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Environmental significance

Toxicity of graphene and its surface functionalized derivatives is closely relevant to their 

ability of reactive oxygen species (ROS) production. Understanding the mechanisms of ROS 

generation induced by graphene materials is valuable for evaluating their toxicity and 

potential environmental risks. This study determined the photogenerated ROS and oxidative 

stress induced by graphene nanomaterials. The photochemical pathways of ROS production 

were identified by conducting density functional theory (DFT) calculation. By comparing the 

biological redox potential and the lowest occupied molecular orbital values of the substances, 

u-G and G-COOH were predicted to have the potential of inducing oxidative stress. This 

prediction was validated in Daphnia magna by detecting the levels of oxidative stress 

biomarkers. By coupling experimental observations with the theoretically predictions, the 

predictive toxicological paradigm provides mechanistic insight to understand the 

photochemical activity and toxicity of graphene nanomaterials. It is of considerable 

significance for regulatory decision-making about carbon nanomaterials.
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ABSTRACT: Graphene can be modified by different functional groups through various 

transformation processes in the environment. Toxicological activity of graphene is closely 

relevant to its ability of reactive oxygen species (ROS) production, which can be altered by 

the surface modification. Herein, unfunctionalized graphene (u-G), carboxylated graphene 

(G-COOH) and aminated graphene (G-NH2) were selected to determine their ability of 

photogenerating ROS in aqueous phase. Oxidative stress (ROS concentration and superoxide 

dismutase activity) in Daphnia magna under the simulated sunlight radiation induced by the 

materials were also investigated. Based on density functional theory (DFT) calculation, the 

photochemical pathways of ROS production were identified. G-COOH and G-NH2 produced 

singlet oxygen in aqueous phase by mediating energy transfer. G-COOH, G-NH2 and u-G 

generated superoxide anion and further produced hydroxyl radicals by inducing electron 

transfer. By comparing the biological redox potential and the lowest occupied molecular 

orbitals values (ELUMO) of the substances, u-G and G-COOH were identified to have the 

potential of inducing oxidative stress. The predictive result was validated by the significant 

increase of oxidative stress biomarkers in Daphnia magna. By coupling experimental 

observations with the theoretically predictions, the present results provide mechanistic insight 

to understand the photochemical activity and toxicity of graphene and its surface 

functionalized derivatives.

Keywords: graphene, surface functionalization, reactive oxygen species, oxidative stress, 

Daphnia magna, Density Functional Theory (DFT)
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1. Introduction

Among the numerous unique properties of carbon nanomaterials, their ability of 

photogenerating reactive oxygen species (ROS) has raised increasing interest in the fields of 

biomedicine and environmental engineering[1-2]. The application of carbon nanomaterials has 

increased their release into the environment, where they may pose the potential hazardous to 

ecological systems[3-4]. Previous studies reported that oxidative stress induced by ROS 

generation is one of the responsible mechanisms for the toxic effect of carbon 

nanomaterials[5]. Different kinds of ROS including superoxide anion (O2
•-), hydroxyl radical 

(•OH) and singlet oxygen (1O2)[7] result in different toxic effects. •OH is a strong and 

nonselective oxidant that can damage organic biomolecules, including lipids, proteins, DNA. 

1O2 is the main mediator of photocytoxicity and can irreversibly damage the treated tissues, 

causing biomembrane oxidation and degradation[8-10]. Although O2
•- is not a strong oxidant, as 

a precursor for •OH and 1O2, O2
•-also has significant biological implications. To evaluate their 

industrial applications and toxic effects, it is important to reveal the pathways of ROS 

production by carbon nanomaterials.

As an important branch of carbon nanomaterials, graphene can be modified by functional 

groups (e.g., -COOH, -NH2) through a series of transformation processes after being released 

into the environment[11]. The surface functional groups of carbon nanomaterials may affect the 

types and levels of the ROS production. Indeed, both fullerene and fullerenol suspensions 

could transfer electron to produce O2
•- under irradiation, but fullerenol showed a significant 

higher production efficiency of O2
•- than fullerene[12]. The steady state concentration of 1O2 

induced by carboxylated single-walled carbon nanotubes (SWNT-COOH) was higher than 

that by SWNT with polyethylene glycol functionalized (SWNT-PEG), but the steady state 

concentration of •OH induced by SWNT-COOH was less than that by SWNT-PEG[13]. Recent 

study demonstrated that graphene oxide has the ability to generate O2
•- under UV-A, but has 
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no ability to generate •OH and 1O2 under the same condition[14]. However, the influence of 

different kinds of surface functional groups (e.g., -COOH, -NH2) on the ROS generation are 

not fully revealed for graphene nanomaterials.

 Previous studies have explored a possible explanation of how specific kinds of ROS can be 

generated from irradiated metal oxide nanoparticle in aqueous phase by using the band energy 

levels[17,18]. In addition, Nel et al. found that the overlap of conduction band energy levels 

with the biological redox potential (-4.12 to -4.84 eV) was strongly correlated to the ability of 

selected metal oxide nanoparticles to induce the ROS production and oxidative stress[19]. To 

our knowledge, the approach based on band energy levels has not been utilized to illuminate 

the ROS generation and oxidative stress for graphene nanomaterials. 

In this study, we performed a combined theoretical calculation and experimental study to 

explore the levels and pathways of ROS generation in aqueous phase and oxidative stress in 

Daphnia magna photoinduced by three representative graphene nanomaterials, i.e., 

unfunctionalized graphene (u-G), carboxylated graphene (G-COOH), and aminated graphene 

(G-NH2). The types and levels of photoinduced ROS were determined using Electron 

Paramagnetic Resonance (EPR) spectroscopy and molecular probes methods, respectively. 

Based on density functional theory (DFT) to calculate energy of frontier molecular orbitals 

(the highest occupied molecular orbitals values (EHOMO) and the lowest occupied molecular 

orbitals values (ELUMO)), the photochemical pathways of ROS production were identified. The 

experimentally measured ROS level and activity of superoxide dismutase (SOD) in Daphnia 

magna confirmed that oxidative stress potential at whole animal levels can be predicted by 

comparing ELUMO of graphene nanomaterials with the biological redox potential (-4.12 to 

-4.84 eV).

2. Materials and methods

Page 5 of 27 Environmental Science: Nano

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



5

2.1 Materials. G-COOH, G-NH2 and u-G were purchased from Nanjing XFNANO Materials 

Technology Company (China). The ratio of O/C in G-COOH and the ratio of N/C in G-NH2 

was 0.655 and 0.162, respectively. Furfural alcohol (FFA, 98%), 

2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide (XTT, 90%), 

p-chlorobenzoic acid (pCBA, 99%), sodium dodecyl sulfate (SDS, 98%), 

2,2,6,6-Tetramethylpiperidine (TEMP, 95%), 5,5-Dimethyl-1-pyrroline-N-oxide (DMPO, 

90%), 2’,7’-dichlorfluorescein-diacetate (DCFH-DA) and methanol were obtained from 

Sigma-Aldrich. Ultrapure water (>18 MΩ*cm) was purified from a Milli-Q Water 

Purification System (Millipore, Billerica, MA). Other reagents (purity > 99.0%) were 

purchased from Kermel Chemical Reagent Company (China).

2.2 Preparation of graphene suspensions and characterization. G-COOH suspension was 

prepared using ultrapure water by sonication under Ultrasonic cell crusher (JY92-2D, Lanzhi, 

China) at 400 W (intermittent ultrasound 10 s) for 2 h. Due to G-NH2 and u-G were well 

dispersed at a lower SDS concentration (0.05% w/v, below the critical micelle concentration, 

c.m.c.), these graphene nanomaterials suspension were prepared using SDS solution (0.05% 

w/v). After standing the suspensions for 24 h, supernatants were collected as stock solutions 

and stored in brown glass bottle under dark at room temperature. A total organic carbon 

(TOC, Multi N/C 2100S, Analytikjena, Germany) was used to analyze stock solution 

concentrations.

Particle size distributions (PSDs) and zeta potentials of the G-COOH, G-NH2 and u-G 

suspensions were determined by dynamic light scattering using a Malvern particle size 

analyzer (Nano-ZS90, Worcestershire, UK). The morphology and thickness of the particles 

were observed by Atomic microscope mechanics (AFM; PicoScan2500, Molecular Imaging, 

America). Fourier infrared spectroscopy characterization (FI-IR; EQUINOX55, Bruker, 

America) and Raman spectra (DRX, Therno Fisher Scientific, America) were used to analyze 
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surface functional groups (including -COOH and -NH2) and the degree of surface defects of 

G-COOH, G-NH2 and u-G, respectively (Figure S1-S2). The absorption peaks of sample 

solutions were characterized by a UV-vis spectrophotometer (UV2900, Hitachi, Japan). The 

redox potential of samples was measured cyclic voltammetry (PISO-813, Taiwan).

2.3 Irradiation. The irradiation experiments in aqueous phase were performed with a 

Rayonet merry-go-round photochemical reactor (XPA, Xujiang, China) with quartz tubes 

containing the reaction solutions. A 500 W medium-pressure mercury lamp surrounded by 

290 nm cut-off filters was used as the light source. The emission spectrum of mercury lamp 

with wavelength scanned from 290-600 nm was displayed in Figure S3a. G-COOH, G-NH2 

and u-G stock solutions were buffered to pH = 7.4 by adding appropriated phosphate buffers 

(e.g. KH2PO4, K2HPO4). Irradiation and control experiments were performed in triplicate and 

dark control were wrapped with aluminum foil. The change for functional groups and the 

defects degree of G-COOH, G-NH2 and u-G after 5 h irradiation were characterized by FI-IR 

and Raman spectra analysis. The bioassay experiments were performed under simulated 

sunlight irradiation. The light source is four UV-A and four flourescent lamps. The spectrum 

of the simulated sunlight irradiation was provided in Figure S3b. 

2.4 EPR detection of 1O2 and •OH. ROS production was qualitatively determined by using 

Electron Paramagnetic Resonance Spectroscopy (EPR; A200, Bruker, Germany) under the 

following conditions: center field of 3360.00 G, microwave power of 16.77 mW, modulation 

frequency of 100.00 kHz, modulation amplitude of 2 G. TEMP and DMPO were used as 

spin-trapping agent for 1O2 and •OH detection, respectively[9, 20]. Solutions containing 15 

mgC/L G-COOH, G-NH2 and u-G placed in quartz tubes were irradiated by 500 W mercury 

lamp with 290 nm cut-off filters for 5-20 min (i.e., not beyond 30 min to avoid the excessive 

degradation of TEMP[21]). After irradiation, the solutions in quartz glass tube were 

immediately transferred to EPR analysis. The EPR signal of TEMPO (i.e., 1O2 adduct with 
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TEMP) and DMPO-OOH adducts (i.e., •OH adduct with DMPO) were observed to indicate 

the production of 1O2 and •OH.

2.5 ROS measurements. The concentrations of photogenerated ROS by G-COOH, G-NH2 

and u-G suspensions were quantitatively detected by molecular probe assays. Through 

detecting the photodegradation rate of FFA and pCBA, the 1O2 and •OH production were 

determined, respectively[22-23]. The loss concentration of FFA and pCBA were measured by 

HPLC (Agilent 1260, USA) with the UV/Vis detector set at 237 nm and 230 nm, respectively. 

The generation of O2
•- was monitored by the formation of XTT-formazan at the initial 

concentration of 0.1 mM XTT, which was detected using a UV-vis spectrophotometer with an 

adsorption peak at 470 nm[6]. 

2.6 Model organism. Daphnia magna were cultured in our laboratory maintained in an 

artificial climate incubator with a photoperiod of 16 h and 8 h (light/dark) and a temperature 

of 20 ± 1°C. Daphnia magna were kept in glass beakers and fed with a suspension of 

Chlorella pyrenoidesa once a day. All exposure experiments were carried out in test medium 

(CaCl2•2H2O 294 mg/L, MgSO4•7H2O 23.3 mg/L, NaHCO3 64.8 mg/L, KCL 5.8 mg/L, pH 

7.8±0.2 and) that was aerated for three days.

2.7 Determination of oxidative stress markers in Daphnia magna. DCFH-DA was used to 

determine the amount of ROS in Daphnia magna[24]. Daphnia magna were exposed to 

graphene and its surface functionalized derivatives suspensions (2 mgC/L) under dark 

condition for 2 h, and then irradiated for 40 min. After exposure, 3 Daphnia magna were 

transferred to a 24-well cluster plate. The remaining water was aspirated off before addition of 

20 mM DCFH-DA to each well in the cluster plate. Fluorescence was measured after 5 h of 

dark incubation with DCFH-DA by using Microplate Reader (200 pro, Tecan Trading, 

Germany) at 485 and 520 nm wavelength for excitation and emission. The levels of SOD 

were determined using assay kits according to their instructions. Because the formation of 
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superoxide could inhibit the transformation of hydroxylamine to nitrite, the SOD activity was 

measured with a spectrophotometer (UV2900, Hitachi, Japan) at 550 nm[25]. One unit of SOD 

was defined as the amount of enzyme required to produce a 50% inhibition in this reaction 

system. The activity of SOD was expressed as units per milligrams of protein (U/mg protein).

2.8 Theoretical calculation. A 28-ring structure model consisting of 78 C atoms and 24 H 

atoms (Table S1) was selected for simulating the graphene sheet, in which the end atoms were 

saturated with hydrogen atoms to reduce boundary effects[26]. The optimized C=C distances in 

the structure model of u-G were within the standard bond length of 1.42 Å, in excellent 

agreement with previously reported graphene[27]. It was also reported that carboxyl groups 

were mainly appeared at the edges of graphene[28-29]. Thus, carboxyl and amine groups were 

also considered to be on the edges of graphene in this study. According to the ratio of O/C in 

G-COOH and N/C in G-NH2, the numbers of functional groups on the surface were calculated 

to be approximately 6 for both -COOH and -NH2. The possible structure models of G-COOH 

and G-NH2 were constructed under Material Studio 6.1 and were shown in Figure S7. 

Geometry optimization and frontier molecular orbital energy analysis were performed in 

water at the B3LYP level with the 3-21G basis set[30] using the Gaussian 09 (D.01) simulation 

package[30-32]. The computed EHOMO/LUMO values of graphene using B3LYP level with the 

3-21G basis set have been proven to be in excellent agreement with experimental results[30]. 

Integral equation form polarizable continuum model (IEFPCM) was used to simulate the 

solvent effect of the water[33].

2.9 Statistical analysis. Data were represented as the mean ± standard. Significant differences 

were determined by ANOVA with a 95% confidence interval (p < 0.05). Statistical analyses 

of data were performed using SPSS Statistics 22.0. 

3. Results and discussion
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3.1 Characterization of G-COOH, G-NH2 and u-G colloidal dispersions before and after 

irradiation. As shown in Figure 1a, G-COOH, G-NH2 and u-G suspensions exhibited well 

dispersion after 2 weeks laying at room temperature. The intensity-averaged PSDs of 

G-COOH, G-NH2 and u-G dispersed in water were 383.5, 490.7 and 792.5 nm, respectively. 

The zeta potentials for G-COOH, G-NH2 and u-G suspensions were -31.4, -42.1 and -37.5 

mV, respectively, which implied that the suspensions had a good stability[34]. Different 

characteristic absorption peaks in the range 200-330 nm were found for G-COOH, G-NH2 and 

u-G (Figure 1b), suggesting that mercury lamp light wavelength above 290 nm could be 

absorbed by the nanomaterials. AFM images of G-COOH, G-NH2 and u-G were shown in 

Figure 1c, d, e, which indicated that the thicknesses of G-COOH and G-NH2 were roughly 1.2 

nm consistent with the around 1.0 nm thickness reported for single-layer graphene[35], while 

the thickness of u-G was roughly 2-3 nm for multi-layers distributed.

200 300 400 500 600
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

n-π*

A
bs

or
ba

nc
e

Wavelength/nm

 u-G
 G-COOH
 G-NH2

(b)

π-π*

Figure 1. Characterizations of G-COOH, G-NH2 and u-G: (a) dispersion solutions after 2 

weeks laying at room temperature; (b) absorption spectrums and (c, d, e) AFM images of 

G-COOH, G-NH2 and u-G. 

FT-IR was used to characterize surface chemistry of G-COOH, G-NH2 or u-G before and 

(a)
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after 5 h irradiation (Figure S1). Before irradiation, the peaks at 3000-3400 cm-1 were 

assigned to O-H and N-H bands, which represented two kinds of surface modification groups. 

After 5 h treatments, there still existed O-H and N-H peaks at 3000-3400 cm-1, but the peaks 

at 3000 cm-1 belong to C-H bands was appeared, which suggested that defects appeared on the 

surface of graphene for G-COOH and G-NH2
[12]. Moreover, the C=O peaks (1730 cm-1) in the 

spectra of G-COOH became weaker (Figure S1b) after 5h light exposure, implying that 

oxygen functional groups were slightly decreased during irradiation[36].

The changes in surface structure of G-COOH, G-NH2 and u-G after irradiation (0 h, 2 h and 

6 h) were measured by Raman spectrum (Figure S2). The two distinct bands located at ~1360 

and ~1580 cm-1 were corresponding to the D-band (defects or amorphous carbon) and G-band 

(well-ordered sp2 carbon), respectively[36-37]. Hence, the intensity ratio of ID/IG was used to 

evaluate the degree of defects or functionalization. The variation ratio of ID/IG for G-COOH 

and G-NH2 after 6 h irradiation was 6.8% and 7%, respectively. Previous studies found that 

the ID/IG variation of MWNTs-COOH was more than 30% under 48 h irradiation due to the 

degradation of carboxyl groups on the surface[38]. The ID/IG variations for G-COOH and 

G-NH2 were lower than 10% during 6 h irradiation, suggesting that the change of surface 

functional groups were negligible under irradiation. However, the Raman spectrum of pristine 

graphite displayed a only prominent G peak at 1582 cm-1[39], and the ratio of ID/IG for u-G 

before irradiation was 1.021, indicating that the defects existed on the surface.

3.2 EPR detection of ROS. As shown in Figure 2, there were three evident characteristic 

peaks of TEMPO (adduct of 1O2 with TEMP) with the coexistence of TEMP with G-COOH 

(irradiation 0-10 min) or G-NH2, u-G, SDS (irradiation 20 min). In the dark controls, there 

were no EPR signals (Figure S4). But there was no significant difference in the signal 

intensity of TEMPO between u-G suspensions containing SDS (0.05% w/v) and SDS 
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solutions (0.05% w/v) under same irradiation time (Figure 2c, d). These results indicated that 

u-G has no ability to photogenerate 1O2 and graphene modified by amino functional groups or 

carboxyl groups can photogenerate 1O2, which the production rate of 1O2 by G-COOH was 

much faster than that by G-NH2. By the DFT calculations, previous study suggested that 

carboxyl functionalization on carbon nanotubes increased the active sites[40]. These ‘‘active 

sites’’ disrupted aromaticity, and increased photochemical reactivity compared to 

unfunctionalized nanotubes[41].

3330 3340 3350 3360 3370 3380

10 min

5 min

In
te

rs
it

y 
(A

rb
. U

ni
t)

Magnetic Field (G)

G-COOH in water 0 min

(a)

3330 3340 3350 3360 3370 3380

0 min

10 min

Magnetic Field (G)

G-NH2 in SDS solutions

20 min

(b)

3330 3340 3350 3360 3370 3380

0 min

10 min

Magnetic Field (G)

u-G in SDS solutions

20 min

(c)

3330 3340 3350 3360 3370 3380

0 min

10 min

Magnetic Field (G)

only SDS solution

20 min

(d)

Figure 2. EPR spectrum of TEMP (50 mM) adduct with 1O2 production in the G-COOH, 

G-NH2 and u-G aqueous suspensions (15 mgC/L) and SDS solution (0.05% w/v).

In the case of •OH, the characteristic quartet peaks with 1:2:2:1 were observed by EPR 

detection of •OH spin adduct (DMPO/•OH)[42]. The characteristic peak of DMPO-OOH 

adducts in G-COOH, G-NH2 and u-G suspensions were measured with or without irradiation. 

As the results, no significant signal of DMPO-OOH in G-COOH, G-NH2 and u-G 

suspensions was observed in the dark (Figure S4), but there were obvious four characteristic 

peaks for •OH production under irradiation (Figure 3a, b, c). Similar to photochemical 

generation of 1O2, the production rate of •OH by G-COOH was much faster than that by 

G-NH2 and u-G. The signal of DMPO presented at 20 min irradiation in the G-NH2 and u-G 
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suspensions and the SDS solutions (0.05% w/v) followed the orders: G-NH2 > SDS > u-G 

(Figure 3b, c, d). The results suggested that (1) G-NH2 had an ability to produce •OH. (2) 

SDS had little photochemical activity to generate •OH. (3) u-G had no ability of •OH 

production.

3330 3340 3350 3360 3370 3380

10 min

5 min

In
te

rs
ity

 (A
rb

. U
ni

t)

Magnertic Field (G)

G-COOH in water 0 min

(a)

3330 3340 3350 3360 3370 3380

0 min

10 min

Magnetic Field (G)

G-NH2 in SDS solutions

20 min

(b)

3330 3340 3350 3360 3370 3380

Magnetic Field (G)

(c)

0 min

10 min

u-G in SDS solutions

20 min

3330 3340 3350 3360 3370 3380

20 min

10 min

Magertic Field (G)

only SDS  solution 0 min

(d)

Figure 3. EPR spectrum of DMPO (30 mM) adduct with •OH production in the G-COOH, 

G-NH2 and u-G aqueous suspensions (15 mgC/L), and SDS solution (0.05% w/v). 

3.3 Kinetics of ROS generation. To quantitatively reveal the production of individual 

ROS, molecular probe assays were used to determine the photogenerated concentrations of 

1O2, •OH and O2
•- in G-COOH, G-NH2 and u-G aqueous suspensions with or without 

irradiation. Figure 4a shows the loss concentration of FFA as a function of reaction time in an 

aqueous suspension of G-COOH, G-NH2 and u-G. No measurable FFA decay was observed 

in G-COOH, G-NH2 and u-G suspensions at the dark conditions, but FFA concentration in 

both G-COOH and G-NH2 suspensions decreased significantly with extended irradiation time 

(0-5 h). The degradation rate of FFA in G-COOH was much greater than that in G-NH2 during 

5 h irradiation, and the pseudo-steady-state concentration of 1O2 ([1O2]ss) in G-COOH was 

approximately 2.6 and 2.2 times greater than that in G-NH2 at 15 and 25 mgC/L, respectively 
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(Table 1), indicating G-COOH had higher photosensitized capacity for 1O2 production than 

G-NH2. This is related to that n→π* transitions of C=O bonds on the surface of G-COOH 

(Figure 1 b), which contributes to transfer energy to oxygen molecule under the light expose. 

The [1O2]ss induced by 5 mgC/L G-COOH (3.9×10-14 M) in this study was roughly 1.2 times 

higher than previous reported for 5 mg/L SWNTs-COOH (3.3×10-14 M) exposed to a 

UVA-365 nm for 69 h[41]. The result suggested that G-COOH was more likely to transfer 

energy to produce higher concentrations of 1O2 compared with SWCNTs-COOH, because of 

the larger specific surface area of graphene layers for light adsorption and O2 exposure. In this 

study, the ability of G-NH2 to photogenerate 1O2 is also reported for the first time. Moreover, 

it was consistent with our EPR result that no obvious FFA decay was occurred in the u-G 

suspensions and the SDS solutions (0.05% w/v), which indicated that u-G and SDS had no 

significant 1O2 production.
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Figure 4. (a) 1O2 generation kinetics indicated by the degradation of 0.2 mM FFA under 

lamp light, (b) •OH generation kinetics indicated by the degradation of 2 µM p-CBA under 

lamp light, and (c-f) XTT formation indicating O2
•- production by XTT (0.1 mM) under lamp 

light.

The absorbance of XTT formation was monitored at 470 nm absorption peak in order to 

quantitatively testing the formation of O2
•-. In the dark, there was no significant change on the 

absorbance at 470 nm in G-COOH, G-NH2 and u-G suspensions (Figure 4c), which showed 

no measurable O2
•- production. However, the absorbance of XTT formation increased rapidly 

in G-COOH suspension during 5 h irradiation (Figure 4d), which indicated that the generation 

of O2
•- was promoted by irradiation. Meanwhile, the concentration of O2

•- generation followed 

the decreasing order: G-COOH > G-NH2 > u-G (Figure 4d, e and f). Besides, it is also worth 

mentioning that no measurable amount of O2
•- production was detected in SDS (0.05% w/v) 

(Figure S5), which indicated that the potential impact of SDS on O2
•- generation was 

negligible for the quantitative detection. 

The loss concentration of pCBA in an aqueous suspension of G-COOH, G-NH2 and u-G 

was determined for indicating •OH production. In the dark, no measurable pCBA decay were 

occurred, but pCBA concentration in G-COOH and G-NH2 decreased significantly 28% and 
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30% after 5 h irradiation, respectively (Figure 4b), indicating that irradiation had a beneficial 

effect to •OH production. Moreover, the pseudo-steady-state concentrations of •OH ([•OH]ss) 

in G-NH2 suspensions was 1.4-fold, 1.2-fold and 1.1-fold more than that in G-COOH at 5, 15 

and 25 mgC/L, respectively (Table 1). No obvious pCBA decay was occurred in both u-G 

suspensions and SDS (0.05% w/v), which indicated that u-G and SDS had no significant •OH 

production. 

Carbon nanomaterials i.e., functionalized CNTs and C60 were reported to be excited to form 

the electron-hole pairs through light absorption[14, 19, 41, 43]. The electrons can be transferred to 

molecular oxygen to O2
•- production and the holes can react with water or hydroxyl ions to 

form •OH[16, 19, 41]. As reported by previous studies[16, 41], •OH may be produced by the 

reaction equations (1-2): 

                           (1)22
-

2 OHeH2O  

                        (2)OHOHeHOH 222  

The ability of O2
•- and •OH generation depends on the electron-donation capacity of carbon 

nanomaterials. In order to compare electron-donation capacity of graphene and its surface 

functionalized derivatives, we determined reduction potential of G-COOH, G-NH2 and u-G 

by cyclic voltammetry (Figure S6)[30]. As a results, the reduction potential of G-NH2, 

G-COOH and u-G was -0.65, -0.55 and -0.45 V, respectively. Thus, [•OH]ss by G-COOH and 

G-NH2 in decreasing order followed this trend: G-NH2 > G-COOH. However, the ability of 

O2
•- generation followed the decreasing order: G-COOH > G-NH2. It is likely to be that 

G-COOH shows a significant higher production efficiency of O2
•- than G-NH2, and 1O2 in 

solutions tends to produce O2
•-[45].
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Table 1. Molar Concentrations of ROS Generated and Possible Pathways for Individual ROS 

Production by the Aqueous Suspensions of G-COOH, G-NH2 and u-G under Irradiation.

Orbital energies 

calculated by DFT b
Sample Dose

(mg
C/L)

1O2
(×10-13 M)

•OH
(×10-14 M)

ELUMO 

(eV)

EHOMO 

(eV)

Possible pathways and 

Standards (eV) e

5 0.39±0.01 0.11±0.02
15 1.47±0.02 0.26±0.02

G-CO

OH 25 2.77±0.07 0.41±0.01 -3.60 ~ 

-4.28 c
-4.44~

-5.12 c

* 3 1
2 2A O A+ O 

Eg > 0.97 [44-46]

5 N.D. a 0.15±0.04
15 0.57±0.03 0.31±0.03

G-NH2

25 1.26±0.06 0.47±0.09 -2.94 ~ 

-3.80 c
-4.09~

-4.61 c

-
22

* OAOA  

ELUMO > -4.30 [47-48]

5 N.D. a N.D. a
15 N.D. a N.D. a

u-G

25 N.D. a N.D. a -3.85 

( -4.10 d)

-4.10 

(-4.37 d)

OHAOHA -
red2ox 

EHOMO < -6.70 [48-48]

a N.D. means no detectable ROS production. b DFT calculation was performed at the 
B3LYP/3-21G (d,p) level. c For G-COOH and G-NH2, the possible 6 configurations were 
considered in the calculation of frontier molecular orbital energies. The detailed calculation 
results please see Figure S7 in the supporting information and the range of ELUMO and EHOMO 
for the 6 configurations is listed in here. d The ELUMO (-4.10) and EHOMO (-4.37) values were 
for graphene with defect (Table S3). e A and A* represent carbon nanoparticles and the 
excited state of carbon nanoparticles, respectively. 

3.4 Oxidative stress markers in Daphnia magna. ELUMO was determined by the onsets of 

reduction peaks in cyclic voltammetry curve, which were -4.17, -4.04 and -4.39 eV for 

G-COOH, G-NH2 and u-G, respectively (Figure S6). Based on the overlaps between 

biological redox potential (-4.12 to -4.84 eV) and ELUMO of graphene nanomaterial, u-G and 

G-COOH were predicted to have the potential of inducing oxidative stress. To validate the 

reliability of the prediction method, we measured the changes of oxidative stress markers 

(ROS and SOD) in Daphnia magna photoinduced by the graphene nanomaterials. As shown 

in Figure 5a, ROS levels in Daphnia magna were significantly increased by G-COOH and 
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u-G during 40 min irradiation. The ROS level in Daphnia magna induced by u-G was higher 

than that induced by G-COOH. However G-NH2 did not affect the ROS level in Daphnia 

magna during the whole exposure process. 

In order to further quantify oxidative stress, SOD activity in Daphnia magna were 

determined. After 20 min irradiation, u-G and G-COOH induced significant increases in SOD 

activities in Daphnia magna (Figure 5b). To avoid oxidative damage caused by excessive 

ROS induced by u-G and G-COOH, the activity of SOD in Daphnia magna increased to 

eliminate excessive ROS. However, similar to the ROS results, G-NH2 did not affect the SOD 

activity in Daphnia magna during the whole exposure process, which indicated that G-NH2 

did not cause oxidative stress on Daphnia magna. The above experimental results strongly 

demonstrated that it is reliable to predict the oxidative stress potential at whole animal levels 

by the overlap of conduction ELUMO levels of graphene nanomaterials with the biological 

redox potential (-4.12 to -4.84 eV). As far as we know, this is the first attempt to reliably 

predict the oxidative stress potential for graphene and its surface functionalized derivatives in 

Daphnia magna. 
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Figure 5. Changes of oxidative stress markers in Daphnia magna induced by graphene and its 

surface functionalized derivatives with different irradiation time (“*” indicates significant 

differences (p < 0.05) between the treatment and the control samples). (a) ROS Level; (b) 

SOD activity.
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3.5 Mechanism for ROS generation. EHOMO and ELUMO of G-COOH and G-NH2 for six 

configurations are shown in Figure S7, and the four configurations for u-G with defect are 

shown in Table S3. By comparing the redox potentials of the individual ROS with the frontier 

molecular orbital energies of graphene and its functional derivatives, we analyzed the 

potential reaction pathways of ROS (1O2, O2
•- and •OH) production. 

The lowest ELUMO values calculated by DFT methods for both G-COOH (-4.28 eV) and 

G-NH2 (-3.80 eV) are close to the experimental results, suggesting that DFT calculation is 

adequate for the current study. For u-G, the ELUMO (-3.85 eV) calculated by DFT method was 

obviously different with experimental value, suggesting the existence of defect on the surface. 

Considering surface defects, we also tried to calculate ELUMO of u-G with defects, and found 

that the lowest ELUMO calculated (-4.10 eV, Table S3) are close to the experimental value by 

cyclic voltammetry.

The generation of 1O2 was driven by photo excitation, the nanoparticles with 

HOMO-LUMO gap energy (Eg = EHOMO-ELUMO) larger than excitation energy of O2 

(approximately 0.97 eV, Table 1) can be induced to 1O2 generation[44-45]. The calculated Eg of 

u-G was much less than 0.97 eV. Thus, u-G suspensions could not be photoinduced to 

produce 1O2. However, the Eg were 1.74, 1.46, 1.22 eV for three configurations of G-COOH, 

i.e., G-(COOH)6-g3, G-(COOH)6-g4, G-(COOH)6-g6, respectively (Figure S7). And the Eg 

were 1.31, 1.65, 1.11 eV for three configurations of G-NH2, i.e., G-(NH2)6-g3, G-(NH2)6-g4, 

G-(NH2)6-g6, respectively (Figure S7). This indicates that G-COOH and G-NH2 with one 

functional group at the β-site of zigzag edge (Table S2) could mediate absorbed energy to 

oxygen and photochemical produced 1O2, which agrees with the experimental observations as 

shown in Figure 4a. In contrast, the Eg of remaining conformations of G-COOH and G-NH2 

were much less than the excitation energy of O2 (Figure S7), indicating that they have no 

ability to photochemical product 1O2.
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As shown in Figure 6a, ELUMO of the potential conformations was larger than the redox 

potentials of O2/O2
•- (-4.30 eV) for G-COOH, G-NH2 and u-G, implying these nanoparticles 

could donate electrons to O2 for the formation of O2
•-. It was in good agreement with the 

experimental results as shown in Figure 4c. Interestingly, the ELUMO values of six 

configurations for G-COOH were less than the corresponding for G-NH2 (Figure 6a), which is 

in consistent with our experimental results that the reduction capacity of G-NH2 was larger 

than G-COOH. 
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Figure 6. (a) Calculated energy of frontier molecular orbitals (EHOMO, ELUMO) for graphene 
and their derivatives. (Black and red signs indicate EHOMO and ELUMO levels, respectively. 
Symbol “*” indicates 1O2 generation of the corresponding conformations. Nanoparticles with 
ELUMO above green solid line (-4.30 eV) can be considered to induce the formation of O2

•-). 
(b) Proposed reaction mechanism to induce ROS by graphene and their derivatives. (“√” 
indicates the reaction pathway was occurred, while “×” indicates the reaction pathway was 
failed.)

The redox potentials for •OH generation was approximately -6.70 eV (Table 1), which was 

less than the EHOMO values of G-COOH, G-NH2 and u-G. These energy level data indicate that 

the holes of G-COOH, G-NH2 and u-G are difficult to oxidize H2O into •OH, which was in 

accordance with the cyclic voltammetry analysis that G-COOH, G-NH2 and u-G had no 

oxidation ability in aqueous solution (Figure S6). Thus, the production of •OH was likely only 

from the reaction equations (1) and (2). Based on DFT calculations, we clarified the possible 
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reaction pathways of ROS generation induced by G-COOH, G-NH2 and u-G (Figure 6b). 

G-COOH and G-NH2 efficiently mediated energy transfer to produce 1O2, G-COOH, G-NH2 

and u-G induced electron transfer to generate O2
•- and further to produce •OH.

4. Overview and conclusion

Graphene could be modified by functional groups through a series of transformation 

processes after being released into the environment, which greatly influences their potential to 

produce ROS. To understand the underlying mechanisms of ROS generation induced by 

graphene and its surface functionalized derivatives, we evaluated the generation kinetics of 

three types of ROS in aqueous solution under irradiation. The results showed that G-COOH 

and G-NH2 efficiently mediated energy transfer to produce 1O2, and the pseudo-steady-state 

concentration of 1O2 by G-COOH was 2.2~2.6 times higher than G-NH2 after 5 h irradiation 

under the same concentration. Meanwhile, G-COOH, G-NH2 and u-G induced electron 

transfer to generate O2
•- and further to produce •OH, and the electron-donation capacity 

followed the decreasing order: G-NH2 > G-COOH > u-G. These findings strongly suggest that 

the functionalization of graphene caused by potential biological and chemical transformation 

or degradation routes under natural conditions, could lead to changes in their photochemical 

activity that govern their toxicity by ROS generation to aquatic organisms. Based on DFT 

theory, the frontier molecular orbitals of graphene and its surface functionalized derivatives 

were calculated. By comparing the ROS generation redox potentials with the frontier 

molecular orbitals of graphene nanomaterials, we interpreted the ROS generation mechanisms 

of graphene and its surface functionalized derivatives. The results suggested that (1) 

G-COOH, G-NH2 and u-G could donate electrons to O2 for the formation of O2
•-. H2O2 was 

formed by the reaction of O2
•- with H+ in water. The three graphene nanomaterials could 

further donate electrons to H2O2 for the formation of •OH. (2) G-COOH and G-NH2 with one 
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functional group at the β-site of zigzag edge could mediate absorbed energy to O2 and 

photochemical produced 1O2. The calculation results were in good agreement with the 

experimental results, which strongly suggest that the DFT-based theoretical framework offers 

an assistance to predict the reaction pathways of ROS production and guide the design of 

environmentally benign nanomaterials. The oxidative stress potential for graphene 

nanomaterials were successfully predicted by comparing ELUMO with the levels biological 

redox potential. The predictive toxicological paradigm is of considerable significance for 

regulatory decision-making about carbon nanomaterials. Our methodology could be extended 

beyond graphene to other nanomaterials in future. It has far-reaching implications for 

sustainable nanotechnology development.
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