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Abstract 

The unique properties of graphene-based materials (GBMs) placed them among the most exciting 

nanomaterials of the past decade. Scientists and industrials are looking forward to working with 

not only performant, but also safe, sustainable GBMs. Designing a safer-by-design GBM implies 

to acquire the knowledge of which physicochemical characteristics (PCCs) can increase toxicity.  

In this systematic review, we extracted data from the literature to provide the available information 

about the structure-activity relationship of GBMs. 93 papers studying a total of 185 GBMs were 

included.  Graphene oxides (GOs) and Few-layer graphenes (FLGs) are the most studied GBMs. 

While reduced graphene oxides (rGOs) were often classified as poorly oxidant and weakly 

cytotoxic, graphene quantum dots (GQDs) were mostly moderately or highly cytotoxic. FLGs 

demonstrated relationships between median size and oxidative stress, between lateral size and both 

cytotoxicity and oxidative stress and between thickness and cytotoxicity. We also underlined 

relationships between median size, lateral size and thickness of GOs and oxidative stress. 

However, it appeared difficult to highlight clear structure-activity relationships for most PCCs and 

biological endpoints because despite a large amount of available data, the GBMs are often too 

poorly characterized in terms of PCCs descriptors and the biological endpoints investigation is not 

standardized enough.  There is an urgent need for a better standardization of the experimental 

investigation of both PCCs and biological endpoints to allow research teams to play a part in the 

collaborative work toward the construction of a safer-by-design GBM through a better 

understanding of their key toxicity drivers. 

 

Keywords: Graphene-based Materials, Structure-activity-relationship, Physicochemical 

characterization, Toxicity, Safer-by-design.   
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1. Introduction  

Graphene is an allotrope of carbon and its properties at single atom level were uncovered in 2004. 

It is composed of a single layer of atoms arranged in a two-dimensional honeycomb pattern(1). 

However, the term graphene is often generically used to define various types of graphene-based 

materials. Indeed, different families of graphene-based materials (GBMs)(2) are usually described: 

 Few-layer graphene (FLG), obtained by either a mechanical or a chemical exfoliation of 

graphite(3).  

 Graphene Oxide (GO), obtained by an oxidation of graphite, mostly by using Hummers 

method involving the use of various oxidizing reagents and acids(4). 

 Reduced Graphene Oxide (rGO), obtained after the reduction of graphene oxide through 

chemical, thermal or other types of reduction(5).  

 Graphene Quantum Dot (GQD) is a piece of graphene, small enough to cause exciton 

confinement. Its diameter measures typically less than 20 nm(6).  

All these families of GBM can be functionalized (FLGf, GOf, rGOf, GQDf). Even if they all fall 

within the family of Graphene Based Materials (GBMs), their synthesis process as well as their 

physicochemical characteristics (PCCs) can strongly vary. Hence, it is crucial to consider 

individually these subfamilies of GBMs.  

Since the discovery of graphene, GBMs have emerged and raised growing interest. Their various 

properties such as mechanical strength(7) and conductivity(8), still recently investigated(9), make 

these materials extremely promising and versatile. These properties encouraged the development 

of various GBM-based innovations such as water treatment(10). Besides, the field of medicine has 

high expectations for these materials(11,12). The GBM market has consequently been increasing 

in recent years and will most likely develop over the next decade(13).  
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However, the successful integration of GBMs on the market depends on their safety, which need 

to be rigorously investigated(14). Determining and addressing the potential risks caused by GBMs 

is a critical responsibility for industries willing to integrate them into their processes(15). Risk 

management through control banding is a widespread method, already widely used for chemicals 

and recently emerged as a contribution for nanomaterials risk management(16). Control Banding 

is a tool that combines risk assessment and management and is proposed for ensuring the safety of 

workers exposed to a new product for which only little information are available. Briefly, "hazard 

bands" of this new product are allocated according to the hazard level of known products similar 

to those used. Each band corresponds to a risk control strategy(17). For example, a GBM can be 

classified in a hazard band depending on the known toxicity (e.g. determined in vitro or in vivo on 

mammalian models) of a similar GBM coming from a same subfamily. Besides, an exposure band 

will be also defined, depending on the ease of exposure or the quantity used. Crossing these bands 

will lead to a certain level of risk management required at the workstation, involving protections 

or restrictions.  

Allocating a hazard band to nanomaterials (such as GBMs) can be challenging since their toxicity 

databases are relatively poor. Besides, the number of nanomaterials for industrial applications is 

increasing extremely fast(18). This situation made a case-by-case approach for toxicity assessment 

costly and time consuming. Therefore, alternative and complementary toxicity assessments such 

as grouping, read across and Q(SAR) were developed and proposed this last decade(19). It enabled 

scientific community to make considerable progress in the knowledge of nanotoxicology and 

specifically the understanding of certain mechanisms of action(20). Meanwhile, the safer-by-

design approach associated with a control banding strategy is increasingly considered as a leading 

paradigm in nanotoxicity and integrates the anticipated safety impacts of materials into the design 
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and production phases(21,22). Therefore, this approach implies that safety should be an early 

concern for nanomaterials development, and that the adverse effects of these materials should be 

known or investigated from the early phases of the creation process: accomplishing a safer-by-

design nanomaterial requires a comprehensive study of its adverse effects and the knowledge of 

which PCCs will affect its toxicity. Indeed, PCCs have been shown to strongly affect 

nanomaterials toxicity. For example, the GBM oxidation was reported to be a critical factor for its 

toxicity. However, this finding is disputed in the literature: an increasing oxidation appears to 

increase toxicity(23), whereas for some studies, no direct impact of oxidation was observed(24). 

In order to have a clearer overview of the potential impacts of PCCs on GBMs’ toxicity, we 

gathered few studies that observe the toxicity impact of various GBMs differing by their lateral 

size(25)(26)(27)(28)(29)(30)(31), oxidation(24)(32)(33)(52)(53) and 

functionalization(34)(35)(36)(37)(38)(39) (Table 1, 2 and 3). For lateral size, most studies claim 

that the smaller GBMs show a higher toxicity. For surface oxidation (expressed in atomic 

percentage, mostly measured with XPS) the most oxidized GBMs show a higher toxicity. 

Moreover, the functionalization seems to lower the toxicity. These observations can be discussed: 

firstly, the nature of functional groups is so variable that it is difficult to have strong statement 

when it comes to functionalization impact on toxicity. Secondly, discussing the impact of lateral 

size of GBMs measuring a maximum of 10 µm is a limit knowing that some biological effects 

(including frustrated phagocytosis) can only be observed from a threshold of 20 µm (40).   
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Table 1 – Papers studying GBMs that vary by their lateral size.   

REF
GBM 

type

Number of  

GBMs

Lateral size 

range
Cell model

Dose (in 

µg/mL)

Exposure 

time (h)
Toxicity endpoint (assay) Conclusion

Overall 

Conclusions

76 RGO 4 11 nm - 3100 hMSCs 0,001 - 100 1, 24
Cytotoxicity (FDA), ROS production (DCFDA), 

Genotoxicity (comet)

The smallest RGO is the more cytotoxic/ oxidant / 

genotoxic

26 GO 3 160-780 A549 10 - 200 24
Cytotoxicity (CCK-8, LDH, TB) and oxidative 

stress (DCFDA)

The smallest and the largest Gos are the most 

cytotoxic. No difference for oxidative stress.

78 GO 3 151 - 950 NIH 3T3 5 - 200 24, 48, 96 Cytotoxicity (MTS, MTT, TB, WST-8) The smallest GO is more cytotoxic

49 GO 2 20 - 100
TM3 and 

TM4
20 - 100 24

Cytotoxicity ( CCK-8 , Brdu, LDH) , Oxidative 

stress (DCFDA, 8-oxo-G), Mitochondria 

membrane potental (JC1)

The smallest GO is more cytotoxic/ oxidant/ causes 

more mitochondria membrane potential imbalance. 

25 GO 3 30 - 1000 HEK 293T 5 - 100 24
Cytotoxicity (CCK-8), Oxidative stress (DCFDA), 

Genototxicity (Comet)

The smallest GO and largest are more cytotoxic, the 

smallest GO is more oxidant / genotoxic

53 GO 3 622 - 980 HaCaT 0,001 - 100 24, 48, 72 Cytotoxicity (WST-8) The largest GO is the most cytotoxic

27 GO 3 130-1320
hMDM 

mIPM
1 - 100 24

Cytotoxicity (ANNV / PI staining) , oxidative 

stress (flow cytometry) , inflammation (TNF-a, 

IL-1b, IL-6)

The smallest GO is the most oxidant/ inflammatory 

28 GO 2 100 - 10000 BEAS-2B 1 - 100 24
Cytotoxicity (TB), Oxidative stress (DCFDA, HE 

probe), Inflammation (IL6/IL8/IL1b/1L1a)

The largest GO is the most cytotoxic/oxidant / 

inflammatory. 

29 GO 2 30 - 80 HeLa 400 24 Cytotoxicity (WST-1) None of the GO are cytotoxic. 

61 GO 2 300 - 2000 PMO 2-20 24, 48
Cytotoxicity (CCK-8) , Inflammation (IL-12, TNF-

a, TNF-g, MCP, IL-10, IL-6)

None of the GO are cytotoxic, the smallest GO is 

more inflammatory. 

30 GO 2 130 - 1320

A459, 

Caco-2, 

Vero

10 - 100 24 Cytotoxicity (MTT), Genotoxicity (Comet)
The smallest GO is the most genotoxic, no 

difference for cytotoxicicty. 

31 GO 3 200 - 1025 J774.A1 20 24

Cytotoxicity (live/dead Cytotoxicity kit), 

Inflammation (TNFa and IL-6 RT-qPCR), 

Oxidative stress (DCFDA)

The largest GO is more cytotoxic / inflamatory , no 

difference for oxidative stress

LA
TE

R
A

L 
SI

ZE

For 8 studies,  

smallest = 

more toxic 

(from 11 to 

300 nm, 

average of 

116 nm)

For 4 studies,  

largest = 

more toxic. 

(from 780 to 

10000nm, 

average of 

3200 nm.)
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Table 2 – Papers studying GBMs that vary by their oxidation state.   

REF
GBM 

type

Number 

of  GBMs

Oxidation 

state (%)

Cell 

model

Dose (in 

µg/mL)

Exposure 

time (h)
Toxicity endpoint (assay) Conclusion

Overall 

Conclusions

24
GO

RGO
2 39, 14 HepG2 1 - 200 24

Cytotoxicity (Ez-Cytotox assay), Oxidative stress 

(GSH / GSSH)

No impact on cyttoxicity. The most oxidized (GO) 

causes more oxidative stress. 

32
GO

FLG
2 49, 3 HaCaT 0,05 - 100 24, 7 days

Cytotoxicity (cell count) Apoptosis / necrosis 

(morphology, Cytation 5),  Oxidative stress  

(DCFDA) , Mitochondrial stress (Mitosox) 

The most oxidized (GO) shows higher cytotoxicity / 

Oxidative stress / Mitochondrial stress / Apoptosis 

and Necrosis.

52

GO 

RGO1 

RGO2 

HGO1 

HGO2

5
17, 21, 36, 

30, 29

BEAS-2B

THP-1
50 - 100 24 Cytotoxicity (MTS), Lipid peroxidation.

The less oxidized (GO) and highly oxidized (HGO  and 

HGO2) show a high cytotoxicity while RGO1 and RGO2 

show a moderate cytotoxicity. None of them indued 

lipid peroxydation.

53
FLG GO1 

GO2 

GO3

4
5, 42, 48, 

52
HaCaT 0,001 - 100 24, 48, 72 Cytotoxicity (WST-8) The most oxidized show a high cytotoxicity. 

33
Go-h GO-

m

GO-l

3

2,2, 2,4, 

2,9 (C/O 

ratio)

MEFs 12,5 - 100 24

Cytotoxicity (Cytell Cell Imaging System), 

Oxidative stress (DCFDA) and Apoptosis (Flow 

Cytometry)

The less oxidized GO shows a higher cytotoxicity / 

oxidative stress / Apoptosis ( inversional proportional 

to oxidation). 

For 4 studies, 

most 

oxidized = 

more toxic 

[36%- 52%] 

mean of 

44%.

For 2 studies, 

less oxidied = 

more toxic 

(26% - 17%], 

mean of 

21%.

SU
R

FA
C

E 
O

X
ID

A
TI

O
N
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Table 3 – Papers studying GBMs that vary by their functionalization.   

REF
GBM 

type

Number 

of  GBMs

Functionaliza

tion (fctz)

Cell 

model

Dose (in 

µg/mL)

Exposure 

time (h)
Toxicity endpoint (assay) Conclusion

Overall 

Conclusions

34 GNP 3
none, COOH, 

NH2
5 - 150 24 Cytotoxicity (Ez cytotox)

The unfunctionalized GNP shows a greater 

cytotoxicity than then COOH-GNP and NH2-GNP. 

35 GQD 3
none, COOH, 

NH2
HL-7702 12,5 - 200 24

Cytotoxicity (LDH), Oxidative stress (DCFDA), 

Apoptosis (expression of regulator genes)

No impact on cytotoxicity/oxidation (all non 

cytotoxic/oxidant), functionalization affect apoptotic 

genes regulation (COOH-GQD causes no imbalance 

compared to control and non functionalized GQD 

whereas NH2-GQD causes more imbalance than 

control and non functionalized GQD)

36 GO 3
none, PEG, 

BSA

7702-3d , 

MRC-5-

3d, U937-

3d

25 - 200
24, 48, 

72

Cytotoxicity (MTT, CCK-8) and Genotoxicity (DNA 

tail)

The PEG-GO shows no cytotoxicity/genotoxicity, BSA-

GO shows a low cytotoxicity.genotoxicity and non-fct 

GO shows a strong cytotoxicity/genotoxicity. 

37 GO 2

3PEG and 

6PEG 

(number of 

PEG chains)

Saos-2, 

MC3T3-

E1, 

RAW264,

7

75
24, 48, 

72

Cytotoxicity (PI), ROS (DCFDA), Inflammation 

(TNF-a production)

Both functionalized GO show cytotoxicity, oxidative 

stress and 6PEG GO shows a higher inflammation at 

24 h exposure time. Results differ depending on cell 

type. 

38 GO 5

none, NH2, 

PAM, PAA, 

PEG

NR8383 2 - 100 24 Cytotoxicity (CCK-8, LDH)
NH2, PAA and PEG fct lowers cytotoxicity, PAM fct 

increases cytotoxicity compared to unfct GO. 

39 GQD 3
NH2, COOH, 

OH
A549 10 - 200 24

Cytotoxicity (WST-1) Apoptosis (annexin-V-

FITC/PI staining)

OH-GQD is the only one to show 

cytotoxicity/apoptosis increase, NH2-GQD and COOH-

GQD show no cytotoxicity/apoptosis increase.  

Overall, fctz 

appears to 

lower 

toxicity but it 

depends on 

the nature of 

fctz. FU
N

C
TI

O
N

A
LI

ZA
TI

O
N
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Pooling each individual conclusions of the available studies dealing with GBMs toxicity might 

allow us to highlight which PCCs have the higher impact on its biological effect on a global scale, 

enabling us to make one more step toward a safer-by-design GBM. In this paper, through a 

systematic review, we aimed to gather available data in the literature to provide a holistic view of 

the structure-activity relationship of GBMs. 

 

2. Material and Method 

Our approach is summarized in Figure 1. 

 

Figure 1– Selection process for papers. 

 

2.1. Search engine 

We chose to use PubMed, as it is one of the major platforms in toxicity assessment and health 

science publications. We used the following research:  
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(((risk[Title/Abstract] OR safety[Title/Abstract] OR *toxic*[Title/Abstract] OR 

(oxidative[Title/Abstract] AND stress [Title/Abstract]) OR *inflamm*[Title/Abstract] OR 

ROS[Title/Abstract])) AND graphene[Title/Abstract]). 

We found 2303 results.  

The term *toxic* allowed us to make sure to select major endpoints dealing with toxicity (i.e 

genotoxicity, cytotoxicity). Moreover, ‘risk’ is a word often added to the abstract of articles dealing 

with toxicity or safety. We added ‘oxidative stress’, ‘ROS’ and ‘*inflamm*’ because they are well 

known modes of action for GBM and major endpoints in in vitro toxicity. To be as exhaustive as 

possible, we did not add any exclusion terms. With our research, any article including at least one 

of these terms AND the word ‘graphene’ is added to our database.  

 

2.2. Exclusion criteria 

We chose to focus on human health. Hence, mammalian models appeared more relevant for this 

purpose. Moreover, we made the decision to include only in vitro studies. This type of model 

represents a major part of the literature. Furthermore, in vivo studies can have heterogeneous 

exposure protocol (administration route, duration of exposure or dose) which makes the analysis 

of the results challenging, and a gathering of the data sometimes irrelevant. When we had a paper 

describing both in vivo and in vitro work, we classified in vitro assays in a table for in vitro, and 

the in vivo assays in a table for in vivo; we only presented in vitro results in this paper. Based on 

the reading of the abstracts, the text of the article and the supplementary data, we decided to 

exclude articles dealing with:  

 Ecotoxicology. 

 Non-mammalian models. 
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 In vivo studies.  

 Graphene composite. 

 Non – toxicology issues or assays. 

 No minimum characterization: lateral size was the only minimal characterization. When 

the lateral size was missing and when the GBM was considered small enough (<1000 nm), 

the size distribution measured by DLS was considered as a sufficient characterization for 

inclusion in the database. 

 Too wide lateral size range (for example: 1-10 µm). 

 Review articles. 

We finally obtained 93 articles, regrouping the study of 185 GBMs. The list of these publications 

is presented in Figure S4 (supplementary information).   

 

2.3. Toxicity classification 

We classified the data in a table presented in supplementary information S1. We collected every 

characterization of the GBMs as well as their measured endpoints, and every information that 

could be relevant for the final analyses.  

Briefly, to conclude on the in vitro toxicity of each GBM, we attributed them a toxicity 

classification (no/low toxicity, moderate toxicity, and high toxicity) based on the exposure dose 

that led to a significantly biological response when compared to negative control. The method is 

described in Figure S1. 

 

2.4. Investigation of potential structure-activity relationships 
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We first determined if we collected enough data to study a potential correlation between a 

biological endpoint and a PCC. If we had less than 2.5% of our database characterized for a PCC 

and a biological endpoint (which represents less than 6 GBMs available), we did not consider 

having enough information to study a potential correlation between this PCC and this biological 

endpoint. We then aimed to highlight a potential relationship between each PCCs and biological 

endpoints. To that end, we performed a data treatment to build 2D point cloud graphs, allowing us 

a visual insight of a possible correlation. We wanted to consider individually exposure time for 

toxicity assessment. Hence, we separated short (≤12 hours), medium (24h) and long (≥48 hours) 

exposure for each endpoint. In the following section, we chose to present the results that could 

reflect a potential relationship. The other graphs can be consulted in Figure S2.  

 

3. Results 

3.1. Database description 

Overall, 166 GBMs were studied in these 84 papers. GO and FLG are the most studied GBMs 

(Figure 2A) with respectively 45.97% and 21.8% of all GBMs belonging to these subfamilies 

(representing respectively 57% and 32.7% of all selected papers). The toxicity of functionalized 

GBMs is poorly studied since the 4 subfamilies GOf, FLGf, rGOf and GQDf represent less than 

16.5% of all GBMs and 18.7% of the selected papers.  
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Figure 2 – A) Repartition of GBM types B) GBM physicochemical characterization C) In vitro 

endpoints. 

The physicochemical characterization of these GBMs was rarely exhaustive (Figure 2B). As 

described in material and methods, the measurement of lateral size was an inclusion criterion hence 

it is often described in our database (91.9% of the GBMs were characterized for lateral size). When 

a GBM was small enough (<1µm)(41) and its lateral size was not measured, we considered the 

measurement of the size distribution (through DLS) as a sufficient characterization to include this 

GBM in our database. Then thickness, surface oxidation and median size distribution and oxidation 

were the most measured PCCs with respectively 66%, 37% and 32% of the total GBMs 

characterized. 

The most investigated biological endpoints (Figure 2C) are clearly cytotoxicity and oxidative 

stress, which are respectively described in 81% and 36% of the papers. The investigation of 

inflammation (19% of the publications), genotoxicity (8.4%), mitochondrial disorder (8.4%) and 

apoptosis or necrosis (10%) is rarest. Highlighting potential structure-activity relationships will 

obviously be easier if the structure (the PCCs) as well as the activity (the endpoints) of the GBMs 
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are measured. Hence, we can expect to analyze the impact of the most described PCCs (which are 

as described above, lateral size, thickness, size distribution and oxidation) on the most described 

endpoints (also described above as cytotoxicity and oxidative stress).  

In the following section, we will present the physicochemical characteristics that appear to have 

an impact on toxicity endpoints. We attributed GBMs type colors and shapes, as presented in the 

table Figure 2A. This would allow highlighting a potential relationship that could be type 

dependent.  

 

3.2. Overview of the hazard assessment of the different subfamilies of GBMs 

In Table 4, we introduced toxicity impacts depending on the GBM type. The data presented here 

is a percentage of the GBMs that show a low, moderate, or high response for major endpoints: 

cytotoxicity, oxidative stress and genotoxicity. For example, for the early cytotoxicity (<12h) of 

the Few-layer graphene (FLG), 2 FLGs were tested and classified as poorly toxic, 0 as moderately 

toxic and 1 as highly toxic. Our database included 51 FLGs, with 3 FLGs tested for early 

cytotoxicity, so we concluded that 66.7% of our FLGs showed a low early cytotoxicity 

(
2

3
x100=66.7%), 0% a moderate toxicity (

0

3
x100=0%) and 33.3% a high toxicity (

1

3
x100=33.3%). 

The number of GBMs tested for each endpoint should obviously be considered when studying the 

percentages.   
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Table 4 - Percentage (number of GBMs of each subfamily in each toxicity class/number of total GBMs of a subfamily) of toxicity 

assessment depending on GBM subfamilies. 

GBM type
total of 

GBM type

n of GBM  

in each 

endpoint
Low Mod High

n of GBM  

in each 

endpoint
Low Mod High

n of GBM  

in each 

endpoint
Low Mod High

n of GBM  

in each 

endpoint
Low Mod High

n of GBM  

in each 

endpoint
Low Mod High

n of GBM  

in each 

endpoint
Low Mod High

n of GBM  

in each 

endpoint
Low Mod High

n of GBM  

in each 

endpoint
Low Mod High

n of GBM  

in each 

endpoint
Low Mod High

n GBM 51 2 0 1 7 11 7 2 4 2 2 1 4 6 3 1 3 1 0 0 0 0 3 1 0 0 0 0

% GBM 67 0 33 28 44 28 25 50 25 29 14 57 60 30 10 75 25 0 0 0 0 75 25 0 0 0 0

n GBM 115 4 2 3 35 38 24 8 8 4 9 1 12 18 12 4 3 2 0 0 1 0 6 4 3 0 0 1

% GBM 45 22 33 36 39 25 40 40 20 41 5 55 53 35 12 60 40 0 0 100 0 46 31 23 0 0 100

n GBM 10 0 0 1 0 4 8 1 1 5 1 0 2 0 0 3 0 2 0 0 0 0 0 0 0 0 0 0

% GBM 0 0 100 0 33 67 14 14 71 33 0 67 0 0 100 0 100 0 0 0 0 0 0 0 0 0 0

n GBM 23 4 3 2 10 4 4 3 0 3 1 1 2 6 2 2 0 0 0 2 1 3 0 0 2 0 0 0

% GBM 44 33 22 59 18 24 50 0 50 25 25 50 60 20 20 0 0 0 33 17 50 0 0 100 0 0 0

0

RGO 9 18 6 4 10 0 6 2 0

GQD 1 12 7 3 3 2 0 0

0

GO 9 97 20 22 34 5 1 13 1

FLG 3 25 8 7 10 4 0 4

Cytotoxicity Oxidative Stress Genotoxicity 

≤ 12h 24h ≥ 48h ≤ 12h 24h ≥ 48h ≤ 12h 24h ≥ 48h
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Our main general observations were: 

For Few-layer graphene (FLG) 

 Even if FLG was quite well described in our database (n=51), we did not observe any 

obvious trend on cytotoxicity: FLGs are both classified as cytotoxic or not.  

 For 24h oxidative stress, 60% of FLGs are classified as low oxidant, 30% as moderately 

oxidant and 10% as highly oxidant. The same trend appears for a late oxidative stress: 

more FLGs are classified as low or moderately toxic than highly toxic.  

 

For Graphene Oxide (GO) 

 GO does not show a specific trend concerning cytotoxicity either.  

 For 24h oxidative stress most GOs are classified as low oxidant (53% of a total of 33 

tested GOs) or moderately oxidant (35%). We noticed that when functionalized with PEG, 

the 6 PEG-GOs in our database show a moderate to high oxidative stress (24 h exposure).  

 

For Graphene quantum dots (GQD) 

  GQDs are mostly classified as highly or moderately cytotoxic.  

 

For Reduced Graphene Oxide (RGO) 

 Our database includes 23 RGOs. 58.8% of the 17 tested RGOs were classified as weakly 

cytotoxic at 24 h exposure, 17.6% as moderately toxic and 23.5% as highly toxic.  

 For 24 h exposure oxidative stress, most RGOs are classified as low oxidant (60% of 10 

tested RGOs) whereas only few of them are classified as moderately or highly oxidant 

(respectively 20% and 20%). 
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3.3. Investigation of potential structure-activity relationships 

Firstly, we chose to study the median size of the agglomerates in suspension measured by DLS 

as a relevant PCC to highlight structure-activity relationship. Indeed, this parameter seems clearly 

critical for oxidative stress. Figure 3 shows that whatever the GBM subfamilies considered, the 

higher the median size of GBM agglomerates, the higher the oxidative stress observed. The 4 

GBMs classified as no/weakly oxidant are all smaller than 400 nm whereas among the 16 GBMs 

classified as highly oxidant, we have larger median size (up to 1800 nm). The FLG measuring 

1800 nm and classified as highly oxidant is functionalized with COOH. 

 

Figure 3 – Effect of median size on oxidative stress (24h exposure). 
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We then considered primary particle lateral size (measured by electronic microscopy or atomic 

force microscopy) and observed that after a long exposure (48h), the larger FLGs (in blue) were 

classified as highly cytotoxic (Figure 4A).  

 

Figure 4 – Effect of lateral size below 2000 nm on A) cytotoxicity (48h exposure) B) 

genotoxicity (24h exposure) C) oxidative stress (24h exposure). 

 

GQDs (in green) can be classified as weakly, moderately or highly cytotoxic independently of 

their size. Likewise, GOs (in red) are classified as low, moderately or highly cytotoxic without 

an obvious impact of the lateral size. A GO was functionalized with a group PEG DPSE (1,2-

distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino(polyethylene glycol)]) and is classified 

as moderately cytotoxic (48h). For medium exposure (24 h, Figure 4B), it appears that the 

smallest GBMs are classified as highly genotoxic. For a medium oxidative stress (24 h, Figure 

4C), FLGs are mostly classified as highly oxidant, with size varying from 100 to 2000 nm. Apart 

A B C 
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from one GO which measures 1320 nm and is classified as low-oxidant, GOs tend to become 

more oxidant as their size increases.  

Finally, we considered the impact of the GBMs thickness (measured by AFM or XRD) on their 

toxicity. Thickness was often described in nm. When it was described in “graphene stacks”, we 

calculated the equivalence in nm considering that a graphene stack is approximately 0.34 nm. 

This parameter appears as important for both cytotoxicity (Figure 5A) and oxidative stress 

(Figure 5B).  

 

 

Figure 5 – Effect of thickness on A) cytotoxicity (24h exposure) B) oxidative stress (24h 

exposure). 

 

Most GBMs measured less than 10 nm in thickness. Under that threshold it appears that the 

thickest GBMs are the most cytotoxic. However, if a GBM measures more than 10 nm, it can be 

classified as either poorly or highly cytotoxic (Figure 5A). This threshold can be noted for 

A B 
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oxidative stress: under 10 nm, the thicker GBMs are the most oxidant. Then, all the GBMs 

measuring more than 10 nm are classified as low or moderately oxidant. Two GQDs (in green) 

measuring 10 nm and functionalized with NH2 and COOH groups are classified as low oxidant. 

A GO (in red) measuring 2 nm is functionalized with PEG (polyethylene glycol) and classified 

also as low oxidant. 3 GOs are classified as moderately oxidant and are functionalized with PEG 

(5 nm), BAS (7 nm) and PEI (10 nm): these samples clearly increase in thickness but all show 

the same oxidant profile: moderate. This particular behavior might be linked to their 

functionalization.  

 

3.4. Summary of the main findings 

We could not investigate the majority of potential structure-activity relationships due to a lack of 

data. Many biological endpoints as well as many PCCs were not provided in most publications, 

as shown in Figure 2B and 2C. Furthermore, when the data were available, we did not detect a 

structure-activity relationship in most cases, (see S2). 

As shown in Table 3, not all GBMs have the same toxicity impact. GQDs are mostly classified 

as highly cytotoxic. In contrary, FLGs and GOs both show a low cytotoxicity. After a short 

exposure time (<12h), they often cause a high oxidative stress while after a medium (24h) to long 

(>48h) exposure time, they show a low to moderate oxidative stress.  

However, the Few-layer graphene (FLG) and the Graphene Oxide (GO) (representing almost 

80% of our total database and are described in almost all the publications – see Figure 2, tend to 

have slightly different structure-activity relationships. 

The FLGs appear to show a relationship between size (agglomerates and lateral size) and 

thickness and genotoxicity, cytotoxicity and oxidative stress: 
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 If we consider the median size of GBM agglomerate in suspension, the largest FLGs tend 

to show a higher oxidative stress. 

 If we consider FLGs with a lateral size lower than 2000 nm, it appears that the largest 

FLGs are classified as highly cytotoxic and oxidant.  

 The thickness also seems to affect cytotoxicity: the thickest FLGs are classified as non-

toxic when the thinnest ones are moderately or highly toxic and do not appear to affect 

oxidative stress.  

The GOs show a relationship between size (agglomerates and lateral size) and oxidative stress.  

 If we consider median agglomerate size, the largest GOs tend to cause a higher oxidative 

stress.  

 If we consider lateral size, the largest GOs also tend to cause a higher oxidative stress.  

We did not observe a clear trend between GOs thickness and cytotoxicity whereas the thickest 

GOs tend to show a higher oxidative stress.  

 

4. Discussion 

4.1. Questioning potential structure-activity relationships of GBMs: from “one-study” 

scale to exhaustive review conclusions 

Our systematic review allowed us to gather 93 articles, investigating 185 GBMs, forming a quite 

robust database. We first investigated which GBMs were described, and their physicochemical 

characterization. We concluded that GO was the most investigated. This is not surprising: GOs 

are very promising for their biomedical applications(42) and easier to work with for toxicity 

assessment, as they tend to be more easily dispersible in water(43). The GBMs are often poorly 
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characterized: except for lateral size and thickness, the rest of the characterization was performed 

for less than 50 % of the GBMs of our database.  

We then looked at the toxicity assessment. The toxicity assessment was carried out through the 

measurement of various endpoints: cytotoxicity was the most investigated which also makes 

sense, as it is often the first one that helps to classify the GBMs as toxic or not and gives 

information on the exposure concentration for further assays. The LDH, CCK-8 and MTT assay 

assess the cell viability / mortality for most studies. Oxidative stress is the second most 

investigated, as this is the major toxic pathway described for GBMs(44). When considering 

carbon-based nanomaterials, carbon radicals can be expected to play a major role in toxicity 

induction(45). However, their presence is rarely investigated, the oxidative stress is widely 

assessed through the DCFH-DA assay. The inflammation is measured with the production or the 

activity of cytokines such as TNF-, IL-6, IL-10 and IL-1 (Figure S3).  

We highlighted trends of relationships between PCCs such as lateral size, size dispersion, 

thickness and biological endpoints such as cytotoxicity, oxidative stress and genotoxicity. These 

PCCs have previously been shown to interfere with GBM toxicity.  

 

4.1.1. Lateral size and size agglomerate dispersion  

Size is a critical parameter for GBM characterization. It can sometimes imply lateral size and size 

dispersion. However, they are distinct characteristics and need to be both characterized.  

- The lateral size is mostly measured by electron microscopy or AFM. However, the choice of 

the method can affect the result(46). This is often the measurement of the biggest length of a 

single sheet of GBM.   
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- The median agglomerate size, often measured by DLS, is a measurement of the GBM size 

agglomerates in a chosen media. It is the hydrodynamic diameter, which is calculated with 

the help of the Stokes-Einstein equation. Even if this measurement can easily be performed 

on soluble and small GBMs, some of them can represent a challenge for DLS application: the 

darkness of the sample can be a problem, even properly diluted, and the lack of stability can 

complicate this measurement.  

Some size thresholds are directly linked to entry in different intracellular compartments as well 

as some physiological barriers for in vivo studies(47). Size of GBM dispersion affects the 

endocytosis(48). Size can also impact the entry in different cell compartments as well as the entry 

through physiological membrane(49). Lateral size can also provoke frustrated phagocytosis, 

which can only be observed in specific cell types (such as macrophages or dendritic cells) for an 

in vitro study.  

Size of GBM is involved in various modes of action and is a crucial GBM characteristic. 

However, some papers have opposite conclusions when it comes to size impact on GBM toxicity.  

For example, De Gurunathan et al. (50) measured the toxicity impact of GO measuring 

respectively 20 nm and 100 nm (measured by DLS and TEM). It appeared that the smallest GO 

had also the highest impact on both TM3 and TM4 cells. In contrast, Jia et al.(25) studied different 

types of GBMs with sizes of approximately 30, 300 and 1000 nm (measured by DLS and AFM). 

For survival rates of HEK 293T, the smallest and the largest GBMs appear to have a more toxic 

effect.  

In our review, even if we were not able to spot an indisputable relationship between size and 

biological impacts, we highlighted size as a relevant characteristic impacting GBMs toxicity. 

However, the specificities of this relationship remain blurred depending on the size range as well 
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as the studied endpoint: we found that an increasing lateral size decreased early oxidative stress 

as well as genotoxicity (24h post exposure) while appearing to increase oxidative stress for a 

medium exposure (24h). Meanwhile, the agglomerate size (measured by DLS) shows different 

patterns: if it increases, it increases both oxidative stress and genotoxicity. 

Genotoxicity caused by GBMs is widely mediated by oxidative stress(51). It might then seem 

surprising that genotoxicity and oxidative stress do not have the same relationship with lateral 

size. In addition, early and medium oxidative stress do not follow the same trend. The early and 

late oxidative stress can be integrated into different modes of action. Indeed, mitochondria-

mediated apoptosis can be mediated by oxidative stress, while causing the release of reactive 

oxygen species.  

 

4.1.2. Oxidation 

Surface oxidation is a capital information to classify GBM and is relevant to influence its toxicity 

by affecting its dispersibility in cell culture media(52) as well as its distribution in the body. 

Oxidation also modifies surface chemical structure of GBMs and conditions numerous adverse 

effects such as membrane damage, lipid peroxidation that can lead to cytotoxicity (53) on 

pulmonary cells as well as skin cells(54). 

The observation of cytotoxicity, oxidative stress or genotoxicity depending on the GBM type 

(Table 3) do not allow us to highlight a specific impact: GOs do not show more or less toxicity 

compared to FLGs which are less oxidized. Moreover, the oxidation state is characterized for 

only 32% of the GBMs from the database. Therefore, our study of the relationship between 

oxidation and biological effects was not conclusive. 
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4.1.3. Thickness 

Thickness is an important characteristic of GBMs that can guide their classification. Flawless 

graphene should be only one atom thick, which means it should be about 1 nm thick, though most 

studied GBMs are at least few layers thick. We found that thickness was reported for only 61% 

of our total database. Beyond classifying GBMs, thickness is a capital characteristic for toxicity 

as it influences its distribution. Indeed, thin GBMs show an easier urinary excretion, allowing an 

elimination whereas larger GBMs are more likely to remain in organs such as liver and 

spleen(55). We observed an increased cytotoxicity and oxidative stress with increasing thickness. 

However, this increase is only clear for GBMs measuring 10 nm at most. Some large GBMs are 

classified as no or poorly toxic. It might indicate that after that threshold of approximately 10 nm, 

the in vitro toxic effects are inhibited since the GBMs might not be internalized, stopping the 

toxic pathway of some GBMs whereas others will cause toxic damage to cells even without being 

internalized.   

 

4.1.4. Structure-activity relationship of GBMs: what can systematic reviews bring 

to light?  

In 2015, Bussy et al.(56) published a data mining work. Their article introduced the available 

literature in an innovative presentation of a 3D axis plot, focusing on GBMs physicochemical 

characteristics-toxicity relationship. The results showed a clear lung toxicity and a pattern of 

toxicity depending on the graphene type. One of the major conclusions of this paper was that 

more in vivo research was needed, as well as an appropriate characterization of the materials. 

Many toxicity assessments were done since 2015 and we aimed to fill some data gaps that existed 
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few years ago when GBMs’ toxicity study, as well as its physicochemical characterization, was 

still poorly explored.  

When we started to work on this review, we expected that the high quantity of data available 

would allow us to point out which characteristics could affect GBM’s toxicity and we were 

looking forward to having a clearer insight of structure-activity relationship of GBMs. Even if 

we were able to spot some trends of relationship between biological effects and physicochemical 

characteristics, our main conclusion is that with the actual state of the literature, and with our 

methodology, we cannot bring to light specific structure-activity relationships of GBMs. Nor can 

we explain how one PCC can influence the graphene’s toxicity.  

As we discussed above, even if the leading paradigm is that PCCs probably have an influence on 

GBM’s toxicity, these relationships appear to be complex. Beyond knowing which characteristics 

have an impact on GBMs toxicity, it is crucial that we disentangle these relationships to build 

safer-by-design GBMs.  

Many evidence lead us to assume that PCCs may have an impact on nanomaterials, and more 

specifically GBMs’ toxicity.  

Most reviews report that lateral size, thickness, oxidation(57), specific surface area(58), 

dispersion, surface charge and chemistry(59–61), size ratio(30) and impurities(62) can influence 

GBMs’ toxicity through different modes of action briefly represented in Figure 6. Oxidative 

stress, mitochondria mediated apoptosis, autophagy(63), lysis of the cells(64) and frustrated 

phagocytosis(65) are all well described GBMs toxicity pathways. It is worth noting that the 

observations will dramatically vary depending on the model. In vivo models allow us a global 

overview of the toxic impacts and physiological endpoints at an organism scale (such as 

excretion) whereas in vitro studies can help highlighting specific modes of action for a closer 
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look on the biological mechanisms involved. Moreover, some studies explored several GBMs 

varying by only one PCC, highlighting their specific toxicity impact. Zhang et al.(47) studied 3 

GOs with increasing oxidation but with the same size and thickness. It appears that the less 

oxidized GOs have a stronger impact on cytotoxicity and oxidative stress on MEFs (mouse 

embryo fibroblasts) cells.  

 

 

Figure 6 – Schematic representation of potential structure-activity relationships of graphene-

based materials. 

 

Oxidative stress, mitochondria mediated apoptosis, autophagy(63), lysis of the cells(64) and 

frustrated phagocytosis(65) are all well described GBMs toxicity pathways.  

Based on such publications, many reviews state that size, oxidation state, thickness; among other 

PCCs have an impact on the biological effects of GBMs. However, to our knowledge, we could 

not find a review article that linked a specific PCC with a biological impact by gathering the 

available literature. Moreover, various modes of action of GBMs are thoroughly investigated. 
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Yet the absence of specificities concerning the type of GBMs when studying these can be an 

obstacle for finding mechanistic explanations for structure-activity relationships.   

 

4.2. Why we could not highlight clear structure-activity relationship for GBMs and 

how to fix it   

It is very likely that we did not clearly spot potential relationships due to two factors: the lack of 

physicochemical characterization and insufficient and non-standardized toxicity assessments. 

 

4.2.1. Lack of physicochemical characterization 

As described above, GBMs were generally not characterized, which decreased our capacity to 

spot relationships between characteristics and biological activity.  

GBM characterization should be standardized and adapted to nanomaterials, as well as integrated 

into the toxicity assessment process. A minimal characterization is required in a regulatory 

framework(66): dose (given in mass, particle number and surface area), physical form (implying 

size, agglomeration state) and chemical form (surface charge and chemistry). These 

characteristics should be investigated pre and post exposure. In an outlook based on the OECD 

testing program, Rasmussen et al.(67) advised to carefully characterize at the very least size (and 

size distribution) and surface functionalization.  

Untangling the relationship between characteristics and toxicity for GBMs implies that we have 

enough information concerning characteristics that could affect toxicity. Assessing lateral size, 

size dispersion, specific surface area, thickness, surface oxidation and impurities is required for 

GBM toxicity assessment.  
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The particular properties of nanomaterials can make characterization challenging but several 

methods are available(68) to assess as exactly as possible the needed characteristics (Table 5).  

 

Table 5 - Necessary physicochemical characterization and relevant methods. EM: Electron 

microscopy, AFM: Atomic Force Microscopy, DLS: Dynamic Light Scattering, TEM : 

Transmission electron microscopy, SEM : Scanning electron microscopy, BET: Brunauer, 

Emmett and Teller, XRD: X-Ray Diffraction, XPS: X-Ray Photoelectron Spectrometry, EDX: 

Energy-Dispersive X-ray spectroscopy, ICP:  Inductively Coupled Plasma spectrometry. 

 

It is also crucial that the characteristics are in accordance with the exposure solution of the toxicity 

testing. For instance, measurement of lateral size should be done on a properly dispersed GBM, 

with the same dispersion protocol than the preparation of the exposure solutions for toxicity 

assessment. The point is to characterize, as much as possible, the same GBM that the cells will 

be exposed to. The dispersion protocol, and more importantly when the GBM is sonicated, can 

have a major impact on some characteristics such as lateral size(69). Lastly, the dispersion media 

CHARACTERISTIC METHOD
EM

AFM

DLS

Cryo-TEM/SEM

AFM

Specific surface area BET

AFM

RAMAN 

XRD 

XPS 

EDX

Impurities ICP

Lateral Size 

Size dispersion in media

Thickness

Surface oxidation 

 

CHARACTERISTIC METHODS 

Lateral size 
EM 

AFM 

Size dispersion in media 
DLS 
EM 

AFM 

Specific surface area BET 

Thickness 
AFM 

RAMAN 
XRD 

Surface oxidation 
XPS 
EDX 

Impurities ICP 
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can have a dramatic impact on the aggregation state of GBMs(70), which can lead to a different 

toxic impact.  

Therefore, it is crucial to characterize the GBMs in relevant exposure conditions as much as 

possible. In this review, we chose to study independently each PCC to simplify this work and be 

able to manage an important amount of data. However, we know that some GBMs PCCs are 

directly correlated with each other. The correlation between physicochemical characteristics (or 

descriptors) is a major issue and needs to be considered in the construction of a structure-activity 

relationship model(71,72). However, with the restricted amount of available data, it is very 

difficult to study and quantify these correlations. Lastly, it is important to take into account that 

the variation of a PCC must be wide to conclude on any structure-activity relationship. For 

example, our database included GBMs with lateral size between 5 nm and 10 000 nm. Hence, it 

is only possible to conclude on the nanomaterials in this size range.  

 

4.2.2. Insufficient and non-standardized toxicity assessment 

The choice of working on animals or cells is obviously an important aspect of a toxicity 

assessment design. In a context where scientists are asked to reduce the animal experiments(73), 

in vitro assessment is often considered as the best approach for early testing and screening. For 

in vitro studies, human cells are sometimes considered as the most relevant to mimic a human 

exposure and a human health effect. Even if this approach is wise, one must be aware that even 

with a relevant model, it is very difficult to approximate an in vivo exposure through an in vitro 

assessment. Some models exist(74) and are promising but could currently be insufficient in a 

regulatory framework. New models such as reconstructed epithelium are raising interest in the 

nanotoxicity field: they can model skin or pulmonary epithelium. Even if they have undeniable 
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assets and can accurately represent an exposition without the need of animal testing, they can 

also be a little difficult to manage and maintain, as well as being quite expensive. These assays 

can also be difficult to interpret and compare to the results from other models: the exposure dose 

is expressed as mg/cm² and is often difficult to convert in µg/mL(75). On the other hand, animal 

cells can be a cheap, stable alternative for a screening purpose. 

Then, one must decide to use a cell line model that suits the most the expected exposure. Some 

nanomaterials are integrated in cosmetics while others are present is the air pollution: it is only 

logical to use the appropriate cell model for each of them. The exposure pathway of GBMs is 

mostly respiratory(76). Hence, choosing respiratory cell lines is a relevant option. It can also be 

suitable to choose a ubiquitous cell that can be involved from the very beginning of the mode of 

action of GBMs, such as immune cells. Macrophages, for example, can be an interesting choice 

as they are nonspecific cells that are likely to be among the first cells encountering GBMs once 

they enter the organism. Moreover, in a standardization process, one should note that some cells 

are more common than others. Comparing results from different cell lines can be challenging. 

The same GBMs tested on Caco-2 and A549 will show no response even at high dose (100 

µg/mL) for Caco-2 whereas it will cause cytotoxicity from the smallest dose (10 µg/mL) for 

A549(77). When tested with BEAS-2B and A549, the same GBMs will show a greater toxicity 

to A549 cells(78). Overall, the choice of a cell line can deeply affect the toxicity response. Gies 

and Zhou have shown that adherent cell lines (NIH 3T3, U87 and A549) showed the least change 

in proliferation as a response to GO while the semi-adherent cell line, RAW 264.7, showed 

moderate change and the suspension cell lines (white blood cells), NB4 and HL 60, showed the 

greatest response(79). 
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Considering acellular methods as a part of the toxicity assessment of nanomaterials can also be 

an interesting option and avoid some of the inevitable variations caused by cellular assays. Some 

of them can give information on the oxidative potential of GBMs(80), which is useful since the 

GBM toxicity pathway involves oxidative potential. Moreover, it would enable more assays, 

without increasing the cost and with only few time and organization needed. Combining acellular 

and cellular toxicity assessment can be a great option to increase the available data of GBMs 

while maintaining a reasonable commitment in experiments.  

Once settled on a model, one must choose the endpoint to measure and the appropriate 

assay(81,82). The in vitro toxicity assessment of GBMs often stands on the measurement of cell 

viability, oxidative stress, inflammation and genotoxicity. One should choose the desired 

endpoint depending on the GBM supposed mode of action. There are often many kinds of assays 

to assess one biological endpoint. In our selected publications, the mortality / viability endpoint 

was assessed with almost 20 different assays. These assays can measure different kinds of 

biological reaction, which can blur and make analysis more challenging.  

Bias and interferences are a well-known problematic in toxicology assessment Many GBMs are 

very dark, which can cause optic bias. This optic bias must be measured in order to be corrected 

on the final results. Moreover, GBMs can be suspected to interfere with some assays. Before 

using an assay, it is wise to search the literature for interferences. If one wants to perform this 

assay even if some interferences are reported, it is necessary to perform interferences studies first. 

For example, MTT has been reported to possibly interfere with GBMs. However, this assay was 

used for toxicity assessment after being searched for interferences, without finding any(83). As 

we explained in introduction, the GBM family is extremely wide and includes various materials: 

some conclusions concerning a specific GBM is not always applicable to the whole family. 
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Moreover, a proper study of endotoxin must be done in order to make sure that the toxicity impact 

is not linked to a possible contamination. Endotoxin study can be done with different assays for 

GBMs but a work from Mukherjee et al. pointed out that GBMs could interfere with some of 

these assays and proposed an assay based on macrophages that can be used for all GBMs(85).  

Overall, it is necessary to question the bias and interference problematic before using any kind of 

assay.  

Once the assay chosen, the final point to decide is the exposure concentration of the tested GBMs 

and the exposure time. The in vitro exposure concentrations can range from under 5 µg/mL to 

200 µg/mL. It would be difficult to settle on precise necessary exposure concentrations. However, 

it is crucial to test at least 3 different concentrations from 10 µg/mL to 100 µg/mL. It is the 

minimum required to have an insight of the possible dose-response relationship of the tested 

material(84). When assessing an endpoint, some studies did measure the toxic response for only 

one or two concentrations of GBMs, leaving many uncertainties, which might lead to wrong 

classification of toxicity. Exposure time depends on the tested endpoint. Some biological 

responses need up to 24 hours to be observed, such as RNA expression whereas some are very 

fast. For purposes of standardization, one should integrate at least a 24-hour exposure time to 

each assay, when it is relevant.  

The preparation of chosen nanoparticles is another essential step, especially for insoluble 

materials such as carbon-based particles. Considering dispersion and formation of protein corona 

is wise for any toxicity assessment and can help understanding the involved internalization 

mechanisms. Choosing the right dispersion protocol can be challenging. However, a method (72) 

can help ensuring a stable dispersion and a more efficient internalization of tested GBMs.   
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Lastly, the choice of GBMs to test is also critical. For example, the lateral size of the vast majority 

our GBMs database is under 2000 nm (Figure 34). Hence, we were not able to highlight valid 

structure-activity relationship for GBMs that have a lateral size above 2000 nm. Testing a wide 

range of GBMs would allow the scientific community to have an extensive insight of the 

relationship between a PCC and a biological endpoint.  

 

4.3. Suggestions for standardization of GBMs toxicity assessment  

Figure 7 introduces some recommendations for a relevant structure-activity study on GBMs. 

 

Figure 7 – GBMs’ toxicity assessment guideline. 

 

Starting the toxicity assessment of GBMs, one must keep in mind a few simple guidelines. 

Toxicity assessment must be done on the model which is considered as the most relevant possible 

depending on the context of the research as described above. The assays must be chosen carefully, 

and bias and interferences must be considered. The exposure time and concentrations must be as 

wide as possible: a good start would be to expose the model to GBMs at least 24 hours (if this is 
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in agreement with the biological endpoint) and at least 3 different concentrations between 10 

µg/mL and 100 µg/mL. Concerning physicochemical characterization, lateral size, size 

dispersion, specific surface area, thickness, surface oxidation and impurities should be assessed, 

in agreement with most regulatory guidelines (ISO 10808:2010). The characterization methods 

should also be chosen carefully (see Table 5), taking into account their feasibility and relevance. 

If possible, one should perform these characterizations on GBMs that are prepared with the same 

protocol than the ones used for toxicity assessment. 

Another important point for studying SARs is the variety of the chosen GBMs. The choice of the 

studied GBMs is critical to make sure our conclusions can be applied to the majority of the GBMs 

that might be used in the next years. We observed that the most studied GBMs are GO or FLGs, 

often measuring less than 1µm in lateral size (mean size of 900 nm for our database) and less 

than 5 nm in thickness (mean thickness of 3.4 nm for our database).  

These samples are obviously important. However, their representation in the toxicity studies 

might not be consistent with the reality of the incoming GBMs market.  When it comes to GBMs 

application, the electronic and thermal properties are particularly sought. RGOs, for example, 

show better electronic and thermal properties compared to GO (86). 

It might be time to consider studying GBMs considering their potential future impact on the 

global market and consider studying other GBMs such as RGOs or GNPs 

 

5. Conclusions 

This analysis aimed to provide an insight into the available literature exploring GBMs toxicity in 

2021 and attempted to spot potential relationships between GBMs PCCs and their toxicity. We 

extracted data from 93 papers, representing 185 GBMs. Some conclusions can be drawn: (i) we 
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highlighted that RGOs are often classified as low oxidant and low cytotoxic, (ii) GQDs are mainly 

classified as moderately or highly cytotoxic. However, these GBMs were not studied enough to 

enable us to spot any clear structure-activity relationships. Besides, the GOs and FLGs are the 

most studied GBMs and represent 80% of our database. (iii) For FLGs, we spotted a relationship 

between median size and oxidative stress, between lateral size and both cytotoxicity and oxidative 

stress and between thickness and cytotoxicity. (iv) For GOs, we spotted relationships between 

PCCs such as median size, lateral size and thickness and a biological endpoint: oxidative stress.  

Nevertheless, we were not able to highlight structure-activity relationships for most PCCs and 

biological endpoints. Overall, these conclusions do not allow us to provide specific enough 

relationship to suggest a model of safer-by-design GBM. It is very likely that we did not clearly 

show potential relationships due to the absence of standardization for toxicity assessment as well 

as an inadequate physicochemical characterization of GBMs. The exponential growth of demand 

for nanomaterials urges us to acquire and gather a large amount of toxicity data, which should 

lead us to consider scientific collaboration as the only way of achieving this tremendous work. 

When working, one must keep in mind that scientific colleagues might use their data to reach a 

next step in GBM’s toxicity assessment. Making our hard work as exploitable as possible by 

optimizing and standardizing our toxicity protocol is crucial.  

 

 

 

List of abbreviations 

(Q)SAR: Quantitative structure-activity relationship 

2D: 2 dimensions 



 38 

3D: 3 dimensions 

3R: Reduce, replace, refine 

AFM: Atomic force microscopy 

CCK-8: Cell Counting Kit-8 

DCFH-DA: Dichloro-dihydro-fluorescein diacetate 

DLS: Dynamic light scattering 

GBMs: Graphene-based materials 

GOs: Graphene Oxides 

GQDs: Graphene quantum dots 

IL-10 : Interleukin 10 

IL-1β: Interleukin 1β  

IL-6 : Interleukin 6 

LDH: Lactate dehydrogenase.  

MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

PCCs: Physicochemical characteristics 

PEG: Polyethylene glycol 

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

glycol)]) 

FLGs: Few-layer graphenes 

rGOs: Reduced graphene oxides 

RNA: Ribonucleic acid 

ROS: reactive oxygen species 

TEM: Transmission electron miscroscopy 
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TNF-α: Tumor necrosis factor alpha 
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Supplementary Information 

Figure S1: Attribution of toxicity score.  

The first step is to extract the data in the articles.  

We gather the available information on physicochemical characterization as well as the 

information on toxicity assays, as shown in the table below:  

We then consider the exposure dose that lead to a significant response, compared to the negative 

control (cells in cell culture media). The first dose leading to a significant response will be used 

to attribute a toxicity score to a GBM ranging from 0 to 5. The toxicity score will be then used to 

classify the GBM as highly, moderately or no/poorly toxic as shown in the following table:  

 

Example:  

 

Figure S1 - Attribution of toxicity score. 

 

In this example, we extracted the data from a paper describing 4 rGO.  

For rGO1: For viability measured by FDA incorporation, 1 hour or 24 hours of exposure of 

hMSCc cells to rGO1 caused a significant decrease of viability from a concentration of 1 µg/mL. 

Hence, for the endpoint of cytotoxicity measured after a short (≤12 hours) and a medium (24 

hours) exposure time, rGO1 will be attributed a score of 5, and classified as highly toxic. rG01 

causes indeed a toxic response even at a very low dose.  

For rGO4: When exposed to rGO4, hMSCc cells show a decrease of viability at the concentration 

of 100 µg/mL (for both short and medium exposure time). rGO4 toxicity score is then 2, and will 

be classified as moderately toxic: only a quite important dose will cause a toxic response. The 

Title Author DATE
GBM 

number

GBM 

type

Function

alization

4 rGO1 11 nm AFM 0,7 nm AFM O/C = 0,3 XPS 2 D/G RAMAN Viability C (µg/mL)

rGO2 90 nm 0,8 nm O/C = 0,3 2 FDA ex time  (h) 0,01 0,1 1 10 100 0,01 0,1 1 10 100 0,01 0,1 1 10 100 0,01 0,1 1 10 100

rGO3 418 nm 1,1 nm  O/C = 0,3 2 hMSCs 1 NS NS S S S NS NS NS S S NS NS NS NS S NS NS NS NS S

rGO4 3,1 µm 2,3 nm O/C = 0,5 2 24 NS NS S S S NS NS NS S S NS NS NS S S NS NS NS NS S

Prod ROS C (µg/mL)

DCFDA ex time  (h) 0,01 0,1 1 10 100 0,01 0,1 1 10 100 0,01 0,1 1 10 100 0,01 0,1 1 10 100

hMSCs 24 NS NS NS S S NS NS NS S S NS NS NS S S NS NS NS NS S

DNA fragm C (µg/mL)

Comete ex time(h) 0,01 0,1 1 10 100 0,01 0,1 1 10 100 0,01 0,1 1 10 100 0,01 0,1 1 10 100

hMSCs 1 NS S S S S NS NS S S S NS NS NS NS S NS NS NS NS S

CHRS aberations C (µg/mL)

ex time  (h) 0,01 0,1 1 10 100 0,01 0,1 1 10 100 0,01 0,1 1 10 100 0,01 0,1 1 10 100

hMSCs 1 NS S S S S NS NS S S S NS NS NS NS NS NS NS NS NS NS

rGO 4

Lateral Size Thickness Oxidation
Surface 

defects

rGO 4

rGO 1 rGO 2 rGO 3 rGO 4

rGO 1 rGO 2 rGO 3 rGO 4

Size-

dependent 

genotoxicit

y of 

graphene 

nanoplatele

ts in human 

stem cells

Akhavan 

O, 

Ghaderi 

E, 

Akhavan 

A.

2012

rGO 1 rGO 2 rGO 3

rGO 1 rGO 2 rGO 3
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score is time specific and endpoint specific. In this example, rGO1, rGO2, rGO3 and rGO4 will 

be given a score (leading to a toxicity classification) for:  

 Cytotoxicity  

o Measured at short exposure time (≤12 hours) 

o Measured at medium exposure time (24 hours) 

 Oxidative stress  

o Measured at medium exposure time (24 hours) 

 Genotoxicity  

o Measured at medium exposure time (24 hours) 
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Figure S2: 2D graphs that do not highlight an obvious structure-activity relationship– 

Please note that for these graphs, the color has no signification 

 

A. Lateral size and cytotoxicity  

 

Figure S2-A: Lateral Size and Cytotoxicity 

 

 

B. Median size and cytotoxicity 

 

Figure S2-B: Median Size and Cytotoxicity 

0

500

1000

1500

2000

2500

3000

3500

1 2 3

La
te

ra
l s

iz
e 

(n
m

)

Cytotoxicity (≤12h)

0

2000

4000

6000

8000

10000

12000

1 2 3

La
te

ra
l s

iz
e 

(n
m

)

Cytotoxicity (24h)

0

2000

4000

6000

8000

10000

12000

1 2 3
La

te
ra

l s
iz

e 
(n

m
)

Cytotoxicity (≥48h)

0

100

200

300

400

500

600

700

800

1 2 3

M
ed

ia
n

 s
iz

e 
(n

m
)

Cytotoxicity (≤12h)

0

200

400

600

800

1000

1200

1 2 3

M
ed

ia
n

 s
iz

e 
(n

m
)

Cytotoxicity (24h)

0

200

400

600

800

1000

1200

1400

1600

1800

2000

1 1,5 2 2,5 3

M
ed

ia
n

 s
iz

e 
(n

m
)

Cytotoxicity (≥48h)

No/Low Toxicity        Moderate Toxicity        High Toxicity No/Low Toxicity        Moderate Toxicity        High Toxicity No/Low Toxicity        Moderate Toxicity        High Toxicity 

No/Low Toxicity        Moderate Toxicity        High Toxicity No/Low Toxicity        Moderate Toxicity        High Toxicity No/Low Toxicity        Moderate Toxicity        High Toxicity 



 54 

C. Thickness and cytotoxicity 

 

Figure S2-C: Thickness and Cytotoxicity 

 

 

D. Oxidation state and cytotoxicity 

 

Figure S2-D: Oxidation state and cytotoxicity 
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E. Oxidative stress and lateral size 

 

Figure S2-E: Lateral size and oxidative stress 

 

 

 

F. Oxidative stress and median size 

 

 

   Figure S2-F: Median size and oxidative stress 
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G. Oxidative stress and thickness 

 

Figure S2-G: Thickness and oxidative stress 

 

 

H. Oxidative stress and oxidation state 
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Figure S2-H: Oxidation state and oxidative stress 

 

I. Oxidative stress and surface defects (ID/IG) 

 

Figure S2-I: Surface defects and oxidative stress 
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Figure S3: Assays used for major endpoints in in vitro studies 
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