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Abstract. With the rapid increased application of graphene and related materials (GRMs) in the industrial
community, its release in the environment is gradually increased. The toxic effects of GRMs has drawn our
attention. We characterised the toxic effects of GRMs on invertebrates and vertebrates and the common toxic
mechanism, which can be classified as physical and chemical damage. This work gives a brief understanding

of the toxic effects and mechanisms of GRMs.

1 Introduction

The application of Graphene and related materials
(GRMs) including graphene, reduced graphene,
graphene oxide and some other related hybrids have
been increased rapidly in recent decades. In medicine,
GRMs have been proposed for many potential
applications like antibacterial agents, drug carriers, and
cancer treatment, etc.['3]. Thus, the chances of direct
contact with human body are greatly increased. At the
same time, the negative effects of GRMs have been
constantly reported. Therefore, we summarized the
characteristics and general patterns of toxic effects of
GRMs on invertebrates and vertebrates. Meanwhile, we
also gave a classifiable exposition of its toxicity
mechanisms. This work contributes to the environmental
risk assessment of GRMs.

2 Toxic effects of GRMs on

invertebrates

D. magna is commonly used invertebrate model species
for evaluating the aquatic toxicity. Some of the toxic
effects of GRMs on invertebrates and vertebrates are
shown in table 1. Oxidative stress, growth inhibition,
reproductive toxicity, neurotoxicity, the regenerative
capacity damage and some other physiological impacts
were the common negative effects of GRMs on
invertebrates!*”). Generally speaking, the effects on
invertebrates are time-dependent. For example, the ROS
levels of D. magna increase apparently with exposure
time as reported by Lv et al. When exposed to 5 mg/L
and 20 mg/L GO, the fluorescence intensity of D. magna
at 24 h was significantly lower than that at 48 hl®l. The
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concentration of GRMs in the actual environmental is
usually lower than its acute lethal concentration of
GRMs on organisms, so toxicities caused by low
concentration cannot be ignored. The reproductive
toxicity of GO on C. elegans reported by Chatterjee et al.
addressed that GO exposure at 5 mg/L activated POP-1
and then suppressed the expression of ELG-5 (gene)
through wingless type-MAPK crosstalk pathway,
consequently leading to reproductive failure*. The
reproduction of organisms is an important factor for the
stability of ecosystems, so the reproductive toxicity of
GRMs should not be neglect. In addition, there is a study
on invertebrates found that GRMs with lower C/O atoms
ration are more toxic, which may be due to the decrease
of O-functional groups leading to the decreased
activity®. This is of reference significance for the
selection of GRMs with low toxicity.

3 Toxic effects of GRMs on vertebrates

D. vrerio is a fluently used model organism in
toxicological studies. The impact of GRMs on vertebrate
can better reflect the potential impact on human to some
extent than other organisms because vertebrates are
higher grade animals!'® '], The increase of ROS levels,
cell apoptotic, necrotic, pericardial edema, malformation
and tissue damage were all negative effects of GRMs
that have been reported on zebrafish or its larval'?!4],
Besides, zebrafish larvae exposed to ultra-trace GO (0.01
mg/L) induced a loss of more than 90% of dopamine
neurons, a 69% to 522% increase in lewy bodies and
other parkinson's disease-like symptoms!'3l. These are all
symptoms that may occur in human beings. Meanwhile,
there was report said brain might be one of the primary
targets of graphenel'®l. There were also concentration-
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dependent effects of GRMs was reported. with GO concentration after exposure of zebrafish to 1, 5,
Immunoreactivity studies found that interleukin-1 and 10 and 50 mg/L GO for 14 days!!”!. These two kind of
interleukin-6 (proinflammatory cytokines) increased cytok-

Table 1. Toxic effects of GRMs on different invertebrates and vertebrates.

GRMs Species Exposure condition Efftcts Refe-rence

21 dLCso: 3.3 mg/L;
ROS: 136% of the control; (18]
SOD and CAT activities were increased

Exposed to 0, 0.01, 0.1, 1.0, 10, 50 mg/L. The

6o D. magna mediums were renewed every 48 h

21 dLCso: 9.7 mg/L;
Reduced the time to produce the first brood;
GO-HA D. magna Three concentrations of HA (5, 10, 25 mg/L) Production of neonates increased;
SOD and CAT activities were decreased with
increasing concentrations of HA.

[18]

10 instar nauplii (624 h old) were placed per well

GO A. salina containing 2 mL (24-well plates) of GO solutions at LCso: 489.30 + 19.41 mg/L (1]
24°C
GO D. magna Exposed to 0, 0.1, 1.0, 1(2Jnacnd 100 mg/L GO at 20 + ECx0: 058 (0.35-2.07) mg/L 120)
GO A salina Exposed to GO at 20 + 2°C for 9§ h with daily renewal ECs: > 100 mg/L. 120]
of the test solutions.
. X Exposed to test solution at 23 to 26°C in a 16/8 . 120)
6o C. sancticaroli light/dark cycle and mild aeration EC50: >100 mg/L
Immobility and mortality displayed dose- and time-
GO D 10 individuals exposed to 0, 1, 5, 10, 20, and 50 mg/L dependent; 8]
- magna GO at 25 + 2°C with natural light/dark cycle 72-h LCso: 45.4 mg/L;
GO filled most of the gut after 12 h of exposure
Dose-dependent decreases in hatching rates and
GO A salina The cysts exposed to GO at 28 °C using 24-well plates swimming speed; 21
. with shaking Dose-dependent increases in mortality rates;

MDA content, ROS and T-AOC increased

48 h-ECso: 1.25 mg/L;

ROS increased in all concentrations;
Significantly decreased in the filtration and ingestion 122
rates;

GO was accumulated mainly on C. dubia digestive
tract.

Chronic assay: exposed to sub-lethal concentrations of
GO C. dubia 0, 0.05, 0.1, 0.2, 0.4 and 0.8 mg/L GO with renewal of
exposure medium every 48 h

Increased malformation rates;

Changed the levels of proteins associated with the
cytoskeleton/muscle system and mitochondrial
respiratory chain; 100 ug/L GO decreased the GSH
content

Exposed to GO (1, 10 and 100 pg/L) from 2.5 hpf'to 7
dpf

GO D. rerio embryos 23]

Hatching rates slightly decreased at 5 mg/mL, and
GO D. rerio embryos Exposed to 0, 5, 25, 50 mg/mL GO at 28 + 5°C slightly increased at higher concentration (25, 50 1241
mg/mL)

Larvae exposed to 100 mg/L GO were significantly
shorter; 125]

The exposure to GO did not change the CAT or GST
activity

GO D. rerio embryos Exposed to 0, 1, 10, and 100 mg/L GO for 96 h

Exposed to 100 mg/L bw-GO were approximately 3%
bw-GO D. rerio embryos Exposed to 100 mg/L bw-GO for 96 h bigger than those exposed to 100 mg/L GO; 23]
A 32% decrease in the GST activity

Did not reveal DNA damage;
Induced significant ROS production;
Caused some histological disturbances

Caption: Graphene oxide (GO); GO-humic acid (GO-HA); Base washed GO (bw-GO)

Exposed to GO for 24 or 72 h in the short-term assays
and for 14 days in the chronic assay

GO D. rerio 2]

ines also play a role of immune regulation in human extraction of phospholipids, adsorption of extracellular
body, so zebrafish is a good choice for the speculation of nutrients and shadowing effect on photosynthetic
the effects of GRMs on human being because of its high organisms!?*?°l. The chemical mechanisms are mainly

homology with human genes. chemical interaction between materials and organism
subsequently causing oxidative stress, metabolic
disorders, DNA damage, inflammatory reactions,
apoptosis, and necrosis, etc.'> 1 3%, Generally, GRMs
adsorb on living organisms due to electrostatic attraction,
other intermolecular forces or random contact. They
enter cells through physical interaction and cause various
physiological reactions due to chemical influences.

4 Toxic mechanisms of GRMs

The toxic mechanism of GRMs can be classified as
physical and chemical influences. Common physical
damage involves mechanical cutting of membrane,
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Most GRMs have sharp or rough edges, which allow
them penetrate cell membrane or cell wall easily,
resulting in cellular contents flow out or organelle
destruction®! 32, Both experimental and characterization
results confirmed that GO with vertically aligned has
stronger antibacterial properties than the random array,
which indirectly illustrates that physical film damage is
one of the toxicity mechanisms®3]. Another important
physical mechanism is phospholipid extraction, which
had been testified though both experiment and computer
simulation. Phospholipid extraction is the result of the
realignment of phospholipid molecules on the
nanosheets caused by the special two-dimensional
structure of graphene nanosheets and the hydrophobicity
of phospholipid molecules?”. The other two common
physical damage mechanisms are the shadowing effect
on photosynthetic organisms and the adsorption of
extracellular nutrients result from intermolecular forces.
Many studies have shown that GRMs could cause a
shadowing effect on algaec and further reduce its
photosynthesis and chlorophyll level resulting the death
of cellst? 3% 341 Lack of essential elements will have
adverse effect on cell growth. Research of yu et al.
showed that GO could adsorb extracellular iron of
unicellular organisms and destroy metabolism where
iron is necessary causing the cell growth and metabolism
inhibition due to iron deficiency!?®.

GRMs as foreign substances can react with cellular
biomolecules, trigger the immune response and cause
oxidative stress. To be specific, graphene, rGO,
hydrogenated graphene and many other GRMs have
been confirmed to replace the role of metal ions such as
Fe*" to catalyze a Fenton-like reactions, schematic of
which can be seen in figurel1 A and 1BB>7, GRMs act as
Fenton-actives to catalyze the H,O» to form -OH or other

radials, which increase the ROS level. Early study has
shown that several graphene-based nanomaterials cause
glutathione deactivation under extracellular aerobic
conditions®®!,  Glutathione is a vital intracellular
antioxidant, and if it is inactivated, the ROS level will
increase significantly. In addition, Li et al. found that
GRMs can extract respiratory chain electrons, causing
ATP generation to be blocked and thus dying from
energy depletion®). Whereas, these are merely the
biomolecules we have found that interact with GRMs.
Because of the redox activity and a variety of functional
groups of GRMs and adsorption effect resulted from
electrostatic or intermolecular forces, it may also affect
the function of other substances in the cells. In short, the
chemical interaction between GRMs and biomolecules
was the main chemical mechanism.

Degraded/
Demineralized products

,-)nm where:

233 Fe,0,NPs
Degraded/ °® S

-
Demineralized products % o

POP-rGO NSs
Metal-free Fenton-like System

Figure 1. Schematic of (A) GO-Fe304 and 4-phenoxyphenol-
functionalized (B) rGO catalyzed the metal-free Fenton-like
reaction. Reuse with permission from referencel*®land(*!],

5 Conclusions

Oxidative stress, growth inhibition, membrane damage,
cell apoptotic, necrotic and tissue damage were the most
fluently reported toxic effects of GRMs. The harmful
effects of graphene-based products should be assessed
before they are widely used. At present, researches
about the effects of GRMs at low-concentration and
long-time exposure is not adequate. The main toxic
mechanisms of GRMs are the physical and chemical
interaction between materials and organisms. There are
usually both physical damage and chemical damage in
every negative effect. This work is of reference for the
research of the GRMs toxicology.
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