hydrodynamic
size in all biological solutions tested including serum is almost
the same (Supplementary Fig. S4), which indicates that PEGyla-
tion completely prevents protein adsorption, thereby preventing
the activation of complement system [37].These data confirmed
the speculation that GO may induce IgE-mediated anaphylactic
reaction in mammals. In future, further research such as the con-
tribution of basophils to the Ty2-IgE response in vitro and in vivo
through the production of IL-4 [35,36] is needed to better support
our proposed mechanism of anaphylaxis for GO

We next studied the blood circulation of GO in the animals. The
GO was labeled with XenoLight CF770. The fluorescence of blood
collected from the animals was measured using a small animal opti-
cal imaging system. We found that in mice, the GO presented an
average plasma half-life of ~5 h (Fig. 3a and Supplementary Fig.
S$12, S13). In comparison, NDs and SWCNTs showed much shorter
half-lives (~20 min and 2 h, respectively). In monkeys, the plasma
half-life of GOs was ~40 h, while which of NDs and SWCNTs were
~79 min and ~4 h, respectively (Fig. 3b and Supplementary Fig.
S14). Overall, the GO presented the longest half-time among the
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Fig. 3. Analysis of GO-induced cross-species anaphylactic reactions. (a, b) Blood circulation curves of the CNMs in mice (a) or monkeys (b), determined by CF770 fluorescence
in the blood at different time points post injection (n = 3). (c, d) Histological images from the major organs of the dead (c) mouse and (d) monkey after GO treatment. Images
were taken at x40 magnification with standard haematoxylin and eosin staining. Fine granular black pigment in the lung tissues (likely to be GO) is indicated with arrows.
Scale bar =50 wm. Color images are provided in Supplementary Fig. S15a (mice) and Fig. S16a (monkeys), respectively. (e) Schematic overview of GO-induced cross-species

anaphylactic reactions. Long circulation of GO in blood induced anaphylactic reaction, resulting in increase of some certain biochemical markers, associated with severe lung
pulmonary congestion, eventually even led to sudden death.

three CNMs. Moreover, the half-time of GO in the monkey was We excised and examined the major organs of the animals dead
much longer than that in mice. These results suggest that the GO- from GO exposure (the dead monkey and one of the dead mice). In
triggered anaphylactic reactions might arise from the long blood the histological images, we found that the lung parenchyma pre-

circulation time of GO. sented severe structural damage to alveolar. A large number of red
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blood cells seeped into alveolar cavities, indicating diffuse alveolar
hemorrhage (Fig. 3¢, d and Supplementary Fig. S15a, S16a). We also
observed granular black pigment seemingly GO in the pulmonary
parenchyma. Additional Raman spectral scan of the granular black
pigment evidenced it (Supplementary Fig. S15b, S16b). In contrast,
samples of heart, liver, spleen, kidney and lymph from the dead ani-
mals exhibited no obvious changes. Thus, we reason that maybe the
long circulation of GO in blood leads to its distal retention and depo-
sition in the lung tissue, which can induce anaphylactic reactions
there, resulting in deadly pulmonary congestion (Fig. 3e).

Apart from the GO-triggered anaphylactic reactions, however,
all the three CNMs including GO in this study (Fig. 4a, d and Sup-
plementary Table S3, S4) show minimum adverse effects in the
animals under their MRSD. All examined indicators from blood and
urine of the CNMs-treated mice (Fig. 4b and Supplementary Table
S6, S7, Fig. S9) or monkeys (Fig.4e and Supplementary Table S6-
S22, Fig. S11) fell in the normal range throughout the examination
period, suggesting that the CNMs did not cause acute toxicity or
liver/kidney/heart injuries to these animals. To further evaluate the
long-term effects of the CNM blood exposure, we performed his-
tological analysis of tissues from the mice 28 days post-exposure
or the monkeys 90 days post-exposure. We found that except for
those suffered anaphylactic reactions, all the animals showed little
pathological changes in their major organs including heart, liver,
spleen, kidney, lung and lymph. (Fig. 4c for mice and Fig. 4f for
monkeys, detailed in Supplementary Fig. S17, S18). Synchrotron-
based X-ray fluorescence (XRF) mapping of several trace elements
(including Fe, Cu, Zn, K, Ca, Cl and S) in the major organs of CNMs-
treated animals also indicates that there was no abnormality in
the biodistribution of these essential elements (Supplementary Fig.
S$19-S30) [38]. Throughout the entire study, we observed no behav-
ioral abnormality among the mice or monkeys (Supplementary Fig.
S$31-S33).

It is worth noting that at certain time points, the mice or mon-
keys exposed to GO or SWCNTs had small amounts of granular
black pigments seemingly CNM deposits in their lung or spleen
(Fig. 4c, f and Supplementary Fig. S34, S35), indicating that these
two CNMs can be retained in body tissues for days or even weeks.
However, the CNM deposition does not necessarily induce anaphy-
lactic reactions. In comparison, we found that NDs in mice could
be cleared in all organs within one week (Fig. 4c and Supplemen-
tary Fig. S36), suggesting that NDs present less risk in triggering
anaphylactic reactions.

Discussions

It is well established that the biological properties of nanoma-
terials are highly dependent on their structural parameters and
surface chemical/physical properties. Previous studies have shown
that nanomaterials with different sizes and shapes have dramatic
differences in affinity to serum proteins, in vivo blood circulation
time, distribution and retention, which can lead to different bio-
effects [39-41]. In this study, we show that CNMs with different
morphologies exert different impacts in animals. Blood exposure of
the 2D GO materials might induce anaphylactic reactions in mice
and non-human primates. In contrast, the particle-like (0D) ND
structures and the needle-like (1D) SWCNT structures did not show
such effect. This difference might be attributed to unique physic-
ochemical properties of nanoscale GO including its large surface

area and superior stability in physiological environment [42] (Sup-
plementary Fig. S4), which lead to long blood circulation time of
GO in vivo. Given that it remains challenging to obtain monodis-
perse CNMs with precise size and shape, it is reasonable that the
conclusions from toxicology studies on a same kind of CNMs often
vary or even contradict each other. Thus, for in-vivo applications,
nanomaterials of the same kind yet with different sizes and shapes
should still be considered as distinct materials and undergo com-
prehensive toxicology evaluation.

Our study also calls the attention that simple conversion of the
equivalent GO dose from other species cannot ensure the safety
of human, due to the diversity of metabolic rates and immune
responses across different species and individuals. Previous reports
have shown that the doses required to induce hypersensitivity reac-
tions in mice and rats are several orders of magnitude higher than
those needed to trigger reactions in humans [43]. Non-human pri-
mate, can reproduce clinical symptoms of human patients, thus
is suitable for preclinical safety studies. We demonstrate that the
mice possess faster metabolic rate and higher tolerance of GO
compared to the monkeys, suggesting that in-vivo applications
of nanomaterials in higher mammals should receive more atten-
tion. Especially, individual allergy tests and screening anaphylaxis
antagonists as auxiliary means are necessary prior to the human
trial of GO and GO derivates. Considering the individual diversity
in GO sensitivity, the MRSD of GO should be set to a lower level
than expected.

Taken together, we demonstrate that the blood exposure of GO
under the MRSD may induce anaphylactic death in non-human pri-
mates. As compared to other CNMs including SWCNTs and NDs,
GO has longer blood circulation time. Although GO shows no acute
or long-term adverse effects in most mice or monkeys, the non-
neglectable anaphylactic reactions and even death induced by GO
raise concerns on their in-vivo safety. This study thus suggests that
case-by-case allergy tests are indispensable prior to the biomedical
use of nanomaterials.
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platelet count, PLT. (c,f) Histological images from the major organs of the mice (c) at 28 d post-exposure and the monkeys (f) at 90 d post-exposure. Tissues were collected
from heart, liver, spleen, kidney, lung and lymph. Images were taken at x40 magnification with standard haematoxylin and eosin staining. Finely granular black pigment
in the lung tissues (likely to be GO or SWCNTSs) is indicated with red arrows. Scale bar =50 wm. Color images are provided in Supplementary Fig. S17 (mice) and Fig. S18

(monkeys), respectively.
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