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Abstract

Graphene based nanomaterials possess remarkable physiochemical properties suitable for diverse 

applications in electronics, telecommunications, energy and healthcare. The human and 

environmental exposure to graphene-based nanomaterials is increasing due to advancements in the 

synthesis, characterization and large-scale production of graphene and the subsequent 

development of graphene based biomedical and consumer products. A large number of in vitro and 

in vivo toxicological studies have evaluated the interactions of graphene-based nanomaterials with 

various living systems such as microbes, mammalian cells, and animal models. A significant 

number of studies have examined the short- and long-term in vivo toxicity and biodistribution of 

graphene synthesized by variety of methods and starting materials. A key focus of these 

examinations is to properly associate the biological responses with chemical and morphological 

properties of graphene. Several studies also report the environmental and genotoxicity response of 

pristine and functionalized graphene. This review summarizes these in vitro and in vivo studies 

and critically examines the methodologies used to perform these evaluations. Our overarching goal 

is to provide a comprehensive overview of the complex interplay of biological responses of 

graphene as a function of their physio-chemical properties.
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2. Introduction

Carbon nanomaterials such as fullerenes, carbon nanotubes and graphene are the most 

widely researched class of materials and hold immense potential to impact several scientific 

disciplines [1–3]. Their transformative potential has been recognized with multiple honors 

including the Kavli and Nobel Prize [4, 5]. Owing to the distinct arrangement of sp2 bonded 

carbon atoms, each carbon nanomaterial can exhibit significantly different physical, 

morphological and chemical properties.

Graphene, a two-dimensional (2D) sheet of carbon atoms packed in a honeycomb lattice is 

widely regarded as a basic building block of graphitic allotropes (Figure 1)[6]. The 

theoretical existence of graphene was discussed over 55 years ago by Slonczewski and Weiss 

[7]. Landau, Peierls and Mermin reported that existence of atomically thin 2D crystals (such 

as graphene) was practically impossible due to thermodynamic instabilities, a theory that 

was supported by several independent experimental observations [8–11]. However, in 2004, 

Novoselov and Geim isolated single sheets of graphene by micromechanical cleavage of 

graphite or the “scotch-tape method” [12] and characterized their quantum electrodynamics 

[13, 14]. Since then research on graphene has exploded. The number of research papers 

published on graphene has been increasing exponentially (Figure 2) attracting scientists 

from all areas of science and technology towards the graphene “gold-rush”. In 2013, the 

European Union announced the graphene flagship project – a $1.3 billion 10 year investment 

in graphene research and development to translate graphene-based technologies from 

academic labs to the marketplace [15]. The Korean Graphene Project, also announced in 

2013, is a $44 million 5 year investment for graphene research [16]. In 2011, United 

Kingdom committed £50 million investment for graphene research [17]. Recently, in 

October 2015, Chinese company Huawei Technologies has announced a $1 billion 5 year 

investment towards the development of information and communications technologies 

focused on graphene [18].
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Graphene has interesting optical, thermal, mechanical and electrical properties. The sp2 

hybridization of 2D graphene plane results in delocalized out of plane π bonds that provide 

an exceptionally high carrier mobility (~ 200,000 cm2 V−1 s−1 for suspended graphene [19, 

20] and ~500,000 cm2 V−1 s−1 for graphene-based field effect transistors) [21, 22]. 

Graphene exhibits room temperature quantum hall effect for electrons and holes [13, 23]. 

Graphene sheets also exhibit high surface area (2630 m2 g−1) [21], thermal conductivity 

(~5000 Wm K−1) [24], mechanical property (Young’s modulus of ~ 1 TPa) [25] and optical 

transparency (single layer graphene absorbs ~2.3% of visible light) [26].

Graphene can be synthesized using various physical (such as mechanical cleavage (“scotch 

tape method”) [27] or arc discharge [28]) and chemical methods (chemical vapor deposition 

[29], Hummer’s method (chemical oxidation of graphite followed by mechanical 

exfoliation) [30] or longitudinal unzipping of carbon nanotubes [31]). Depending on the 

method of synthesis, graphene can exist in various morphologies such as sheets, platelets, 

ribbons, onions and quantum dots (Figure 3). Pristine graphene is apolar and very 

hydrophobic. It needs to be oxidized to improve its dispersibility in aqueous media.

Oxidized graphene is typically synthesized via chemical oxidation. Depending on the 

synthesis or morphology of the graphene, oxidized graphene are referred by various 

terminologies. For example, oxidized graphene prepared by Hummer’s method is typically 

referred as graphene oxide (GO) or graphene nanoplatelet. Oxidized graphene prepared by 

longitudinal unzipping are referred as graphene oxide nanoribbons. The pristine sp2 

characteristic of graphene can to large extend (but not completely) be restored by treating 

oxidized graphene nanoparticles with reducing agents such as hydrazine, hydrogen iodide, 

etc. [32]. Although the presence of hydrogen bonds between the polar oxidative functional 

groups (such as oxide, acid, alcohol, epoxide etc.) of oxidized graphene imparts colloidal 

stability, the dispersibility of oxidized graphene in aqueous and biological media is 

inadequate for several biomedical applications. Functionalization strategies have been 

employed to further improve graphene’s aqueous dispersibility. Graphene can be covalently 

or non-covalently functionalized with several chemical moieties (for instance amine) or 

biological molecules (such as nucleic acids and proteins). Oxidized graphene nanoparticle-

based formulations has been extensively explored for several biomedical applications such 

as bioimaging [33–35], drug and gene delivery [36–38], photothermal therapy [39, 40], 

tissue engineering [41–43], and stem cell technology [44, 45]. Pristine or nearly pristine 

(oxidized graphene treated with reducing agents) graphene have also been investigated for 

several biomedical applications [27, 35, 46, 47].

The evaluation of in vitro cytotoxicity and in vivo biocompatibility is critical to develop 

nanoparticle-based formulations for biomedical applications. The potential widespread use 

of graphene-based nanomaterials for commercial materials science applications will increase 

their interactions with biological and environmental constituents. Furthermore, a thorough 

analysis of the biocompatibility of graphene is an essential prerequisite before their use for 

in-vivo biomedical applications. Consequently, several studies have been performed to 

assess the in vitro and in vivo cyto- and bio- compatibility of graphene-based nanomaterials 

[48–56]. These studies indicate that the toxicity of graphene is dependent on the complex 

interplay of several physiochemical properties such as shape, size, oxidative state, functional 
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groups, dispersion state, synthesis methods, route and dose of administration, and exposure 

times [48–57]. Post synthesis processing steps could lead to disruption of graphene structure 

and production of smaller carbonaceous debris or methods to synthesize graphene could lead 

to the incorporation of several metallic impurities in the final product. These confounding 

factors may elicit variable toxicity responses [58–60].

In this article, we provide a comprehensive review of recent in vitro and in vivo toxicity 

studies using graphene-based nanomaterials and examine the methodologies used to perform 

these evaluations. We also review studies investigating the effects of graphene on 

antimicrobial biota (eg. bacteria and fungi) and environmental constituents (e.g. crops, waste 

water, etc.). Finally we summarize the current understanding of the toxicity mechanisms of 

graphene-based nanomaterials. The goal of this article is to provide the readers with an 

overview on graphene toxicity and its dependence on the various physiochemical properties 

of graphene. Such an understanding could lead to development of strategies to mitigate 

potential adverse effects for successful development of graphene–based consumer and 

healthcare products.

3. In vitro toxicity

The assessment of in vitro cytotoxicity is the initial first step towards significantly expensive 

and elaborate in vivo studies. Table 1 summarizes the in vitro cytotoxicity of graphene and 

graphene oxide (GO) assessed using several representative cell lines at various treatment 

concentrations.

3.1 Dose, time, and morphology dependent cytotoxicity

Zhang et. al. investigated the interactions of graphene (diameter 100–110 nm, thickness 3–5 

nm) with rat pheochromocytoma PC12 cells using 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) and Lactate Dehydrogenase (LDH) assays and 

compared the results with single-walled carbon nanotubes (SWCNTs) [61]. More than 70% 

cell death was observed for 100 µg/ml treatment concentration of SWCNTs whereas no cell 

death was observed for 0.01–10 µg/ml concentrations of graphene (Figure 4A). Nearly 15–

20% cell death was observed for graphene treatment at 100 µg/ml. The observed cytotoxicity 

was attributed to the agglomeration of graphene, generation of reactive oxygen species 

(Figure 4B) and an increased caspase-3 activation (Figure 4C) resulting in apoptosis. These 

results show a dose dependent cytotoxicity trend that is dependent on the morphology (shape 

and composition) of the nanomaterial, with graphene exhibiting an overall lower toxicity 

compared to single-walled carbon nanotubes (SWCNTs). Vallabani et. al. investigated the 

toxicity of graphene oxide using normal human lung cells (BEAS-2B) after 24 and 48 hours 

of exposure at concentrations between 10–100 µg/ml. A significant dose- and time- 

dependent decrease in cell viability and an increase of early and late apoptotic cells was 

observed using MTT assay [62].

Yuan et. al. evaluated the cytotoxicity of graphene oxide on human hepatoma HepG2 cells 

using MTT assay, DFDA fluorescence analysis and 2D LC-MS proteome analysis [63]. 

After 48 hours of exposure to GO at 1 µg/ml concentration, HepG2 cells showed 6% 

mitochondrial damage, 8% increase in ROS generation and no significant changes in 
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apoptotic cell population, cell cycle, and expression of metabolic and cytoskeletal proteins. 

Cells treated with oxidized-SWCNTs (ox-SWCNTs) showed ~20% mitochondrial damage, 

>100% increase in ROS generation, ~26% increase in apoptotic cell population, and ~30 

differentially expressed proteins involved in metabolic pathway, redox regulation, 

cytoskeleton formation, and cell growth. These results suggest that GO may be less 

cytotoxic compared to ox-SWCNTs. In another study, Lv et. al. show that GO does not elicit 

cytotoxic or apoptotic effects in human neuroblastoma SH-SY5Y cells at low concentrations 

(<80 µg/ml) [64]. Interestingly, GO enhances the retinoic acid induced differentiation of SH-

SY5Y cells, improving neurite length and expression of MAP2 (neuronal marker), 

suggesting that GO may be suitable for applications in neurodegenerative diseases.

Talukdar et. al. have investigated the effects of graphene nanostructures of various 

morphologies (such as oxidized-nanoribbons (GONRs), oxidized-nanoplatelets (GONPs), 

and nanoonions (GNOs)) on the toxicity and stem cell differentiation potential of human 

mesenchymal stem cells (hMSCs) [65]. hMSCs (derived from bone marrow and adipose 

tissue) were treated with various concentrations (5–300 µg/ml) of GONRs, GONPs and 

GNOs for 24 or 72 hours and cytotoxicity was evaluated using Alamar blue and CalceinAM 

assays. Results show a dose –dependent (no time-dependent) cytotoxicity of various 2D 

graphene nanostructures with concentrations >50 µg/ml showing no cytotoxicity. TEM 

imaging shows cellular and nuclear uptake of GNOs and GONPs (Figure 5 A–D). 

Furthermore, results show that all graphene nanostructures did not induce any changes in the 

adipogenic and osteogenic differentiation of hMSCs (Figure 5 E–J) suggesting the used of 

graphene as labels for stem cell imaging and therapy.

Chng et. al. have reported a comparative study on the cytotoxicity of GONRs and GONPs 

[66]. GONRs were synthesized from the longitudinal unzipping of CNTs and GONPs were 

synthesized from stacked graphene nanofibers. In vitro cytotoxicity evaluated using MTT 

and WST-8 assays using human epithelial (A549 cells) show that GONRs exhibit a 

significantly higher cytotoxic response than GONPs over all concentrations (3–400 µg/ml). 

The increased cytotoxicity of GONRs was attributed to the presence of a greater amount of 

carbonyl groups (28.22% on GONRs vs. 11.06% on GONPs) and the high aspect ratio 

(width × length of GONRs ~310 × 5000 nm and GONPs ~ 100 × 100 nm) of GONRs.

Akhavan et. al. have reported the cyto- and geno-toxicity of reduced GONRs and reduced 

graphene oxide sheets (rGOS) using human MSCs derived from umbilical cord blood [67]. 

Cell viability measured by fluorescein diacetate (FDA) test shows that rGONRs are toxic, 

significant cytotoxicity was observed after 1 hour of exposure with rGONRs at 10 µg/ml, 

while the same cytotoxicity was observed upon incubation with 100 µg/ml of rGOS after 96 

hours. The cytotoxicity of rGOS was attributed to the generation of oxidative stress whereas 

the cytotoxicity of rGONRs was attributed to DNA fragmentation and chromosomal 

aberrations (observed even at low concentrations of ~ 1 µg/ml after 1 hour) due to 

penetration of rGONRs inside the cells. These results suggest that the cytotoxicity and 

genotoxicity of graphene is dependent on the dose and shape of the nanomaterial (sheets vs. 

nanoribbons).
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Jaworski et. al. have reported the interactions of graphene platelets with human glioblastoma 

U87 and U118 cells [68]. After 24 hours of incubation with 100 µg/ml graphene, 42% and 

52% cell mortality was observed for U87 and U118 cells, respectively. However, graphene 

activated apoptosis only in U118 cells not in U87 cells where apoptosis and necrosis both 

were activated. These results suggest the potential application of graphene in anticancer 

therapy.

3.2 Functionalization dependent cytotoxicity

Sasidharan et. al. investigated the cytotoxicity of pristine graphene and carboxylated GO 

(GO-COOH) using monkey renal cells at concentrations between 10–300 µg/ml treatment 

concentrations to assess the differences between cellular interactions of hydrophobic and 

hydrophilic graphene derivatives [69]. Pristine graphene accumulated on the cell membrane 

leading to the destabilization of F-actin alignment whereas GO-COOH was internalized by 

cells and accumulated in the perinuclear region without any membrane destabilization even 

at 300 µg/ml doses. These results suggest that hydrophilic (more oxidized) graphene 

nanoparticles may be more cytocompatible and efficient intracellular delivery systems. In 

another study, Matesanz et. al. observed internalization and localization of poly(ethylene 

glycol amine)-functionalized GO sheets on F-actin filaments resulting in cell-cycle 

alterations, oxidative stress and apoptosis in MC3T3-E1 murine pre-osteoblasts, Saos-2 

osteoblasts and RAW-264.7 macrophage cells [70].

Yuan et. al have investigated the cytotoxicity and distribution of three kinds of GQD (NH2, 

COOH and CO-N(CH3)2 functionalized) in human neural glioma C6 and A549 lung 

carcinoma cells using MTT and Trypan blue assay [71]. Results show the absence of 

mortality and apoptosis or necrosis at all treatment concentrations (10–200 µg/ml) after 24 

hours for all three GQD groups. Furthermore, Raman spectroscopic analysis showed the 

intracellular accumulation of all three GQDs; nuclear translocation was absent.

Horváth et. al. have evaluated the toxicity of GO and rGO in A549 human lung epithelial 

cells and RAW 264.7 mouse peritoneal macrophages using MTT assay, fluorometric DNA 

assay and fluorometric microculture cytotoxicity assay (FMCA) [72]. Cells treated with 

0.0125–12.5 µg/cm2 of GO or rGO for 5 days showed a dose dependent cytotoxicity. 

Significant differences in cell death between control and GO or rGO treated cells were 

observed from day 2 in A549 cells and day 3 in RAW 264.7 macrophages for two higher 

concentrations of 1.25–12.5 µg/cm2. Cells treated with lower concentrations of GO (0.0125–

0.125 µg/cm2) did not lead to increases in ROS production. Cellular internalization of GO 

was observed in phagoendosomes without signs of any intracellular damage.

Aggregation of pristine graphene in biological buffers could result in greater cytotoxicity in 

comparison to oxidized graphene derivatives that can be readily dispersed without 

aggregation during the duration of cytotoxicity studies. Das et. al. have reported higher 

cytotoxicity of GO sheets compared to reduced graphene oxide sheets of similar dimensions, 

an effect attributed to the presence of high density of oxidative functional groups on the 

surface of GO which lead to the generation of reactive oxygen species [73]. HUVEC cells 

treated with 1, 5 or 10 µg/ml concentration of GO and rGO showed a dose and 

functionalization state dependent cytotoxicity. Furthermore, a size dependent cytotoxicity 
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was also observed for both GO and rGO. Upon a 10 fold reduction in sizes of oxidized and 

reduced graphene sheets, smaller graphene nanosheets showed a higher toxicity compared to 

non-sonicated larger GO or rGO sheets which was attributed to an increased intracellular 

interaction and uptake of small sized graphene. However, chong et. al. have reported the low 

cytotoxicity of PEG dispersed graphene quantum dots (>30nm diameter stacks of 1–10 

graphene layers) upto 160 µg/ml for HeLa cells and 320µg/ml for A549 cells (Figure 6) [74].

Teo et. al. have investigated the cytotoxicity of halogenated graphene sheets [75]. GO sheets 

prepared by oxidation of graphite were thermally reduced with chlorine, bromine, and iodine 

vapor to form chlorine-, bromine-, and iodine-doped graphene, respectively (TRGO-Cl, 

TRGO-Br, and TRGO-I). A549 cells were treated with 0–200 µg/ml concentration of 

halogenated graphene for 24 hours and cell viability was analyzed using MTT and WST-8 

assays. Results show that all halogenated graphene nanoparticles exhibit a dose-dependent 

cytotoxicity between 3.125–200 µg/ml with TRGO-Cl exhibiting highest cytotoxicity 

(~25.7% cell viability at maximum treatment concentration of 200 µg/ml). The levels of 

observed cytotoxicity follows the trend: TRGO-Cl > TRGO-Br > TRGO-I and is dependent 

on the amount of halogen functionalization. In another study, Teo et. al. have reported the 

cytotoxicity of fluorinated graphene (FG) [76]. Three types of graphene derivatives with 

varying amount of fluorine content were prepared (1.5%, 42.6%, and 50.7%). A549 cells 

were treated with 0–400 µg/ml of fluorinated graphene and cytotoxicity was analyzed using 

MTT and WST-8 assays. Results show a dose-dependent cytotoxicity response with greater 

cytotoxicity observed for graphene with higher mono-fluoro substituted carbon atoms. In a 

similar study, Chng et. al. synthesized highly hydrogenated graphene (HHG) and evaluated 

their in vitro cytotoxicity profile against A548 cells [77]. After 24 hours of exposure, MTT 

and WST-8 assay results show a dose-dependent cytotoxicity of HHG compared to GO 

controls at all treatment concentrations (0–400 µg/ml). The increased cytotoxicity of HHG 

was hypothetically attributed to the preferential adsorption of essential micronutrients on the 

hydrophobic surfaces of HHG compared to hydrophilic surfaces of GO sheets, thereby 

limiting nutrient availability.

Sawosz et. al. have investigated the cytotoxicity of arginine (Arg) and proline (Pro) 

functionalized rGO using U87 glioblastoma multiforme (GBM) cells and tumors in vitro 
[78]. Cells were treated with 50 µg/ml of rGO, rGO+Arg and rGO+Pro for 24 hours and cell 

viability was evaluated using Trypan blue and XTT assay. Results show ~40% cell death for 

rGO group and ~15% cell death for rGO+Arg and rGO+Pro groups greater than the controls. 

GBM tumors cultured on chorioallantoic membrane of chicken embryo were injected with 

rGO, rGO+Arg and rGO+Pro for 3 days. A greater reduction in tumor volume was observed 

for rGO compared to rGO+Arg and rGO+Pro groups, which also reduced the tumor volume 

albeit lower than rGO. Histological analysis of tumors showed the presence of white gaps 

and rupture sites indicating necrosis and endothelial proliferation. rGO+Arg were observed 

close to microglial cells and small blood vessels whereas rGO+Pro were aligned outside the 

cells in the tissue rather than inside the cells. Tumor cells require arginine for aggressive 

growth, therefore rGO+Arg were present in the outer layers of tumor – site for active 

angiogenesis. Gene expression analysis suggests that rGO+Arg, leads to the down regulation 

of MDM2 expression and increased expression of NQO1. Furthermore, no change in the 
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expression of COX6 and CASP3 mRNA expression were observed. These results suggest 

that rGO+Arg is anti-angiogenic and pro-apoptotic and has potential for GBM therapy.

3.3 Cell dependent cytotoxicity

Cytotoxicity of graphene nanoparticles is dependent on cell type. Mullick-Chowdhury et. al. 

reported the cytotoxicity screening of graphene oxide nanoribbons (GONRs) dispersed in 

DSPE-PEG (1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino(polyethylene 

glycol)]) using six different assays and four representative cell lines: NIH-3T3 mouse 

fibroblast cells (NIH-3T3), Henrietta Lacks cells (HeLa) derived from cervical cancer tissue, 

Michigan cancer foundation-7 breast cancer cells (MCF7), and Sloan Kettering breast cancer 

cells (SKBR3)[36]. All cell lines exhibit a dose dependent (10–400 µg/ml) and time 

dependent (12–48 hours) decrease in cell viability. HeLa cells showed the least cell viability 

(5–25%), compared to other cell types (78–100%), depending on the treatment concentration 

and exposure time. An increased cellular uptake of GONRs was observed and attributed to 

an increased cytotoxic response in HeLa cells. TEM imaging (Figure 7) shows the formation 

of cytoplasmic vesicles to facilitate intracellular uptake. Swollen and ruptured plasma 

membrane was observed suggesting necrotic cell death.

3.4 Size dependent cytotoxicity

Akhavan et. al. investigated the cytotoxicity of reduced graphene oxide nanoplatelets 

(rGONPs) of various sizes (11±4 nm, 91±37 nm and 418±56 nm) and as prepared GO 

(3.8±0.4 µm) using human mesenchymal stem cells (hMSCs) [79]. The cytotoxicity and cell 

viability was assessed using fluorescein diacetate (FDA) assay, ROS assay, RNA efflux and 

Comet assay. Results showed a significant size-dependent cytotoxicity; a treatment 

concentration of 100 µg/ml rGONPs (11±4 nm) showed >95% cell death which reduced 

with increasing lateral size dimensions (Figure 8). As-prepared GO with largest lateral size 

dimensions (3.8±0.4 µm) showed lowest (~20%) cell death. Results show that rGONPs can 

also induce DNA fragmentation even at low concentration of 0.1 µg/ml.

Chang et. al. investigated the cytotoxicity of GO of various sizes (160±90 nm, 430±300 nm 

and 780±410 nm) using A549 (human lung adenocarcinoma) cells [80]. Cell viability was 

assessed using CCK-8 assay after 24–72 hours of incubation at GO concentrations 10–200 

µg/ml. Small GO sheets (160±90 nm) showed lower cell viability of ~67% compared to 

large GO sheets (430±300 nm and 780±410 nm) that showed >80% cell viability. However, 

GO sheets of dimensions 780±410 nm show >50% higher ROS generation compared to GO 

of dimensions 160±90 nm and 430±300 nm. These results suggest that the cell viability and 

ROS generation potential of GO is dependent on the size of graphene sheets.

Dasgupta et. al. have reported the size dependent cytotoxicity of graphene oxide 

nanoribbons (GONRs) after post processing sonication steps that result in a size reduction of 

nanoparticles [60]. GONRs were dispersed in cell culture media by bath sonication (5 or 20 

minutes) or probe sonication (1, 5 or 10 minutes) and MCF-7 and A549 cells were exposed 

to GONR containing media at 20 µg/ml concentrations. LDH assay, presto blue assay and 

ROS generation showed that GONR solutions prepared via probe sonication results in a 

decrease of metabolic stress of cells in vitro. No adverse effects were observed when cells 
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were exposed to non-sonicated and bath sonicated solutions of GONRs. TEM analysis 

showed presence of smaller GONR fragments and carbonaceous debris after probe 

sonication, which may be the cause of observed cytotoxicity.

Yue et. al. report that cellular internalization and regulation of cellular responses are directly 

dependent on the lateral dimension of GO [81]. In this study, six representative cell lines 

(peritoneal macrophage PMØ, murine macrophage J774A.1, murine Lewis lung carcinoma 

LLC, human breast cancer MCF-7, human hepatocarcinoma cells HepG2, and human 

umbilical vein endothelial cells HUVEC) were exposed to GO sheets of different sizes (350 

nm and 2 µm) at a concentration of 20 µg/ml for cell viability analysis (LIVE/DEAD assay). 

After 48 hours of incubation, a significant cytotoxicity (~40–60% cell death) was detected 

for all six cell types. However, cell viability was restored upon the removal of manganese 

(Mn), an impurity present during the oxidative synthesis of GO. Cells upon treatment with 

Mn-free GO at 20 µg/ml showed ~80–100% cell viability. These results highlight the 

importance of purification steps involved during the synthesis of GO to eliminate false 

positive contributions from metal ions. PMØ and J774A.1 macrophage cells were treated 

with 2–6 µg/ml of nano- and micro-sized GO. Cellular uptake studies show that 

internalization of GO was independent of size and both nano- and micro-sized GO (350 nm 

and 2 µm) had similar intracellular accumulation. The analyses of uptake mechanisms 

showed that GO of size 350 nm was wrapped by filopodia of macrophages and internalized 

whereas GO of 2 µm was internalized via direct penetration. Post cellular internalization, the 

micron sized GO developed wrinkle formations and appeared to be sequestered into 

lysosomes. Furthermore, the micron sized GO induced a stronger inflammatory response 

and release of cytokines. These results suggest that cytokine release and inflammatory 

response are dependent on the size of GO sheets.

3.5 Immunotoxicity of graphene

Zhi et. al. have reported the immunotoxicity of GO with and without functionalization with 

poly(vinyl pyrrolidone) (PVP) against human immune cells such as T lymphocytes, 

dendritic cells and macrophages [82]. Results show that PVP-coated GO (PVP-GO) exhibit 

lower immunogenicity compared to pristine GO at concentrations between 25–100 µg/ml. 

The differentiation and maturation of dendritic cells was unaffected upon incubation with 

PVP-GO; the levels of secreted TNF- α and IL-1β showed no significant differences 

between GO and PVP-GO groups, yet the secretion of IL-6 was maintained in PVP-GO 

group. Incubation with PVP-GO also delayed the apoptosis of T lymphocytes and stimulated 

and enhanced the physiological activity of macrophages.

Li et. al. investigated the interactions of pristine graphene with RAW 264.7 macrophage 

cells at concentrations between 5–100 µg/ml (dispersed in 1% pluronic F108 surfactant).[83] 

Pristine graphene shows dose-dependent cytotoxicity in RAW 264.7 cells; ~ 78% cell death 

was observed at 100 µg/ml treatment concentrations. Further investigation of the 

mechanisms of cytotoxicity showed that interaction of pristine graphene with macrophage 

cell membrane leads to depletion of mitochondrial membrane potential thereby increasing 

ROS leading to the activation of apoptotic cascade. MAPK and TGF- β signaling pathways 

were activated which in turn activated two pro-apoptotic proteins (Bim and Bax). 
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Consequently, caspase-3 and PARP proteins were activated triggering apoptosis. The 

identification of mechanisms of cytotoxicity is extremely important and provides 

information towards development of strategies to control graphene-induced apoptosis.

Chen et. al. showed that GO triggers autophagy (catabolic self-destruction of dysfunctional 

cellular components) in liver cancer cells (SNU-449 and mahlavu), lung cancer cells (A549), 

human embryonic kidney cell (HEK293), and RAW 264.7 macrophages by stimulating toll-

like receptor signaling cascade (release of cytokines such as IL-2, IFN-γ, IL-10 and TNF-α) 

at treatment concentrations of 5 or 100 µg/ml [84]. Toll like receptors - TLR4 and TLR9 

were activated resulting in GO-mediated inflammatory responses. The results of this study 

show that GO exposure to cells simultaneously triggers autophagy and TLR4/9 mediated 

inflammatory responses.

Tkach et. al. showed that treatment of dendritic cells (DCs) with GO at 6.25 µg/ml results in 

an impaired stimulatory potential of DCs (activation of T-cells); treatment with similar 

concentrations of fullerenes (C60 and C60-tris) promotes the ability of DCs to activate T-cells 

[85]. Further analysis showed that GO did not alter antigen uptake by DCs nor inhibit 

antigen peptide presenting abilities of DCs. However, exposure of DCs to GO resulted in 

suppression of an immunoproteosome subunit (LMP-7), which is a critical component of 

MHC-I antigen processing machinery (APM) illustrating the mechanism of inactivation of 

DCs by GO. These results suggest that GO may modulate antigen-specific T-cell response 

and emphasize the importance of elaborate assessment of immunomodulatory effects of 

graphene nanoparticles.

3.6 Hemolytic toxicity of Graphene

Hemolytic potential of graphene is dependent on the size and aggregation state of individual 

nanosheets. Liao et. al. investigated the cytotoxicity of graphene and GO using human 

erythrocytes (RBCs) [86]. Hemolysis was quantified by measuring the amount of 

hemoglobin released due to RBC membrane damage upon incubation with graphene and GO 

at 3–200 µg/ml for 3 hours. At 200 µg/ml, individually dispersed GO sheets showed ~60% 

hemolysis, significantly higher than graphene dispersions which showed ~20% hemolysis. 

The aggregation of graphene in DI water results in fewer cell-contractable ROS groups on 

the surface of graphene. However, cells interact with several ROS species present on the 

surface of individually dispersed GO, leading to greater hemolysis. Chitosan coated GO 

aggregate in DI water due to pH dependent conformational change of chitosan resulting in 

no hemolytic toxicity of GO.

Singh et. al. have reported the in vitro hemolytic toxicity of GO and rGO using human 

platelets [87]. Freshly isolated suspension of platelets exposed to GO (2 µg/ml) show 

aggregation and platelet activation at levels greater than induction by thrombin (1 U/ml, a 

strong platelet agonist). Exposure of platelets to GO resulted in the activation of Src kinases 

and release of calcium, leading to thrombus formation. In comparison, rGO at 2 µg/ml 

induced minor platelet aggregation, only 10% of aggregation induced by GO. In another 

study, Singh et. al. showed that amine functionalized GO does not induce lysis of 

erythrocytes and has no stimulatory effects on platelets highlighting their non-thrombotoxic 
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properties [88]. These results suggest that surface modifications of graphene nanoparticles 

play an important role towards defining their hemolytic activity.

Mullick Chowdhury et. al. show that graphene oxide nanoplatelets (GONPs) functionalized 

with biocompatible polymer dextran (GNP-Dex) exhibit no hematological toxicity [89]. 

RBL-2H3 mast cells and human platelets showed no histamine release, platelet activation or 

blood cell hemolysis upon treatment with GNP-Dex at concentrations ranging from 1–10 

mg/ml. At concentrations >7 mg/ml, RBL-2H3 cells showed 12–20% increase in 

complement protein expression. However, cytokine TNF-Alpha and IL-10 levels remained 

within physiological levels. In another study, Mullick Chowdhury et. al. have investigated 

the interactions of DSPE-PEG functionalized graphene oxide nanoribbons (GONRs) with 

blood vascular system components [90]. No release of histamine, platelet PF4 activation and 

complement activation was observed from mast cells upto treatment concentrations of 80 

µg/ml. TEM imaging shows significant uptake of GONRs into endothelial cells and exhibit a 

concentration dependent reduction of cell viability. Results show that DSPE-PEG 

functionalized GONRs are hemocompatible upto a concentration of 80 µg/ml.

3.7 Surfactant/coating dependent cytotoxicity

Wojtoniszak et. al. investigated the cytotoxicity of GO and rGO dispersed using three 

surfactants (polyethylene glycol (PEG), polyethylene glycol–polypropylene glycol–

polyethylene glycol (Pluronic P123), and sodium deoxycholate (DOC)) at concentrations 

between 3.12–100 µg/ml using mice fibroblasts L929 cells [91]. Cytotoxicity analysis using 

WST-1 assay showed that the cell viability is dependent on the surfactant used to stabilize 

the suspension, chemical state of material (oxidized or reduced), and the treatment 

concentration. GO functionalized with PEG exhibits the lowest toxicity (cell viability ~ 

36.3% at 100 µg/ml) whereas GO functionalized with DOC and Pluronic P123 shows 15.5% 

and 6.3% cell viability, respectively. L929 cells exposed to the PEG dispersed rGO between 

3.125–25 µg/ml show ~95−60% cell viability. Similar results are observed for rGO 

functionalized with DOC, however rGO functionalized with Pluronic P123 showed least cell 

viability. Both, GO and rGO show good cytocompatibility between 3.125–12.5 µg/ml. GO 

dispersed in PEG shows the best cytocompatibility. These results suggest that GO and rGO 

exhibit a dose- and surfactant-dependent cytotoxicity.

Hu et. al. investigated the cytotoxic effects of fetal bovine serum (FBS) coated GO using 

A549 cells [92]. At 100 µg/ml exposure, FBS coated GO showed ~90% cell viability 

whereas GO without FBS coating showed only ~50% cell viability. TEM analysis showed 

irreversible cell membrane damage after 2 hours of exposure to GO. FBS coated GO did not 

induce any membrane damage. These results suggest that cytotoxicity of GO is a result of 

direct physical interactions with cell membrane that can be mitigated by coating GO with 

FBS.

Mu et. al. investigated the cellular uptake of bovine serum albumin (BSA) coated GO (flake 

size ~ 500 nm or ~1 µm) by mouse mesenchymal progenitor C2C12 cells [93]. Results show 

that small GO (~500 nm) are internalized by clathrin-mediated endocytosis whereas large 

GO (~1 µm) are internalized by phagocytosis. Large GO sheets translocate into the 

reticuloendothelial system and small GO sheets are accumulated in various organelles.
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Mbeh et. al. have reported the cytotoxicity of albumin functionalized GONRs against A549 

cells evaluated using Trypan blue and apoptosis (hoechst and propidium iodide staining) 

[94]. A dose-dependent cytotoxicity was observed wherein albumin functionalized GONRs 

at concentrations < 50 µg/ml did not exhibit significant cytotoxicity, whereas incubation of 

A549 cells with higher concentrations (100 µg/ml) resulted in loss of cell proliferation and 

induction of apoptosis.

4. In vivo toxicology

A crucial step in the toxicological assessment of graphene-based formulations is their dose- 

and/or time-dependent safety pharmacological assessment in small and large animal models 

under various modes of administration (e.g. intravenous. intraperitoneal, oral). Table 2 

summarizes the cytotoxicity of graphene and graphene oxide (GO) assessed in animal 

models.

4.1 Intravenous administration

Intravenous (IV) administration is a widely employed method wherein a needle is inserted 

into the vein and formulation is administered through that needle. It is the preferred mode of 

systemically introducing pharmaceutical formulations for imaging, drug delivery or therapy. 

Singh et. al have investigated the in vivo platelet aggregation of GO and rGO nanosheets. 

GO and rGO sheets were administered intravenously via tail vein injection to Swiss male 

mice (8–12 weeks old) at 250 µg/kg dose for 15 minutes [87]. A collagen-epinephrine 

mixture was administered as positive control whereas saline was used as the negative 

control. After 15 minutes post injection, the mice were euthanized and lungs were harvested 

for histological analysis. Hematoxylin and eosin (H&E) staining showed ~48% 

thromboembolism whereas the collagen – epinephrine control solution resulted in ~64% 

occlusion of blood vessels. rGO was not as effective as GO towards platelet activation; rGO 

administration resulted in ~ 8% blood vessel blockage, significantly less than GO. These 

results show that GO induces severe pulmonary thromboembolism that may be attributed to 

the greater surface charge density of graphene surface upon oxidation. In a follow-up study, 

Singh et. al. investigated the in vivo thrombogenic properties of amine-modified GO (NH2-

GO) [95]. Compared to GO which induces platelet aggregation, NH2-GO does not elicit any 

stimulatory effects on platelets or pulmonary thromboembolism. H&E staining revealed that 

GO resulted in ~46% blockage of pulmonary blood vessels while NH2-GO showed no signs 

of obstruction.

Sasidharan et. al. have reported the long term in vivo toxicology of pristine and 

functionalized few layered graphene (FLG), FLG-COOH and FLG-PEG (Figure 9A) 

administered intravenously to Swiss albino mice at 20 mg/kg for 1, 8, 30, and 90 days [96]. 

Sterile physiological saline was administered to control animals. All animals survived over 

the course of 90 days, however, the body weight of FLG, FLG-COOH and FLG-PEG treated 

mice was lower on days 60–90 compared to control mice. To dynamically track the in vivo 
biodistribution, 99mTc labeled FLG-COOH and FLG-PEG were injected and whole body 

images were captured at 0.1, 1, 3, 12, and 24 hours (Figure 9B). 99mTc-FLG-COOH showed 

accumulation and retention in lungs over 24 hours. However, after 12 hours, 99mTc-FLG-
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PEG was redistributed to RES system such as spleen and liver. FLG-COOH accumulated in 

the lungs resulting in thicker alveolar walls. Injection of FLG and FLG-COOH resulted in 

extensive spleen damage including the loss of dividing line between red pulp and marginal 

zone, abundance of megakaryocytes in the red pulp 90 days post injection, and lack of 

lymphocytes in the white pulp. On the contrary, FLG-PEG did not result in any injury to the 

marginal zone and only several black spots in the red pulp were observed. Liver tissue 

analysis revealed that FLG and FLG-COOH induced liver tissue degeneration while FLG-

PEG did not and was observed as black spots. However, kidney necrosis was observed upon 

administration of both FLG and FLG-COOH as early as the first day of administration. 

FLG-PEG was present as black spots on the tissue but did not exhibit any signs of necrosis. 

FLG, FLG-COOH, and FLG-PEG did not damage brain, heart, or testis suggesting that 

graphene cannot pass through the blood-brain barrier.

Zhang et. al. have reported the toxicity of dextran functionalized graphene oxide (GO-Dex) 

intravenously administered via tail vein injection to female Balb/c mice at 20mg/kg dose for 

1, 3, and 7 days [97]. H&E staining of liver sections showed a significant increase in black 

spots – areas of GO aggregation - after 7 days indicating clearance of GO-Dex from mouse 

liver. For biodistribution and pharmacokinetic studies, 125I labeled GO-Dex (125I-GO-Dex) 

was injected via tail vein at 4 mg/kg concentration and blood was collected after 4, 24, 72, 

and 168 hours. After 4 hours of administration, 125I-GO-Dex was found in liver, spleen, 

stomach, lungs, kidney, and intestine. At later time points, 125I-GO-Dex was predominantly 

found in the liver and spleen. Histological sections of liver and kidney confirm the presence 

of 125I-GO-Dex as black dots that were abundant at day 1 and decreased at later time points 

suggesting the excretion of 125I-GO-Dex via renal and fecal pathways. Since GO-Dex has a 

wide size distribution, small GO-Dex sheets could pass through glomerulus for renal 

excretion and large GO-Dex sheets accumulated in RES organs could be excreted out in 

feces via biliary pathway.

Zhang et. al. have reported the distribution and biocompatibility of GO after intravenous 

administration to male Sprague Dawley rats at 1 and 10 mg/kg dose [98]. Histopathological 

analysis of lung, liver, spleen and kidneys performed 14 days post injection shows no 

pathological changes for all organs examined for 1 mg/kg dose. For 10 mg/kg treatment, all 

organs except lung showed normal pathophysiology. However, due to high accumulation and 

slow clearance, GO accumulated in lungs resulted in pulmonary edema, granulomatous 

lesions, inflammatory cell infiltration, and fibrosis. These results suggest that GO is 

biocompatible, however, accumulation in lungs at higher concentration may lead to safety 

concerns. Biodistribution of GO was assessed by tracking intravenously administered 188Re 

labeled GO (188Re-GO) after 1, 3, 6, 12, 24, and 48 hours. It was observed that GO cleared 

from blood, accumulated in lungs, liver and spleen and was up taken by mononuclear 

phagocytes in the reticuloendothelial system.

Wang et. al. have reported the biocompatibility of GO administered via tail vein injections to 

4–5 week old female kunming mice (Sprague Dawley rats) at 0, 0.1 mg (low), 0.25 mg 

(medium), and 0.4 mg (high) doses [99]. No toxicity was observed for low and medium 

doses. However, for high dose, 4 out of 9 mice died after 1 week due to airway blockage 

caused by accumulation of GO. Histology analysis after 1, 7, and 30 days shows long-term 
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accumulation of graphene in liver, kidney and spleen. Granuloma formation along with the 

presence of neutrophils and foamy alveolar macrophages was observed in lungs suggesting a 

foreign body immune response. No accumulation was observed in brain suggesting that GO 

cannot pass the blood brain barrier. These results suggest that GO is non-toxic at low 

concentrations and results in irreversible airway damage and chronic pulmonary toxicity at 

high concentrations.

Liu et. al. have reported the dose- and size- dependent toxicity and biodistribution of GO 

sheets [100]. Male ICR mice were intravenously injected with small and large GO sheets (s-

GO and l-GO) labeled with 125I to enable radioactive tracking of tissue biodistribution, 

organ accumulation and blood clearance of GO after 2–180 min post injection at 1–10 

mg/kg doses. It was observed that s-GO mainly accumulated in the liver with some 

aggregates present in lungs and spleen, however, after 180 minutes, clearance of s-GO was 

observed with a residual accumulation of ~11% in liver and <1% in lungs. On the contrary, 

in comparison to s-GO, l-GO showed higher accumulation in lungs with a residual 

accumulation of ~19% after 180 minutes. TEM analysis of lung sections show intracellular 

accumulation of s-GO in phagocytic cells while l-GO particles (bigger than 1 µm) was 

lodged in cell gaps of lungs. The size-regulated biodistribution of s-GO and l-GO was 

attributed to the different aggregation states of the nanoparticles. The less dispersed GO 

resulted in the formation of larger GO-protein complexes, which were filtered by the 

pulmonary blood vessels. At higher doses, s-GO aggregated to large particulates resulting in 

the entrapment in lungs. The blood half-life of s-GO was 2.2 minutes (T1/2 alpha) and 170 

minutes (T1/2 beta). For l-GO, T1/2 alpha was 1.8 minutes and T1/2 beta was 102 minutes. 

These results suggest that s-GO possesses longer blood retention time than l-GO.

Yang et. al. have reported in vivo biodistribution and photothermal activity of PEG 

functionalized nano graphene sheets (NGS-PEG) [101]. Cy7 dye labeled NGS-PEG was 

intravenously injected into tumor bearing Balb/C mice at a dose of 20 mg/kg and organs 

were harvested after 1, 6, and 24 hours. Significant accumulation of NGS-PEG was 

observed in tumors due to leaky vasculature along with low accumulation in RES organs. 

After 24 hours post injection, the kidneys showed strong fluorescence (Figure 10) attributed 

to the renal excretion of small sized NGS particles. NGS-PEG showed no toxicity - neither 

death nor significant weight loss was observed in all animals. After NGS-PEG 

administration, the tumors on the right shoulder of 4T1 Balb/c mice were exposed to 808 nm 

laser until the surface temperature reached ~50°C. The tumors disappeared 1-day post laser 

treatment leaving a black scar that disappeared after one week. No tumor regrowth was 

observed after 40 days. These results suggest that PEG functionalized graphene can be 

suitable for in vivo photothermal therapy applications. In another study, Yang et. al. have 

reported the long term in vivo biodistribution and pharmacokinetics of 125I-labled NGS-PEG 

intravenously administered in Balb/c mice at 4 mg/kg dose [102]. For pharmacokinetics 

study, blood was drawn after 0–25 hours and measured by a gamma counter. To examine the 

biodistribution of 125I-NGS-PEG, 4 mg/kg was administered intravenously and organs were 

harvested at various time points: 1 hour −60 days post injection. NGS-PEG initially 

accumulated in several organs, however accumulation at later time points was observed in 

liver and spleen. H&E staining of liver and spleen sections showed a reducing number of 

NGS-PEG aggregates over time suggesting removal of NGS-PEG from RES system. Renal 
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pathway cleared out smaller sized NGS-PEG (10 nm diameter) while larger NGS-PEG 

aggregates were excreted through biliary pathway into the feces. Blood biochemistry and 

hematology analysis showed normal levels of urea, blood cells, hemoglobin and other 

factors suggesting that there were no toxic effects of NGS-PEG to liver and kidneys. These 

results suggest that NGS-PEG does not exhibit long-term in vivo toxicity in mice.

Kanakia et. al. have reported the sub acute toxicity of dextran functionalized graphene 

nanoplatelets (GNP-Dex) administered via intravenous injections to Wistar rats at 1, 50, and 

100 mg/kg doses 3 times a week for three weeks [103]. No signs of toxicity were observed 

for 1 mg/kg and 50 mg/kg doses. All vital parameters such as body weight, blood pressure, 

breathing and heart rate were normal. However, for 100 mg/kg dose, 2 out of 8 animals died 

after 2 weeks. A complete blood count analysis showed physiological levels of blood urea 

nitrogen and creatinine indicating normal kidney function. ALT and ALP levels were 

elevated, however, blood glucose was normal. Histology analysis after 3 weeks showed the 

presence of GNP-Dex in hepatic kuppfer cells and pulmonary alveolar macrophages, which 

increased with increasing dose of GNP-Dex (Figure 11). No adverse effects or inflammation 

were observed in brain, heart, spleen and kidney.

Mullick Chowdhury et. al. have reported the in vivo vasoactivity of GNP-Dex using male 

hamsters cheek pouch model [89]. GNP-Dex was administered at doses ranging from 1–50 

mg/ml to the excised left cheek pouch tissue of hamsters using a micropipette. The arcade-

terminal arteriolar network junction was the microvascular observation site. The baseline 

diameters of arcade and terminal arterioles were 23 µm and 8 µm, respectively. The 

administration of 0.1 mg/ml and 0.5 mg/ml GNP-Dex had no significant effect on the 

arteriole diameters. No significant differences in the dilation of arterioles were observed at 

higher doses of 10 mg/ml and 50 mg/ml. However, the administration of FDA-approved 

natural biopolymer dextran at 35 mg/ml resulted in ~23% dilation of arcade arterioles and ~ 

63% dilation of terminal arterioles. The lack of dilation post GNP-Dex administration and 

an increased dilation due to dextran suggests that the observed minor vasoactive effects of 

GNP-Dex could be due to the dextran coating of GNPs.

In another study, Kanakia et. al. have evaluated the histopathology and biodistribution of 

GNP-Dex administered via intravenous injections in male Wistar rats at doses between 1–

500 mg/kg after 1 and 30 days [104]. The results show that the maximum tolerable dose 

(MTD) of GNP-Dex is between 50–125 mg/kg. Blood half-life of GNP-Dex is ~30 minutes. 

Maximum accumulation of GNP-Dex after day 1 was found in liver and kidney, which 

reduced (at least 2–4 folds) after 30 days of administration suggesting a clearance of GNP-

Dex via RES system (Figure 12 A&B). ICP analysis showed that GNP-Dex administered at 

50 mg/kg had a higher blood concentration than 500 mg/kg doses 30 minutes post-

administration (Figure 12C). Majority of GNP-Dex nanoparticles were excreted via feces 

(~60–90%) within 24 hours (Figure 12D), small amounts were excreted via urine (Figure 

12E). Histopathological changes (Figure 12 F–J) were observed in heart, lung, liver, kidney 

and spleen at high treatment concentrations (250 µg/ml). No adverse effects were observed 

in brain. Hematological factors and cardiovascular parameters remained at physiological 

levels upto 125 mg/ml treatment doses. These results suggest that GNP-Dex is non-toxic 

with a MTD of 125 mg/kg.
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Jasim et. al. have reported the in vivo biodistribution of chemically functionalized graphene 

(GO-DOTA) labeled with 111In after intravenous injections in C57BL/6 mice at 200 µl 

dosage [105]. Post 1, 2, and 24 hours of administration, 111In-DOTA-GO was accumulated 

in bladder and excreted via urine. No fecal elimination was observed. Maximum 

accumulation was observed in liver and spleen. Furthermore, at later time points, 

translocation of GO from liver to spleen was also observed. No organ damage was observed 

at all time points. These results show that chemically functionalized GO sheets are non-toxic 

and possess distinctly different physiological behavior (biodistribution and excretion 

characteristics) than pristine or non-covalently functionalized graphene sheets.

4.2 Intraperitoneal administration

Intraperitoneal (IP) administration is the injection of the formulation into the peritoneum (or 

body cavity). Yang et. al. have reported the in vivo toxicity of PEG functionalized GO 

administered intraperitoneally and orally in female balb/c mice [106]. PEG functionalized 

and 125I labeled nano-graphene oxide (nGO-PEG), reduced graphene oxide (rGO – PEG), 

and nano reduced graphene oxide (nrGO – PEG) of diameters 25, 50, and 27 nm, 

respectively, were administered intraperitoneally at 50 mg/kg dose and orally at 100mg/kg. 

Animals were euthanized post 1, 7, 30 and 90 days post intraperitoneal administration and 1, 

7, and 30 days post oral injections. All major organs were collected for histology and 

biodistribution analysis and blood was collected from the orbital for complete blood panel 

and serum biochemistry analysis. The radioactivity of GO formulations after oral 

administration was undetectable after 1 week suggesting negligible uptake of PEGylated GO 

administered orally. However, after intraperitoneal administration, PEGylated GO showed 

high accumulation in RES organs (black colored liver and spleen) after 1 and 7 days. Larger 

sized RGO-PEG showed higher uptake (> 2 fold, determined by radioactivity 

measurements) than smaller nGO-PEG and nrGO-PEG formulation. No animal death, body 

weight loss, inflammation, or significant changes in bloody panel or serum biochemistry 

were observed after 90 days post intraperitoneal administration indicating no signs of 

toxicity. These results suggest that PEGylated GO do not elicit any adverse effects under the 

above conditions in rodents, and the biodistribution and clearance profiles depend on the 

size, surface coating and route of administration.

Ali-Boucetta et. al. have investigated the in vivo pathogenicity of highly pure, colloidally 

stable dispersions of GO [107]. Conventional GO (cGO, size > 0.10 µm2) prepared using 

Hummer’s method was subjected to several purification steps to obtain highly pure GO 

(pGO, size 0.01 µm2 to 0.02 µm2). Both, cGO and pGO had similar chemical functional 

groups (carbonyls, hydroxyls and epoxides). pGO sheets were administered intraperitoneally 

at a dose of 50 µg/animal for 1 and 7 days. CNTs were used as positive controls. The 

inflammatory response was investigated by observing the change in protein levels and the 

change in the number of polymorphonuclear leucocytes 1 and 7 days post administration. 

After 1 day, pGO did not show a change in polymorphonuclear leucocyte (PMN) and protein 

levels whereas CNT controls induced at least 2-fold increase in total PMN count. After 7 

days, there was accumulation of macrophages and giant cells with a deposition of collagen 

on the mesothelial membrane for CNT controls; pGO groups did not show any such effects. 
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These results show that highly pure single layered GO sheets show no signs of inflammation 

or granuloma formation upto 50 µg/animal dose administered intraperitoneally.

Sahu et. al. have investigated the in vivo biocompatibility of GO dispersed pluronic gels 

administered intraperitoneally via implantation in subcutaneous pockets in 6–7 weeks old 

balb/c mice [108]. Mild inflammation was observed 3 weeks post implantation. After 8 

weeks, the number of macrophages reduced and no chronic inflammation, tissue necrosis or 

hemorrhaging was observed. Furthermore, no gel degradation or degradation products were 

observed in the surrounding tissues.

Strojny et. al. have reported the intraperitoneal toxicity of GO, graphite and nanodiamonds 

administered to 6 weeks old female Wistar rats [109]. Nanoparticle suspensions were 

injected at a dose of 4 mg/kg for 4 or 12 weeks at three-day intervals. After 4 or 12 weeks, 

rats were euthanized and liver and blood were collected. Results show the presence of 

nanoparticle aggregates in the peritoneal cavity close to the injection site. Smaller aggregates 

were observed in the mesentery and liver serosa suggesting transportation and accumulation 

of nanoparticles in liver. No adverse health effects were observed for all nanoparticles (GO, 

graphite or nanodiamonds) at all time points (4 or 12 weeks). Blood analysis and liver 

enzyme levels were normal suggesting good liver biocompatibility.

4.3 Oral administration

In oral administration a formulation/substance is administered via mouth in cases where a 

systemic effect is desired. Fu et. al. have investigated the development of mice offsprings 

after oral administration of graphene oxide at 0.5 and 0.05 mg/ml to maternal mice [110]. 

GO suspension in drinking water was administered to female ICR mice (8–9 weeks old) 

from 1–38 postnatal days (PND). Filial mice were administered GO water during the 

suckling period from 1–21 PND and normal water during the weaning period from 22–38 

PND. After 21 and 38 days, pups were weighed and euthanized. Compared to the control 

groups that received normal water, significant decrease in body weight, body length and tail 

length of filial mice were observed for 0.5 mg/ml treatment group. Blood biochemistry 

analysis showed no significant differences in the levels of alanine aminotransferase (ALT), 

aspartate aminotransferase (AST), blood urea nitrogen (BUN) and creatinine (CREA) for 

both the GO groups. Pathological examination of heart, lung, spleen, kidney and liver of 

filial mice administered with 0.5 mg/ml GO suspension showed severe atrophy (Figure 13 

A). H&E staining of duodenum, ileum, jejunum (parts of small intestine) showed increase in 

villi length and duodenum width post GO administration (Figure 13 B). These results show 

that GO can have significant negative effects on the development of filial mice during the 

lactation period.

Zhang et. al. have investigated the short-term and long-term effects of reduced GO (rGO) on 

general locomotor activity, neuromuscular coordination, balance, anxiety, learning and 

memory of male C57b/6 mice (6–8 weeks old) using rotarod, open field and Morris water 

maze tests [111]. HEPES Buffer dispersed rGO were administered via oral gavage every 24 

hours for 5 days at 60mg/kg dose. rGO treated mice maintained normal body weight, organ 

weight, and instinctive behaviors (eating etc.) compared to control mice administered with 

chow and HEPES buffer. However, initial 3–4 days post treatment, mice showed decreased 
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neuromuscular coordination and locomotor activity failing the rotarod and open field tests. 

At later time points (15 and 60 days post administration), all these parameters returned to 

their normal state. No significant differences in blood biochemistry, liver function and 

kidney function and aging parameters were observed. The morphologies of neurons in the 

hippocampus and neuroglia cells as well as choline acetyl transferase and hippocampal 

acetylcholine esterase (enzymes involved in memory and learning) levels also remained 

normal post rGO administration. These results show that exposure to high concentration of 

rGO sheets via oral administration results in a short term decrease in neuromuscular 

coordination and locomotor activity which return to normalcy a few days post exposure; it 

does not affect learning, memory, anxiety, spatial and exploratory behaviors.

Wu et. al. have investigated the toxicity of graphene oxide at doses between 0.1–100 mg/L 

administered orally on nematode Caenorhabditis elegans after acute (24 hours) and 

prolonged exposure (larva to adult) [112]. GO was mixed with nematode food (K medium) 

and lethality, growth, reproduction and locomotion were analyzed. Results show that 

prolonged exposure at concentrations 0.5 mg/L and greater lead to significant primary 

(intestine) and secondary (neurons and reproductive) organ damage. Additionally, GO 

induces loss of villi and trans locates into the intestinal walls. Other adverse events noted 

were increased defecation cycle and hyper permeable intestinal barrier. These results show 

that GO upon exposure to environment would come into contact with nematodes, worms and 

other environmental organisms and may induce long-term adverse effects in the 

environmental flora.

4.4 Pulmonary administration

Schinwald et. al. have reported the in vivo toxicity of pristine GNPs after intrapleural and 

pharyngeal administration in 9 weeks old female C57BL/6 mice at 5 µg and 50 µg per 

mouse doses, respectively [113]. After 24 hours and 1 week of administration, a differential 

cell count of lavage fluid showed that mice exposed to GP had elevated levels (2× of 

physiological levels) of eosinophils and neutrophils. The chemokine and cytokine protein 

levels (MIP-1α, MCP-1, MIP-2, IL-8 and IL-1β) were also elevated. Microscopy imaging 

showed that pleural macrophages were not able to fully phagocytize GNPs due to their size 

and shape; multiple macrophages surrounding a single GNP forming a rosette-like cell/

particle aggregation suggested frustrated phagocytosis. Histological evaluation showed 

extended retention of GNPs in pleural space and the formation of ganulomatous lesions in 

bronchiolar lumen. The initial inflammatory response to GNPs reduced after 1-week post 

administration; reduction in the number of inflammatory cells in the parietal pleura was 

observed. Clearance of GNPs from the pleural space to cranial mediastinal lymph nodes was 

observed. 1-week post administration, numerous small sized GNP fragments were observed 

in lymph nodes. This study shows that the toxicity of GNPs is dependent on the 

nanomaterial shape and size. The 2D size of GNPs leads to frustrated phagocytosis in lungs.

Duch et. al. have reported the pulmonary toxicity of three types of graphene (aggregated 

pristine graphene in water, pristine graphene in 2% pluronic and graphene oxide) 

administered via intratracheal instillation to male C56BL/6 mice at 50 µg/mouse dose [114]. 

After 24 hours of administration, mice were euthanized and lungs were analyzed by 
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histology and electron microscopy. Results show that the pulmonary toxicity of graphene 

varies as a function of dispersion and oxidation state. Highly dispersed pristine graphene in 

pluronic co-polymer solution induces an acute non-fibrotic lung inflammation, which is 

significantly lower compared to the local fibrotic response induced by aggregated graphene. 

Pristine graphene in dispersed or aggregated form does not induce apoptosis or ROS 

generation in lung macrophages. However, GO formulations lead to persistent lung injury 

that lasts > 21 days (Figure 14). These results suggest that compared to GO, the use of 

pristine graphene may reduce potential health risks associated with pulmonary exposure.

Li et. al. have analyzed the in vivo biodistribution and pulmonary toxicity of GO after 

intratracheal instillation in kunming mice at a dose of 0, 1, 5 or 10 mg/kg to evaluate dose-

dependent acute and chronic pulmonary toxicity for 24 hours [115]. The authors have also 

evaluated time-dependent pulmonary toxicity by administering 10 mg/kg GO for 0, 24, 48, 

72 hours and 1 week and chronic pulmonary toxicity at 10 mg/kg dose evaluated 1 and 3 

months post instillation. Biodistribution was evaluated using SPECT imaging and 

pulmonary toxicity was assessed using histology and assays for cell injury, lung edema and 

neutrophil infiltration. Results show that GO was localized in the lungs even after 3 months 

of administration. Furthermore, GO induced a dose-dependent acute lung injury and resulted 

in chronic pulmonary fibrosis. A dose-dependent increase in neutrophils was observed in 

bronchoalveolar lavage fluid. Lung histopathological analysis showed alveolar septa 

thickening, extensive hemorrhage, changes in alveolar architecture and moderate interstitial 

edema. Furthermore, increases in the levels of superoxide dismutase and glutathione 

peroxidase were observed suggesting oxidative stress post 48 hours of GO administration. 

SPECT imaging showed that GO was mainly localized in the lungs with minor presence in 

other organs such as liver and intestines suggesting that GO can pass through the air-blood 

barrier. These results show that GO possesses severe pulmonary toxicity and appropriate 

steps must be taken to minimize human exposure to GO sources, especially during large-

scale production.

4.5 Intravitreal administration

In intravitreal administration, a substance/formulation is administered directly into the eye 

using a needle. Yan et. al. have evaluated the ocular toxicity of GO after intravitreal 

administration in Japanese white rabbits at 0.1, 0.2, or 0.3 mg doses [116]. Eyes were 

reviewed for the effects of GO using a slit-lamp biomicroscopy and fundoscopy. Results 

show that GO did not have any effect on the corneas, interior media, posterior media, and the 

retina compared to the control group. The intraocular pressure showed no difference 

between the control and the experimental eye. Electroretinography (ERG) was performed to 

assess changes in the electrical impulse conduction in the eye. Compared to the controls, GO 

administration did not result in any significant changes in ERG amplitudes after 2, 7, 28 or 

49 days of administration. H&E staining of eyes harvested 49 days post administration 

showed small amounts of GO residue, however, no retinal abnormality was observed.
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5. Antimicrobial toxicity

Table 3 summarizes the studies assessing antimicrobial toxicity of graphene. Sawangphruk 

et. al. have investigated the antifungal activity of reduced graphene oxide (rGO) against A. 
niger, A. oryzae, and F. oxysporum between 0–500 µg/ml treatment concentrations [117]. 

Antifungal effects of rGO were assessed by quantifying mycelial growth inhibition. It was 

found that the rGO was effective against all three fungi with IC50 value between 50–100 

µg/ml indicating a good antifungal activity of rGO (Figure 15). A. niger and F. oxysporum 
are pathogenic strains of fungi whereas A. oryzae is non-pathogenic, therefore; antifungal 

activity of rGO against A. oryzae could be a concern towards the development of graphene 

based broad spectrum antifungal agents. Akhavan et. al. have reported the antibacterial 

activity of graphene oxide nanowalls (GONWs) and reduced graphene oxide nanowalls 

(rGONWs) against E. coli and S. aureus [118]. Results show that bacterial cells are damaged 

by the direct contact of the cell membrane with extremely sharp edges of GO. Gram positive 

S. aureus without cell membrane showed greater cell death compared to gram positive E. 
coli which was more resistant due to the presence of outer membrane. Additionally, 

rGONWs were more toxic to bacterial cells than GONWs due to effective charge transfer 

between bacteria and edges of nanowalls during bacterial cell contact.

Cai et. al. have investigated the antibacterial activity of polyethyleneimine-modified reduced 

graphene oxide (PEI-rGO) and sliver nanoparticles functionalized PEI-rGO (PEI-rGO-

AgNPs) against E. coli and S. aureus between 0–958 mg/L treatment concentration [119]. 

The results show that PEI-rGO-AgNPs are extremely effective in killing bacteria, >90% 

reduction in cell viability was observed for both E. Coli and S. aureus colonies at 958 mg/L 

concentration. The long term antibacterial activity of PEI-rGO-AgNPs was attributed to the 

damage of bacterial cell due to interactions with sharp blade like edges of GO which may 

facilitate effective interactions of Ag+ ions with the intracellular contents, eventually killing 

bacteria. Chen et. al. have reported the dose-dependent antibacterial activity of GO and rGO 

against a rod shaped, gram negative phytopathogenic bacterium Xanthomonas oryzae pv. 
Orzae (Xoo) [120]. GO exhibited a greater antibacterial effect with ~94.5 and 86.4% cell 

mortality in DI water and 0.9% NaCl dispersions at 250µg/ml treatment concentration. rGO 

at 250µg/ml concentration resulted in 36.1 and 22.3% cell mortality Furthermore, an 

increased incubation time from 1 hour to 4 hours resulted in significant increases in the 

antibacterial activity of GO (from 19.4% to 66.1%) and rGO (13.8% to 30.5%). Further 

analysis by TEM and thiol quantification assay showed that GO resulted in physical damage 

and increased oxidative stress to bacterial cells. These results suggest that GO has a 

significantly greater dose- and time-dependent antibacterial activity compared to rGO.

Santos et. al. have investigated the antibacterial activity of poly(N-vinylcarbazole) graphene 

(PVK-G) solutions and thin films against E. coli and B. subtilis at concentrations between 

0.01–1 mg/ml [121]. Results show a dose-dependent antibacterial effect of PVK-G solutions 

with~ 80% reduction in the percentage of metabolically active cells at 1 mg/ml treatment 

concentration. AFM imaging showed less bacterial coverage on PVK-G films compared to 

PVK and ITO (control) surfaces after 24 hours of incubation with E coli. Furthermore, PVK-

G solutions at 1 mg/ml concentration showed ~ 80% cell viability of NIH3T3 fibroblast 

cells. These results show good antibacterial activity of PVK-G composites and thin films 
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and suggest a potential use of PVK-G nanocomposites for a wide variety of antibacterial 

applications where bactericidal properties along with good biocompatibility are desired. In 

another study, Carpio, Santos et. al. have investigated the antibacterial properties of PVK-

graphene oxide (PVK-GO) nanocomposites between 10–1000 µg/ml treatment 

concentrations against E coli, C metallidurans, B subtilis, and R opacus [122]. The results of 

this study show a similar effect wherein addition of GO to PVK enhances the antimicrobial 

properties of the nanocomposite. PVK-GO nanocomposites in solution appear to effectively 

encapsulate the bacterial cells leading to reduction in microbial metabolic potential and 

eventual cell death. AFM imaging shows significant reduction in E. coli biomass after 48 

hours of culture on PVK-GO films in comparison to PVK and ITO (controls) surfaces. 

Additionally, similar to PVK-G nanocomposites, PVK-GO nanocomposites are also 

cytocompatible (~90% cell viability of NIH3T3 cells was observed after 48 hours of 

exposure to PVK-GO solutions at 1000 µg/ml concentration).

Hu et. al. have investigated the antibacterial activity of GO and rGO nanosheets against E. 
coli cells at concentrations of 0, 20, and 85 µg/ml [123]. After 2 hours of incubation with 

GO at 20 and 85 µg/ml, the metabolic activity of E. coli cells (measured by luciferase-based 

ATP assay) decreased to ~70% and ~13%, respectively (Figure 16A). rGO exhibited 

antibacterial activity, 2 hours of incubation of E. coli cells with rGO solutions at 85 µg/ml 

resulted in only ~24% cell viability (Figure 16B). TEM studies show loss of cell integrity 

via physical damages to the cell membrane upon exposure to GO and rGO (Figure 16 C–E). 

Furthermore, cells cultured on GO and rGO paper also showed damages to cell membrane of 

bacteria. However, Mangadlao et. al. [124], Hui et. al. [125], and Li et. al. [126] have 

reported that antibacterial effect of GO films is not due to cell membrane rupture by 

graphene edges. The antibacterial effect is observed due to charge transfer between basal 

plane of graphene and bacterial cell body leading to inactivation of bacteria.

Kurantowicz et. al. have investigated the interactions of pristine graphene, graphene oxide 

(GO) and reduced graphene oxide (rGO) against food borne bacterial pathogens – Listeria 
monocytogenes and Salmonella enterica [127]. Bacteria were incubated with high (250 

µg/ml) and low (25 µg/ml) treatment concentrations of pristine graphene, GO and rGO for 

18 hours. At 250 µg/ml concentration, all nanomaterials consistently inhibited 100% growth 

of S. enterica and L monocytogenes. However, at lower concentration (25 µg/ml), only GO 

showed 100% inhibition of both bacteria. Pristine graphene inhibited the growth of S. 

enterica by 96.5% and L. monocytogenes by 54.5% whereas rGO inhibited the growth of L. 

monocytogenes by 91% and S. enterica by 46%. TEM results showed a uniform distribution 

of bacterial cells over the surface of GO whereas on the surface of pristine graphene and 

rGO, bacterial cells adhered to the edges and wrinkles of the graphene sheets. The authors 

hypothesize that the presence of oxidative functional groups throughout the surface of GO 

and on the edges of pristine graphene and rGO act as bait for attracting bacteria. After 

attaching to the flakes, cell may be damaged via direct contact or destabilization of the 

phospholipid cell membrane. These results show a functionalization state dependent 

antibacterial effect of graphene and GO.

Liu et. al. have investigated the time- and dose-dependent antibacterial activity of four types 

of graphene-based materials (graphite (Gt), graphite oxide (GtO), graphene oxide (GO), and 
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reduced graphene oxide (rGO)) against E. coli [128]. At 40 µg/ml treatment concentration 

after 2 hours of incubation, Gt, GtO, GO and rGO showed ~ 26.1 ± 4.8%, 15.0 ± 3.7%, 69.3 

± 6.1% and 45.9 ± 4.8%, respectively. After 4 hours, GO and rGO dispersions lead to ~ 89.7 

± 3.1% and 74.9 ± 4.8% inhibition of E coli. GO and rGO exhibit a concentration dependent 

antibacterial activity, cell mortality increases from 10.5 ± 6.6% to 91.6 ± 3.2% by increasing 

the GO concentration from 5 µg/ml to 80 µg/ml. Similarly, increases in rGO concentration 

from 5 µg/ml to 80 µg/ml leads to increased E. coli mortality from 8.4 ± 7.3% to 76.8 

± 3.1%. The antibacterial activity of GO and rGO was primarily due to inactivation of 

cellular functions due to loss of cell integrity. SEM imaging showed that direct contact of E 
coli cells with GO and rGO disrupts cell membrane (Figure 17). Additionally, graphene-

based materials also oxidize glutathione, which is a redox mediator in bacterial cells, leading 

to oxidative stress. In another study, Liu et. al. investigated the lateral-dimension dependent 

antibacterial activity of GO [129]. The sizes of GO sheets used in this study were 0.753, 

0.127, 0.065, 0.035, 0.013, and 0.010 µm2, respectively. Results show that large GO sheets 

exhibit significantly greater antibacterial activity compared to small GO sheets. The results 

of both these investigations taken together suggest that GO and rGO are effective 

antibacterial agents and physiochemical properties such as functional group density, size, 

and morphology play an important role in influencing the antibacterial potential of 

graphene-based materials.

6. Environmental toxicity

The use of graphene for various industrial and healthcare applications would lead to 

increased environmental exposure and its disposal into waste streams. Therefore, it is 

important to assess the short- and long-term environmental toxicity of graphene and 

graphene-based materials and develop effective strategies to minimize any potential 

deleterious impact to flora and fauna. Table 4 summarizes the studies assessing 

environmental toxicity of graphene. Begum et. al. have investigated the phytotoxicity of 

graphene and its effects on root and shoot growth and shape, cell death and biomass by 

incubating seedlings of cabbage, tomatoes, red spinach and lettuce with 500–2000 mg/L for 

20 days [130]. The results of physiological and morphological analysis show that graphene 

significantly inhibited plant growth and biomass production (Figure 18) and led to a 

reduction in the number and size of leaves in a dose-dependent manner. At 2000 mg/L 

concentration, ~18–78% root growth inhibition was observed depending on the plant 

species. Furthermore, leaves show wilting, necrotic lesions and reduction in leaf area. 

Graphene at high treatment concentrations (>500 mg/L) led to the production of reactive 

oxygen species leading to necrosis, loss of plasma membrane, and eventual cell death. No 

toxic effects were observed on lettuce at similar treatment concentrations. These results 

show that the phytotoxicity of graphene depends on the concentration, exposure time and 

plant species.

Khodakovskaya et. al. have investigated the toxicity of various carbon nanomaterials 

(activated carbon, graphene, single- and multi-walled carbon nanotubes) on the germination 

of tomato seedlings [131]. All nanomaterials were mixed with Murashige and Skoog (MS) 

growth medium at 50 µg/mL used to grow surface sterilized tomato seedlings. Examination 

of leaves and roots show that graphene (out of all materials tested) induced lowest activation 
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of stress-related LeAqp2 gene (tomato water-channel protein); highest activation was 

observed for CNT groups. Photothermal and photoacoustic imaging studies show that 

graphene did not affect the plant growth rate due to the inability to penetrate plant tissues.

Mullick Chowdhury et. al. have evaluated the post-processing effects of graphene oxide 

nanoribbons (GONRs) dispersed in biological buffers using various sonication steps (bath 

sonication for 5 or 20 minutes or probe sonication for 5 or 10 minutes) on Medaka embryos 

[60]. Results show precocious hatching of the embryos when exposed to GONR solutions 

prepared by bath sonication. However, significant mortality (~50% increase in cell death) of 

the embryos was observed for GONR solutions prepared by probe sonication. AFM imaging 

showed the presence of smaller GONR particles and carbonaceous debris after probe 

sonication. Probe sonicated GONR solutions lead to structural damage of the chorionic 

membrane of embryos. These results suggest that post-processing steps of graphene such as 

high-energy sonication may lead to variable environmental toxicity.

Ahmed et. al. have investigated the effects of graphene oxide on the microbial community 

present in wastewater [132]. Efficient biological wastewater treatment requires functioning 

of diverse microbial species. Active sludge samples were incubated with 10–300 mg/L 

concentration of GO for 5 hours at room temperature to observe short-term toxicity. Results 

show a dose-dependent toxicity with significant reduction in bacterial metabolic activity, 

viability, and their capacity to effectively remove nutrients such as organics, phosphorous 

and nitrogen from activated sludge in the presence of GO. A dose-dependent reduction in the 

conversion of ammonia to nitrate was observed suggesting a reduction in the concentration 

of nitrifying bacteria. It was also observed that the presence of GO in wastewater led to 

deterioration of the quality of final wastewater effluent (increased turbidity was observed). 

Results also show that interaction of GO with wastewater sludge induced production of 

reactive oxygen species. These results show that the presence of GO loads in wastewater 

treatment sludge disrupts the functioning of antimicrobial community, which may lead to 

compromised treatment performance.

Hydrogen Peroxide (H2O2) is a naturally occurring ubiquitous compound found in rain and 

surface water, and in biological systems at concentrations ranging between 1 µM to 10000 

µM. Xing et. al. have investigated the effects of hydrogen peroxide on the biodegradation of 

graphene [133]. TEM and AFM imaging studies show the presence of randomly distributed 

holes on graphene sheets in the presence of physiologically and environmentally relevant 

concentrations of H2O2 (Figure 19). After 10 hours of incubation with H2O2, the diameter of 

holes was between 1– 15 nm. An increase in the concentration of H2O2 from 1 µM to 10000 

µM induced the formation of holes with significantly greater diameters (10–30 nm) 

suggesting a concentration dependent biodegradation of graphene. AFM studies show the 

depth of holes between 9.4–13.5 nm; greater than the height of a single graphene sheet 

(~0.34 nm). Therefore, based on these results, it was concluded that H2O2 attacked the inner 

layers of graphene along with the outer surface layers. Raman spectroscopy results show a 

progressive time- and concentration-dependent decrease in the intensity for both D and G 

band for all H2O2 treatment groups. The biodegradation of graphene by H2O2 may further 

be accelerated by the presence of trace elements such as nickel or iron (used as catalysts 

during the synthesis of graphene) by catalyzing the conversion of hydrogen peroxide to 
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hydroxyl radicals via the Haber-Weiss reaction. The results of this study show that 

multilayered graphene can undergo effective biodegradation at environmental and 

physiological concentrations of H2O2.

Lalwani et. al. have investigated the oxidative biodegradation of graphene oxide nanoribbons 

(GONRs) and reduced graphene oxide nanoribbons (rGONRs) by lignin peroxidase (LiP), 

an enzyme released by white rot fungi (Phanerochaete chrysosporium) distributed 

worldwide in forests soils with dead and decaying organic matter [134]. LiP degrades lignin 

– a component of plant cell wall. TEM (Figure 20) and Raman spectroscopy analysis of 

GONRs and rGONRs treated with LiP for 4–96 hours show the formation of holes 

confirming the structural degradation of graphene sheets. It was observed that GONRs 

showed a higher rate of biodegradation compared to rGONRs; numerous holes (1–5 nm 

diameter) were detected on GONR sheets within 4 hours of treatment which increased to 

~300–350 nm after 48 hours. The diameter of holed on rGONRs was between 5–30 nm after 

48 hours of enzymatic treatment. After 96 hours, GONRs appeared to have completely 

degraded whereas numerous holes extending throughout the width of rGONRs were 

observed. These results suggest that oxidized and reduced graphene nanoribbons released in 

the environment may undergo oxidative biodegradation by lignin peroxidase.

7. Mechanisms of toxicity

The interactions of graphene with cells, proteins, and other biomolecules is influenced by its 

physiochemical properties such as shape, size, functional group density and charge transfer 

abilities. The main mechanism of graphene toxicity is associated with the generation of 

intracellular reactive oxygen species that cause damage to proteins and DNA leading to cell 

death via apoptotic or necrotic pathways [83, 135, 136]. Graphene can be internalized into 

cells via passive internalization (endocytosis)[137, 138] or active internalization (clathrin 

mediated energy dependent endocytosis[139] or actin-dependent macropinocytosis[36]). 

Studies have elucidated two mechanism of graphene mediated ROS damage: (1) Upon 

cellular internalization, GO interferes with the electron transport system, induces 

overproduction of H2O2 and hydroxyl radicals. This leads to the oxidization of cardiolipin 

and the release and translocation of hemoprotein from mitochondrial inner membrane to the 

cytoplasm. This triggers release of cytochrome c complex (cyt c) which induces calcium 

release from endoplasmic reticulum and activates caspase 9 which in turn activates caspase 3 

and 7 leading to cell death (Figure 21) [136]. (2) GO induces the activation of MAPK (JNK, 

ERK, p38) and TGF- β signaling pathways that lead to activation of Bcl-2 proteins which in 

turn activate mitochondria-induced apoptosis (Figure 22) [83]. In addition to ROS induced 

cell death, GO may also lead to the activation of toll-like receptors and induce autophagy via 

inflammatory pathways (Figure 23) [84]. Post internalization; graphene may induce DNA 

cleavage due to interactions such as pi-pi stacking, hydrophobicity, and electrostatic 

interactions [140–142]. Singh et. al. have shown that surface charge distribution on graphene 

sheets plays an important role in the activation of src kinases and release of calcium 

eventually leading to platelet aggregation (Figure 24) [87, 95].

Several studies have reported that extremely sharp edges of graphene lead to membrane 

destabilization and loss of cell integrity by direct contact [67, 118]. Wang et. al. have shown 
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that adsorption of GO on RBCs leads to the loss of cell membrane resulting in hemolysis 

[137]. Long sheets of graphene have also been observed to wrap around bacterial cells 

thereby inhibiting their growth [122]. Single layered GONRs exhibit greater cyto- and geno-

toxicity due to the interactions between cells and sharp edges of nanoribbons resulting in 

extensive chromosomal aberration and DNA fragmentation [67]. Li et. al. have shown that 

graphene micro sheets enter cells through spontaneous membrane penetration at corner sites 

and edge asperities [143]. Molecular dynamics simulation studies have shown that graphene 

has a strong affinity for phospholipids and can be localized into the hydrophobic interior of 

biological membranes [144]. Tu et. al. have shown that due to strong interactions between 

graphene and lipids, graphene penetrates into and extracts significantly large amounts of 

phospholipids from cell membrane leading to cytotoxicity (Figure 25) [145]. Graphene 

quantum dots affect cellular function by inserting into cell membrane [146]; pristine GO has 

been reported to form aggregates on cell membrane thereby affecting cellular morphology 

[69]. rGO sheets inhibit the growth of fungal mycelium due to their direct insertion into the 

membrane of fungal cells [117].

8. Conclusion and Future Perspective

The studies till date indicate that toxicity of graphene could be dependent on the shape, size, 

purity, post-production processing steps, oxidative state, functional groups, dispersion state, 

synthesis methods, route and dose of administration, and exposure times. The morphology, 

shape and size of graphene nanoparticles could influence their cellular uptake characteristics 

whereas presence of functional groups can alter their interactions with proteins, 

biomolecules and micronutrients. The initial starting materials and the methods used in the 

production of oxidized graphene can result in the presence of metallic impurities and 

oxidative debris in the final product, which could result in variable toxicity effects. The post 

synthesis processing steps employed to disperse the nanoparticles in aqueous media could 

also influence toxicity. Reactive oxidation species mediated cell damage has been postulated 

as a primary cytotoxicity mechanism of graphene. Graphene sheets with sharp edges could 

induce direct physical damage and interact with phospholipids leading to membrane 

destabilization. Surface coating of graphene with several biocompatible moieties (e.g. 

natural polymers) can mitigate these cytotoxicity effects.

The studies taken together provide information on dosaging, biodistribution and 

pharmacology of various graphene-based formulations. It must be noted that even though 

there are many types of graphene nanoparticles, GO have been the most widely used for 

biomedical applications and studies that employ GO dominate the review. While majority of 

published literature on toxicity of other members of the graphene family have been reviewed 

herein, more toxicological studies on formulations of other types of graphene nanoparticles 

are warranted. Additionally, for all types of graphene nanoparticles, it is important to 

investigate and critically evaluate the potential short- and long-term health risks and toxicity 

hazards after acute, sub-acute and chronic exposures using in vitro and in vivo (small and 

large animal) models. Towards clinical translation of any graphene-based biomedical 

application that requires its systemic administration, formulations with high purity, 

dispersibility in aqueous media, and controlled physiochemical properties are highly 

desirable. For each of these formulations, regulatory compliance would require mapping of 
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their chemistry, manufacturing and control (CMC) process and completing new drug (IND)-

enabling preclinical studies. With advancements in the synthesis methods and establishment 

of several commercial ventures for large-scale industrial production of graphene, the 

widespread use of graphene for several consumer products is becoming a reality. This 

ubiquitous use would lead to an increased environmental exposure of graphene. Therefore, 

more studies assessing the long-term environmental impact of graphene are required. Recent 

efforts have also involved incorporation of graphene nanoparticles in polymer matrices or 

their assembly in coating, films and porous scaffolds for bio-sensing, localized drug delivery 

or tissue engineering applications [147, 148]. For these applications, additional in vitro and 

in vivo toxicological studies specific to biomedical devices and implants would be needed. 

Finally, advances in graphene-like inorganic nanoparticles for biomedical applications allow 

opportunities to compare the biological response of graphene and its inorganic analogues 

[41, 43, 149–152]. All these studies will further advance the knowledge required to develop 

safe graphene-based technologies and products suitable for healthcare applications and to 

minimize the risks to human health.
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Figure 1. 
Graphene is the building material for 0D fullerenes, 1D carbon nanotubes and 3D graphite. 

Schematic adapted from Reference [6] with permission, copyright © Macmillan Publishers 

Limited, 2007.
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Figure 2. 
Number of publications with the keyword ‘graphene’ from 1960–2015. Data retrieved from 

PubMed (www.ncbi.nlm.nih.gov).
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Figure 3. 
Representative transmission electron microscopy images of (A and B) graphene 

nanoribbons, (C) graphene nanoplatelets, (D) graphene nanoonions, (E) graphene 

nanosheets and (F) graphene quantum dots. Image (A) adapted from Reference [41], (B–D) 

adapted from Reference [44], (E) adapted from Reference [96] and (F) adapted from 

Reference [146], with permissions. (A) copyright © American Chemical Society 2013, (B–

D) copyright © Elsevier 2014, (E) copyright © Elsevier 2015, and (F) copyright © American 

Chemical Society, 2013.
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Figure 4. 
Effects on (A) lactate dehydrogenase release, (B) reactive oxygen species generation and (C) 

caspase-3 activity (apoptosis marker) of PC12 cells treated with 0.1–100 µg/ml of graphene 

and single-walled carbon nanotubes. Adapted from Reference [61] with permission, 

copyright © American Chemical Society, 2010.
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Figure 5. 
Representative transmission electron microscopy images of mesenchymal stem cells (MSC) 

treated with graphene nanoonions (GNOs, A&B) and oxidized-graphene nanoplatelets 

(GONPs, C&D) at 50 µg/ml for 24 hours. Yellow arrows correspond to aggregates of GNO 

visualized in vacuoles (green arrows). No nuclear uptake of GNOs was observed. Blue 

arrows correspond to aggregates of GONPs. GONPs were observed inside the nucleus (red 

arrows). Oil red O staining after adipogenic differentiation of MSC treated with 50 µg/ml of 

(E) GNO, (F) GONR and (G) GONP. Alizarin Red staining after osteogenic differentiation 

of MSC treated with 50 µg/ml of (H) GNO, (I) GONR and (J) GONP. No changes in the 

adipogenic and osteogenic differentiation of MSCs were observed. Adapted from Reference 

[44] with permission, copyright © Elsevier, 2014.
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Figure 6. 
(A) Representative atomic force microscopy (AFM) image of graphene quantum dots 

(GQDs). Inset in image A depicts AFM height profile. (B) Cell viability of A549 cells 

assessed by WST-1 assay. Data reported as means ± SE. No significant differences in cell 

viability were observed upto a treatment concentration of 320 µg/ml. (C) Cell viability 

assessed by WST-1 assay, (D) cell apoptosis and necrosis (E) LDH assay and (F) ROS 

generation by HeLa cells upon treatment with 0–160 µg/ml of GQDs. No toxicity upto 160 
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µg/ml concentration was observed. Adapted from Reference [74] with permission, copyright 

© Elsevier, 2014.
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Figure 7. 
Representative transmission electron microscopy images of HeLa cells treated with 20 µg/ml 

of PEG-DSPE dispersed graphene oxide nanoribbons for 3 hours. (A) Presence of GONR 

aggregates towards cell periphery (blue arrows), (B) cell membrane protrusion and 

internalization of GONRs (red arrows), (C & D) GONR aggregates enclosed in large 

cytoplasmic vesicles or endosomes (red arrows), (E and F) HeLa cells showing ruptured 

plasma membrane and swollen vesicles suggesting necrotic cell death after 24 hours of 
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exposure to 20 µg/ml DSPE-PEG dispersed GONRs. Adapted from Reference [36] with 

permission, copyright © Elsevier, 2013.
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Figure 8. 
Representative atomic force microscopy (AFM) images of (A) as-prepared rGO (3.8±0.4 

µm), (B) sonicated rGO (418±56 nm), (C) large rGONPs (91±37 nm) and (D) small 

rGONPs (11±4 nm). Corresponding lateral size distributions are shown below. Images (E 

and F) show human mesenchymal stem cell viability after treatment with 0.01–100 µg/ml 

concentration of rGONPs for 1 and 24 hours, respectively. Adapted from Reference [79] 

with permission, copyright © Elsevier, 2012.
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Figure 9. 
(A) Schematic illustrating structural depiction of few layered graphene (FLG), FLG-COOH 

and FLG-PEG. (B) Real time in vivo biodistribution of 99Tc labeled FLG, FLG-COOH, 

FLG-PEG, signal accrued for 24 hours. Adapted from Reference [96] with permission, 

copyright © Elsevier, 2015.
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Figure 10. 
Biodistribution analysis of Cy7 labeled PEG functionalized nano graphene sheets (NGS-

PEG-Cy7). Tumor bearing 4T1 mice were sacrificed after 1, 6, and 24 hours of NGS-PEG-

Cy7 administration. (A) Spectrally resolved ex vivo fluorescence images of SK-skin, M-

muscle, I-intestine, H-heart, LU-lung, LI-liver, K-kidney, SP-spleen, ST-stomach, and T-

tumor. (B) Chart depicting semi quantitative biodistribution of each organ for n=3 mice per 

group. Adapted from Reference [101] with permission, copyright © American Chemical 

Society, 2010.
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Figure 11. 
Representative H&E staining of lung and liver sections post GNP-Dex administration at 1, 

50, and 100 mg/kg in Wistar rats. Pigmentation (arrows, A–C) was observed within alveolar 

macrophages in lungs at all GNP-Dex administration concentrations indicating the presence 

of graphene nanoparticles. (D) Sham lungs showed no diagnostic abnormalities. Liver 

sections at 1 mg/kg (E) showed minimal at liver steatosis, at 50 mg/kg (F) showed 

pigmented macrophages in Kupffer cells indicating the presence of graphene. No signs of 

inflammation were observed. At 100 mg/kg dose (G), an increase in pigmentation was 
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observed. (H) Sham liver sections showed no diagnostic abnormality. Adapted from 

Reference [103] with permission, copyright © Kanakia et. al. (open access, Nature Scientific 

Reports), 2015.
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Figure 12. 
(A&B) Tissue biodistribution, (C) blood half life, (D) elimination via feces and (E) urine 

after GNP-Dex administration at doses 50–500 mg/kg to Wistar rats analyzed via ICP-MS. 

Liver and kidney showed maximum uptake after 24 hours of administration. Majority of 

GNP-Dex was excreted via feces; small amounts were cleared via urine. Histological 

sections of (F) cerebral cortex, (G) myocardium, (H) liver, (I) pulmonary parenchyma and 

(J) renal cortex after 24 hours of GNP-Dex administration at 250 mg/kg dose. No diagnostic 

abnormalities were observed in cerebral cortex and liver. Vascular congestion of 

myocardium was observed. Arrows in (G) show dilated vein containing debris of GNP-Dex. 

Mild focal congestion was observed in the alveolar capillaries of pulmonary parenchyma. 

Vascular congestion and proteinaceous casts were observed in renal tubules of renal cortex. 

Adapted from Reference [104] with permission, copyright © Elsevier, 2014.
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Figure 13. 
(A) Pathological examination of lungs, heart, kidney, spleen and liver collected from control 

and GO administered mice (0.5 mg/ml) after 38 days showing severe atrophy of all major 

organs. (B) H&E staining of duodenum, jejunum and ileum of GO treated filial mice at 0.05 

mg/ml for 21 days and 0.5 mg/ml for 21 and 38 days. The length, width and height of villi of 

GO administered groups were longer than control groups. Scale bars represent 100 µm. 

Adapted from Reference [110] with permission, copyright © Elsevier, 2015.
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Figure 14. 
Aggregated graphene induces patchy fibrosis in mice. Mice were treated with highly purified 

and dispersed preparations of graphene in 2% Pluronic (Dispersed), aggregates of graphene 

in water (Aggregated) or GO in water (Oxide) by intratracheal instillation and 21 days later, 

the lungs were examined for markers of fibrosis. (a) Trichrome stained lung sections. (b) 

Sirius Red stained lung sections. (c) Total lung collagen determined by picrosirius red 

precipitation of whole lung homogenates (GD; dispersed graphene, GA; aggregated 
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graphene, GO; graphene oxide). Adapted from Reference [114] with permission, copyright 

© American Chemical Society, 2011.
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Figure 15. 
(A) Mycelial growth inhibition of A. niger on media containing 0–500 µg/ml of rGO. (B) 

Plot of rGO concentration (µg/ml) vs. mycelial growth inhibitory activity (%) of A. niger, A. 
oryzae and F. oxysporum. Adapted from Reference [117] with permission, copyright © 

Elsevier, 2012.
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Figure 16. 
(A) Metabolic activity of E. coli cells upon exposure to GO at 20 and 85 µg/ml 

concentration for 2 hours. (B) Comparative metabolic activity of GO and rGO at 85 µg/ml 

concentration for 2 hours. GO shows greater antibacterial activity than rGO. Transmission 

electron microscopy images of E. coli cells - (C) control (D) after exposure to GO and (E) 

rGO at 85 µg/ml. Loss of membrane integrity are observed. Adapted from Reference [123] 

with permission, copyright © American Chemical Society, 2010.
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Figure 17. 
Scanning electron microscopy images of E. coli after 2 hours of incubation with (A, B) 

saline solution, (C, D) GO dispersions 40 µg/ml, (E, F) rGO dispersions at 40 µg/ml. Loss of 

membrane integrity is clearly observed. Adapted from Reference [128] with permission, 

copyright © American Chemical Society, 2011.
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Figure 18. 
Effect of graphene on growth and development of (A–C) seedling and (D–F) cotyledons and 

root systems of cabbage, tomato and red spinach after exposure to 500–2000 mg/L 

concentration for 20 and 4 days, respectively. A dose-dependent reduction in the plant 

growth and biomass production is observed. Adapted from Reference [130] with permission, 

copyright © Elsevier, 2011.
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Figure 19. 
(A–D) Representative transmission electron microscopy images of multilayered graphene 

treated with (A) DI water, (B) 1 µM H2O2, (C) 100 µM H2O2 and (D) 10000 µM H2O2 for 

10 hours. Arrows in (B) indicate the formation of holes on graphene sheets and in (C) 

indicate the formation of lighter (few graphene layers) and darker regions (multiple 

graphene layers) suggesting the degradation of multilayered graphene. (E–J) Representative 

atomic force microscopy images of multilayered graphene on Ni wafer. (E and G) are 

topographical scans of graphene incubated with DI water for 25 hours. (G and H) show 
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graphene after 25 hours of incubation with 10000 µM H2O2. Inset in images (G and H) are 

corresponding height profiles. (I and J) are 3D representations of images G and H. Adapted 

from Reference [133] with permission, copyright © John Wiley and Sons Inc., 2014.
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Figure 20. 
Representative transmission electron microscopy images of oxidized and reduced graphene 

oxide nanoribbons (GONRs – A–D) and (rGONRs – E–H) after 0, 4, 48, and 96 hours of 

treatment with lignin peroxidase. Arrows in B, D and G indicate the formation of holes on 

graphene sheets. Extensive biodegradation of GONRs whereas the formation of holey 

rGONRs is observed after 96 hours of incubation. (I) Ribbon diagram of lignin peroxidase, 

(J) Enzymatic cycle of lignin peroxidase and (K) Schematic representation of degradation of 

graphene in the presence of lignin peroxidase. Adapted from Reference [134] with 

permission, copyright © Royal Society of Chemistry, 2014.
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Figure 21. 
Schematic representation of the proposed mechanism of oxidative stress induced toxicity by 

graphene oxide. Adapted from Reference [136] with permission, copyright © John Wiley & 

Sons Inc., 2012.
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Figure 22. 
Schematic illustrating the signaling pathways involved in pristine-graphene induced cell 

apoptosis via ROS mediated MAPK and TGF-beta pathways (mitochondria dependent 

apoptotic cascades). Adapted from Reference [83] with permission, copyright © Elsevier, 

2012.
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Figure 23. 
Overview of the GO-induced cytokine response and autophagy mediated by the TLR4/TLR9 

signaling pathway. GO treatment led to the activation of TLR4 and TLR9, which relayed 

signals through MyD88-TRAF6-NF-kB and ultimately gave rise to cytokine expression. 

However, GO-induced TLRs signaling neither elicited IFN-b expression nor activated IRF3, 

suggesting that TRIF and IRF3 were dispensable in the inflammatory response. Conversely, 

GO-induced TLR4-MyD88-TRAF6 and TLR4-TRIF signaling cascades signaled through 

Beclin 1 to initiate autophagy. GO engagement of TLR9 also activated MyD88 and TRAF6, 

leading to Beclin 1 and LC3 activation and subsequent autophagy. Adapted from Reference 

[84] with permission, copyright © Elsevier, 2012.
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Figure 24. 
Schematic illustrating the interaction of (A) graphene oxide (negative surface charge) and 

(B) amine-modified graphene (positive surface charge) on platelet function. Surface charge 

distribution determines the interactions of graphene with different agonist receptors on 

platelet membrane. (A) Adapted from Reference [87] and (B) adapted from Reference [88] 

with permissions, copyright © American Chemical Society, 2011 and 2012.
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Figure 25. 
Representative simulated trajectories of graphene nanosheets insertion and lipid extraction in 

the outer membrane (pure palmitoyloleoylphosphatidylethanolamine, POPE) and inner 

membrane (mixed POPE-POPG) of E. coli. Water is represented in violet and phospholipids 

in tan lines with hydrophilic charged atoms as colored spheres (hydrogen – white, oxygen – 

red, nitrogen – dark blue, carbon – cyan and phosphorus – orange). Graphene is shown as 

yellow sheet with a large sphere marked at one corner representing restrained atom in 

simulations. Extracted phospholipids are shown as large spheres. Adapted from Reference 

[145] with permission, copyright © Macmillan Publishers Limited, 2013.
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t

C
on

ce
nt

ra
ti

on

C
el

l
lin

e
A

ss
ay

s
C

on
cl

us
io

ns
R

ef
er

en
c

es

G
ra

ph
en

e,
SW

C
N

T
T

E
M

,
SE

M
,

A
FM

,
m

ic
ro

sc
op

y, sp
ec

tr
os

co
py

, X
-r

ay
di

ff
ra

ct
io

n

G
: T

hi
ck

ne
ss

 =
 3

–
5n

m
0.

01
–1

00
µg

/m
l

PC
12

ce
lls

M
T

T,
 L

D
H

,
R

O
S,

 C
as

pa
se

3/
7

D
os

e 
an

d 
sh

ap
e

de
pe

nd
en

t
cy

to
to

xi
ci

ty
 w

as
ob

se
rv

ed
 f

or
 g

ra
ph

en
e

an
d 

SW
C

N
T.

Z
ha

ng
 e

t
al

. [
61

]

G
O

, o
x-

SW
C

N
T

A
FM

,
FT

IR
,

E
D

S

G
O

: L
en

gt
h 

=
10

0n
m

; H
ei

gh
t =

1n
m

1 
µg

/m
l

H
ep

G
2 

ce
lls

M
T

T,
 R

O
S,

FI
T

C
, D

FD
A

Fl
uo

re
sc

en
ce

an
al

ys
is

, 2
D

L
C

-M
S

Pr
ot

eo
m

e
A

na
ly

si
s

G
O

 s
ho

w
s 

le
ss

m
ito

ch
on

dr
ia

l
da

m
ag

e,
 R

O
S

ge
ne

ra
tio

n,
 a

po
pt

ot
ic

ce
ll 

po
pu

la
tio

n
co

m
pa

re
d 

to
 c

el
ls

tr
ea

te
d 

w
ith

 o
x-

SW
C

N
T

s.

Y
ua

n 
et

.
al

. [
63

]

G
O

A
FM

,
D

L
S,

FT
IR

, U
v-

V
is

G
O

: T
hi

ck
ne

ss
 =

1n
m

; S
iz

e 
=

 1
00

–
60

0n
m

10
–1

00
µg

/m
l

SH
-

SY
5Y

ce
lls

M
T

T,
 C

as
pa

se
-

3
V

ia
bi

lit
y 

of
 c

el
ls

 a
re

do
se

 a
nd

 ti
m

e
de

pe
nd

en
t. 

N
o

ap
op

to
si

s 
in

du
ce

d 
by

G
O

. M
A

P2
ex

pr
es

si
on

 a
nd

 n
eu

ri
te

le
ng

th
 im

pr
ov

ed
.

L
v 

et
. a

l.
[6

4]

G
N

O
,

G
O

N
P,

G
O

N
R

(P
E

G
-

D
SP

E
di

sp
er

se
d)

T
E

M
,

R
am

an
,

T
G

A
,

Z
et

a
po

te
nt

ia
l,

H
yd

ro
dy

n
am

ic
di

am
et

er

G
N

O
: D

ia
m

et
er

 =
50

–3
00

 n
m

; I
D

/I
G

=
 0

.9
2;

 ζ
-

po
te

nt
ia

l =
 −

32
.3

±
1.

35
;

H
yd

ro
dy

na
m

ic
ra

di
us

 =
 4

60
.7

6
±

53
.5

8

5–
30

0 
µg

/m
l

H
um

a
n ad

M
S

C
s 

an
d

bm
M

S
C

s

A
la

m
ar

 b
lu

e,
C

al
ce

in
 A

M
,

A
di

po
ge

ni
c

di
ff

er
en

tia
tio

n
(o

il 
re

d 
O

) 
an

d
O

st
eo

ge
ni

c
di

ff
er

en
tia

tio
n

(a
liz

ar
in

 r
ed

,
A

L
P,

 c
al

ci
um

de
po

si
tio

n)

D
os

e 
de

pe
nd

en
t

cy
to

to
xi

ci
ty

 (
no

t t
im

e
de

pe
nd

en
t; 

G
ra

ph
en

e
do

es
 n

ot
 a

ff
ec

t
di

ff
er

en
tia

tio
n

po
te

nt
ia

l o
f 

hu
m

an
st

em
 c

el
ls

Ta
lu

kd
ar

et
. a

l.
[4

4]

G
O

N
R

: W
id

th
 =

60
–9

0 
nm

, L
en

gt
h

=
 5

00
–1

50
0 

nm
;

I D
/I

G
 =

 1
.2

8;
 ζ

-
po

te
nt

ia
l =

 −
26

.3
±

0.
75

;
H

yd
ro

dy
na

m
ic

ra
di

us
 =

 4
57

.5
 ±

35
.7

0

G
O

N
P:

 D
ia

m
et

er
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M
at

er
ia

l
C

ha
ra

ct
e

ri
za

ti
on

P
ro

pe
rt

ie
s

T
re

at
m

en
t

C
on

ce
nt

ra
ti

on

C
el

l
lin

e
A

ss
ay

s
C

on
cl

us
io

ns
R

ef
er

en
c

es

=
 2

0–
40

 n
m

,
T

hi
ck

ne
ss

 =
 3

–5
nm

; I
D

/I
G

 =
 1

.0
9;

ζ-
po

te
nt

ia
l =

 −
12

.4
7 

±
 0

.1
2;

H
yd

ro
dy

na
m

ic
ra

di
us

 =
 2

96
.4

 ±
20

.3
2

G
O

N
R

an
d

G
O

N
P

R
am

an
,

X
PS

G
O

N
R

: I
D

/I
G

 =
1.

09
; L

at
tic

e 
Si

ze
=

 2
2.

2 
nm

; C
/O

ra
tio

 =
 1

.9
;

Pe
rc

en
ta

ge
 o

f
C

=
O

 g
ro

up
s 

=
28

.2
2

3–
40

0 
µg

/m
l

A
54

9
ce

lls
M

T
T,

 W
ST

-8
Si

ze
 a

nd
 f

un
ct

io
na

l
gr

ou
p 

de
pe

nd
en

t
to

xi
ci

ty
; G

O
N

R
ex

hi
bi

t g
re

at
er

to
xi

ci
ty

 th
an

 G
O

N
P

du
e 

to
 p

re
se

nc
e 

of
gr

ea
te

r 
nu

m
be

r 
of

ca
rb

on
yl

 g
ro

up
s 

an
d

gr
ea

te
r 

le
ng

th

C
hn

g 
et

.
al

.
[6

6]

G
O

N
P:

 I
D

/I
G

 =
0.

88
; L

at
tic

e 
si

ze
=

 1
9.

1 
nm

; C
/O

ra
tio

 =
 1

.9
;

Pe
rc

en
ta

ge
 o

f
C

=
O

 g
ro

up
s 

=
11

.0
6

G
O

N
R

,
rG

O
N

R
,

G
O

S 
an

d
rG

O
S

T
E

M
,

SE
M

,
A

FM
,

X
PS

,
R

am
an

sp
ec

tr
os

co
py

G
O

N
R

 a
nd

rG
O

N
R

: L
en

gt
h

=
 1

0µ
m

, w
id

th
 =

50
–2

00
 n

m
;

T
hi

ck
ne

ss
 =

 1
nm

; O
/C

 r
at

io
 =

54
%

 f
or

 G
O

N
R

an
d 

19
%

 f
or

rG
O

N
R

; I
nc

re
as

e
in

 I
D

/I
G

 r
at

io
 u

po
n

re
du

ct
io

n

0.
01

–1
00

µg
/m

l
H

um
a

n M
SC

s

R
O

S 
as

sa
y,

R
N

A
 e

ff
lu

x,
ce

ll 
vi

ab
ili

ty
(F

D
A

) 
as

sa
y,

C
om

et
 a

ss
ay

,
G

ie
m

sa
st

ai
ni

ng

D
os

e 
an

d 
sh

ap
e

de
pe

nd
en

t
cy

to
to

xi
ci

ty
 w

ith
G

O
N

R
s 

m
or

e
cy

to
to

xi
c 

th
an

 G
O

S.
G

O
N

R
s 

an
d 

rG
O

N
R

s
in

du
ce

 D
N

A
fr

ag
m

en
ta

tio
n 

an
d

ch
ro

m
os

om
al

ab
er

ra
tio

ns
 a

t 1
µg

/m
l.

A
kh

av
an

et
. a

l.
[6

7]

G
O

S 
an

d 
rG

O
S:

T
hi

ck
ne

ss
 =

 1
.2

nm
; L

at
er

al
 s

iz
e 

=
2µ

m
; R

ed
uc

tio
n

in
 o

xy
ge

n 
co

nt
en

t
an

d 
in

cr
ea

se
 in

I D
/I

G
 r

at
io

 u
po

n
re

du
ct

io
n

G
P

T
E

M
, z

-
po

te
nt

ia
l

G
P:

 D
ia

m
et

er
 =

45
0n

m
−

1.
5µ

m
; z

-
po

te
nt

ia
l =

 −
9.

61

5–
10

0µ
g/

m
l

U
87

,
U

11
8

T
ry

pa
n 

bl
ue

,
X

X
T-

ba
se

d
pr

ol
if

er
at

io
n,

L
D

H
,

ap
op

to
si

s 
ki

t

A
ct

iv
at

ed
 a

po
pt

os
is

an
d 

ne
cr

os
is

 in
 U

87
ce

lls
 w

he
re

as
 o

nl
y

ap
op

to
si

s 
w

as
ac

tiv
at

ed
 in

 U
11

8

Ja
w

or
sk

i
et

. a
l.

[6
8]
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M
at

er
ia

l
C

ha
ra

ct
e

ri
za

ti
on

P
ro

pe
rt

ie
s

T
re

at
m

en
t

C
on

ce
nt

ra
ti

on

C
el

l
lin

e
A

ss
ay

s
C

on
cl

us
io

ns
R

ef
er

en
c

es

ce
lls

.

Pr
is

tin
e-

G
,

C
O

O
H

-
G

O

T
E

M
,

A
FM

,
R

am
an

,
X

PS

T
hi

ck
ne

ss
 =

0.
5µ

m
0–

30
0µ

g/
m

l
V

er
o

ce
lls

A
la

m
ar

 B
lu

e,
L

D
H

,
A

po
pt

os
is

,
R

O
S,

Su
rf

ac
e

fu
nc

tio
na

liz
at

io
n 

of
gr

ap
he

ne
 is

 c
ri

tic
al

fo
r 

pa
ci

fy
in

g 
st

ro
ng

hy
dr

op
ho

bi
c

in
te

ra
ct

io
n 

as
so

ci
at

ed
w

ith
 to

xi
ci

ty
 e

ff
ec

ts
.

Sa
si

dh
ar

a
n 

et
. a

l.
[6

9]

G
Q

D
-

N
H

2,
G

Q
D

-
C

O
O

H
,

G
Q

D
-C

O
-

N
(C

H
3)

2

U
V

-V
is

,
T

E
M

,
FT

IR

G
Q

D
-N

H
2:

D
ia

m
et

er
 =

 7
.5

nm
; U

V
-V

is
 p

ea
k

=
 2

30
 n

m
; E

x/
E

m
=

 4
20

/5
00

 n
m

;
FT

IR
 p

ea
ks

 a
t

16
27

 c
m

−
1  

(C
=

O
),

14
17

 c
m

−
1  

(N
-H

),
13

28
 c

m
−

1  
(C

-N
),

0–
20

0µ
g/

m
l

A
54

9
an

d
C

6
gl

io
m

a
ce

lls

M
T

T,
 T

ry
pa

n
bl

ue
,

Fl
uo

re
sc

en
ce

im
ag

in
g,

N
o 

cy
to

to
xi

c 
ef

fe
ct

s
up

to
 2

00
µg

/m
l

tr
ea

tm
en

t f
or

 a
ll

G
Q

D
s.

 I
nt

ra
ce

llu
la

r
ac

cu
m

ul
at

io
n 

of
G

Q
D

s 
w

as
 o

bs
er

ve
d,

nu
cl

ea
r 

tr
an

sl
oc

at
io

n
w

as
 a

bs
en

t.

Y
ua

n 
et

.
al

. [
71

]

G
Q

D
-C

O
O

H
:

D
ia

m
et

er
 =

 1
5

nm
; U

V
-V

is
 p

ea
k

=
 3

62
 n

m
; E

x/
E

m
=

 4
00

/4
40

 n
m

;
FT

IR
 p

ea
ks

 a
t

13
88

 a
nd

 1
57

1
cm

−
1  

(C
O

O
-)

,

G
Q

D
-C

O
-

N
(C

H
3)

2:
D

ia
m

et
er

 =
 3

–1
0

nm
; U

V
-V

is
 p

ea
k

=
 3

00
 n

m
; E

x/
E

m
=

 4
00

/5
00

 n
m

;
FT

IR
 p

ea
ks

 a
t

14
00

 a
nd

 1
30

4
cm

−
1  

(C
-N

)

G
O

 a
nd

rG
O

A
FM

,
E

D
X

,
A

er
od

yn
a

m
ic

di
am

et
er

(d
ae

)

L
at

er
al

 d
im

en
si

on
=

 1
00

nm
 –

 5
µm

;
H

ei
gh

t =
 1

.1
–

15
nm

; d
ae

 =
 2

0–
20

0n
m

; O
xy

ge
n

co
nt

en
t =

 4
0%

 in
G

O
 a

nd
 1

0%
 in

rG
O

0.
01

25
–1

2.
5

µg
/c

m
2

A
54

9
an

d
R

A
W

26
4.

7
ce

lls

M
T

T,
 D

N
A

as
sa

y,
 F

M
C

A
as

sa
y,

ap
op

to
si

s,
R

O
S,

 c
el

l T
E

M

D
os

e 
de

pe
nd

en
t

cy
to

to
xi

ci
ty

. C
el

lu
la

r
in

te
rn

al
iz

at
io

n 
of

 G
O

in
si

de
ph

ag
oe

nd
os

om
es

 w
as

ob
se

rv
ed

H
or

vá
th

et
. a

l.
[7

2]
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M
at

er
ia

l
C

ha
ra

ct
e

ri
za

ti
on

P
ro

pe
rt

ie
s

T
re

at
m

en
t

C
on

ce
nt

ra
ti

on

C
el

l
lin

e
A

ss
ay

s
C

on
cl

us
io

ns
R

ef
er

en
c

es

PE
G

-
am

in
e

fu
nc

tio
na

li
ze

d 
G

O

T
E

M
,

A
FM

,
FT

IR
,

D
L

S

T
hi

ck
ne

ss
 =

1.
8n

m
;

H
yd

ro
dy

na
m

ic
si

ze
 =

 1
0–

12
0n

m
;

75
µg

/m
l

Sa
os

-2
os

te
ob

la
st

s,
M

C
3t

3-
E

1
pr

eo
st

eo
bl

as
t, R

A
W

-
26

4.
7

m
ac

ro
ph

ag
es

R
O

S,
 H

oe
ch

st
33

25
8,

 G
en

-
Pr

ob
e 

D
ia

cl
on

e
ki

t

A
ft

er
 in

te
rn

al
iz

at
io

n,
na

no
sh

ee
ts

 a
re

lo
ca

liz
ed

 o
n 

F-
ac

tin
fi

la
m

en
ts

 in
du

ci
ng

ce
ll-

cy
cl

e 
al

te
ra

tio
ns

,
ap

op
to

si
s,

 a
nd

ox
id

at
iv

e 
st

re
ss

.

M
at

es
an

z
et

. a
l.

[7
0]

G
O

, r
G

O
A

FM
,

T
E

M
,

X
PS

,
R

am
an

sp
ec

tr
os

co
py

Fl
ak

e 
si

ze
 =

 0
.4

–
0.

8µ
m

; T
hi

ck
ne

ss
=

 1
 n

m
,

1–
10

µg
/m

l
H

U
V

E
C

M
T

T,
 L

D
H

,
R

O
S,

 F
A

C
S,

R
T-

PC
R

,
C

om
et

 a
ss

ay

O
xi

da
tio

n 
st

at
e,

 d
os

e
an

d 
si

ze
 d

ep
en

de
nt

cy
to

to
xi

ci
ty

. G
O

ex
hi

bi
ts

 h
ig

he
r

to
xi

ci
ty

 th
an

 r
G

O
 d

ue
to

 R
O

S 
ge

ne
ra

tio
n.

Sm
al

l f
la

ke
 s

iz
e

gr
ap

he
ne

 e
xh

ib
it

gr
ea

te
r 

cy
to

to
xi

ci
ty

co
m

pa
re

d 
to

 la
rg

er
sh

ee
ts

 d
ue

 to
in

tr
ac

el
lu

la
r

ac
cu

m
ul

at
io

n 
of

gr
ap

he
ne

.

D
as

 e
t. 

al
.

[7
3]

G
Q

D
-P

E
G

A
FM

,
T

E
M

,
FT

IR
,

T
G

A
,

X
PS

,
E

le
m

en
ta

l
an

al
ys

is

D
ia

m
et

er
 =

 3
–5

nm
; H

ei
gh

t =
 0

.5
–

1 
nm

; 1
–2

gr
ap

he
ne

 la
ye

rs
;

O
xy

ge
n 

co
nt

en
t

36
%

10
–6

40
µg

/m
l

H
eL

a,
A

54
9

W
ST

-1
,

an
ne

xi
n 

V
 a

nd
PI

, L
D

H
, R

O
S,

N
o 

cy
to

to
xi

ci
ty

;
(H

eL
a 

ce
lls

 tr
ea

te
d

w
ith

 1
60

 µ
g/

m
l a

nd
A

54
9 

ce
lls

 w
ith

 3
20

µg
/m

l d
os

es
 s

ho
w

 n
o

cy
to

to
xi

ci
ty

)

C
ho

ng
 e

t.
al

. [
74

]

T
R

G
O

-C
l,

T
R

G
O

-B
r,

T
R

G
O

-I

R
am

an
Sp

ec
tr

os
c

op
y,

E
le

m
en

ta
l

an
al

ys
is

,
X

PS

T
R

G
O

-C
l:

C
ry
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Table 4

Environmental toxicity of graphene

Material Characterization Properties Conclusion References

Graphene AFM, SEM, TEM Height: 1 nanometer.
TEM reveals typical
wrinkled structure.
Range of length ×
breadth: 0.5 × 0.6 –
1.5 × 6.5 µm

Cotyledons and root system
growth were slowed down
with increasing concentration
on tomatoes, cabbage, and
red spinach; had no effect on
lettuce. Primary roots were
shorter and disappeared root
hairs compared to the
control. Graphene caused
decreased root and shoot
weight. Decreased number of
leaves.

Begum et. al. [130]

Few Layer
Graphene

TEM, AFM Thickness: 2–5 nm;
Diameter: 100–200
nm

No Significant effect on
growth of tomato plants.

Khodakovskaya et. al.
[131]

GONRs AFM, FTIR, Raman
spectroscopy

Bath sonication: 700–
900 nm (20 mins)
Probe sonication:
300–400 nm (1 min),
<300 nm (5 mins),
<200 nm (10 mins)
ID/IG ratio: 1.30 (bath
sonication) – 2.30
(probe sonication)

Post processing high energy
sonication leads to reduction
in size of GONRs. Probe
sonicated solutions of
GONRs show greater
medaka embryo mortality
compared to non sonicated or
bath sonicated solutions.

Mullick Chowdhury et. al.
[60]

GO AFM, XPS, SEM Interlayer Spacing: 1
nm.

Inhibition of metabolic
activity at all concentrations.
GO is biodegraded by at
least 50% after 5h. Inhibition
of nitrifying bacteria.

Ahmed et. al. [132]

Graphene TEM, AFM, Raman
spectroscopy

No Holes or Defects,
Basic Hexagonal
Lattice. Height: 0.34
nm

Post Hydrogen Peroxide
Treatment: Randomly
distributed holes in
Graphene. Diameter of holes
increase with higher
concentration of H2O2.

Xing et. al. [133]

GONRs and
rGONRs

TEM, Raman
Spectroscopy, UV-Vis

Flat, Smooth, and
uniform multi-
layered sheets.

Lignin peroxidase Activity:
GONR: Structure completely
degraded by 96 hours.
rGONR: Holes from outer to
inner layers in the sheets.
Both materials eventually
degrade, but there is a delay
in degradation for rGONR
compared to GONR

Lalwani et. al. [134]
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