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ABSTRACT: Graphene oxide (GO) is currently developed for biomedical applications as a 

promising nanoplatform for drug delivery, phototherapy and biosensing. As a consequence, its 

safety and cytotoxicity issues have attracted enormous attention. It has been demonstrated that 

GO causes an increase of intracellular oxidative stress, likely leading to its cytotoxicity and 

inhibition of cell proliferation. Being one of the main reductive intracellular substances, 

glutathione (GSH) is vital in the regulation of the oxidative stress level to maintain normal 

cellular functions. In this study, we found that GSH could be oxidized to GSSG by GO, leading 

to the formation of reduced GO (rGO). GSH depletion affects the intracellular 

reductive/oxidative balance, provoking the increase of ROS level, sequentially inhibiting cell 

viability and proliferation. Therefore, the reaction between GO and GSH provides a new 

perspective to explain the origin of GO cytotoxicity.
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INTRODUCTION

Graphene oxide (GO) was broadly used like a platform in the biomedical domain for drug 

delivery, photothermal therapy, biosensing, or tissue engineering thanks to its excellent 

physicochemical properties, biocompatibility and biodegradability.1-3 For example, GO 

functionalized with a chemotactic peptide was able to deliver doxorubicin efficiently for cancer 

therapy, and could be biodegraded by myeloperoxidase through the induced neutrophil 

degranulation.4 Luminol-functionalized and silver nanoparticle-decorated GO was used to 

detect aflatoxin M1 as a sensitive electrochemiluminescence biosensor.5 In view of these 

applications, it is mandatory to assess the toxicity and biosecurity of GO.6,7

Many reports have demonstrated that GO possesses low cytotoxicity even at high 

concentrations. Especially purified GO was found to display low cytotoxic effects (up to a 

concentration of 100 μg/mL) in vitro, and does not provoke inflammatory effects or formation 

of granuloma in vivo.8,9 Currently, the general belief is that the increase of the level of reactive 

oxygen species (ROS) produced by GO is the main reason for its cytotoxicity.10-12 GO-caused 

ROS could damage the mitochondria and activate apoptosis/autophagy.13 It has been reported 

that the oxidation degree of GO surface, surface charge and the amount of carbon radicals have 

significant influence in determining the damages of cell membrane, the peroxidation of lipids, 

and the cellular toxicity.14-16 Notably, a double mechanism, implying an uncontrolled 

production of hydroxyl radicals and the generation of intermediates involved in the oxidation 

of cytochrome c, was put forward to explain the toxicity of GO induced by stress in C. 

elegans.17 However, until now, a detailed study about a direct reaction between GO and 
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intracellular reductive molecules (especially glutathione, GSH) to explain the cytotoxicity of 

this material was missing.

It is recognized that GSH has a fundamental role in regulating intracellular oxidation/reduction 

balance. Few studies reported that molecules with thiol groups could reduce GO,18-20 meaning 

that GO could oxidize intracellular GSH. Very recently, Wang et al. described the impact of 

GO epoxides on the mechanism of direct oxidation of the thiol groups in GSH at the atomic 

scale using density functional theory.21 However, this study did not establish a direct 

connection between GO-mediated GSH oxidation and cell viability.

In our study, we found that GO could be reduced by GSH at physiological temperature, 

consequently oxidizing GSH to GSSG. Meanwhile, a little amount of GSH was covalently 

linked to rGO to form rGO-GSH. This allowed us to establish the association between GO-

mediated intracellular GSH oxidation and cell impact. After incubation with GO at different 

concentrations, the viability and proliferation of HeLa cells slightly diminished. Meanwhile, 

the value of the intracellular GSH/GSSG ratio decreased and the content of ROS increased. 

The GSH depletion affected the oxidation-reduction balance, leading to an increase of ROS 

level, sequentially reducing the viability and inhibiting proliferation (Figure 1). Therefore, the 

reaction between GO and GSH suggests a new paradigm on the origin of GO cytotoxicity.
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Figure 1. Illustration of the scheme of the reaction between GO and intracellular GSH.

RESULTS AND DISCUSSION

Reaction between GO and GSH. To imitate the intracellular reaction between GO and GSH, 

GO was incubated with GSH at physiological temperature (37°C). Raman measurement was 

performed to characterize the reduction degree of GO. Meanwhile, FT-IR spectra and 

thermogravimetric (TG) curves were acquired to show the surface functional group changes. 

Following the addition of GSH, the color of GO gradually changed from typical brown to black, 

providing a visual proof of the redox reaction between GO and GSH (Figure 2a, inset). The 

shift of absorbance spectra of rGO-GSH to higher wavelength (from ~230 nm to ~260 nm) also 

proved the reduction of GO (Figure 2a).22,23 The increase of ID/IG value in Raman spectra 

suggests the formation of new small graphene domains after the reduction of GO (Figure 2b), 

similar to previous reports.24,25 These results evidence the reduction of GO into rGO by GSH. 

Furthermore, the influence of pH and temperature on the reaction between GO and GSH was 

evaluated. Changes of the color and absorbance of the conjugate were observed and measured 

(Figure S1). It is clear that a high temperature accelerates the reaction rate, while pH has a 

slight effect on the reaction.
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The starting GO and its reduced form were also characterized by FT-IR (Figure 2c). The peak 

at ~1727 cm−1 was assigned to C=O stretching band of carboxylic or carbonyl groups.26 The 

peaks at ~1227 cm−1 and ~1048 cm−1 correspond to epoxy and alkoxy groups, respectively.27 

The peak at ~1623 cm−1 was attributed to carbon-carbon vibrations of non-oxidized graphitic 

domains.28 After reduction with GSH, the intensity of the bands of the oxygenated functional 

groups obviously decreased, meaning that some of these groups on GO surface have been 

reduced by GSH. Besides, we did not observe -SH band at ~2515 cm−1,29,30 confirming that 

almost no free GSH molecules were adsorbed onto GO surface (Figure S2). Furthermore, TG 

analysis allowed to show that the main weight loss of GO and rGO-GSH took place at ~220 ℃ 

and ~200 ℃, respectively. This is related to the removal of the labile functional groups (Figure 

2d).20 Besides, there was a second main weight loss of rGO-GSH at ~260 ℃ (Figure 2d, blue 

arrow), which could be attributed to covalently connected GSH on the surface of rGO (vide 

infra).31 According to transmission electron microscopy (TEM) results, GO resulted well 

dispersed (Figure 2e), and the average size is ~500 nm measured by ImageJ (Figure S3). In 

contrast, rGO-GSH appeared more aggregated (Figure 2f). Therefore, we can conclude again 

that GO was reduced to rGO-GSH after reacting with GSH.
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Figure 2. Characterization of the redox reaction between GO and GSH at 37 °C for 6 h. (a) 

Absorbance spectra (inset shows the digital picture of GO and rGO-GSH). (b) Raman spectra. 

(c) FI-IR spectra. (d) TG-DTA curves. (e) TEM images of GO at different magnification. (f) 

TEM images of rGO-GSH at different magnification.

Characterization of surface properties. Next, we analyzed the nature of the functional groups 

on the surface of GO and rGO-GSH by X-ray photoelectron spectroscopy (XPS). Compared to 

GO, the O/C ratio of rGO-GSH decreased from 46.9% to 38.1% (Figure S4). In the high-

resolution spectrum, the area of the C-C/C=C band increased from 37.9% (GO) to 42.6% (rGO-

GSH). Inversely, the area of the C-O and C=O peaks decreased from 45.8% to 40.2% and from 

13.8% to 7.2%, respectively, after GO reacted with GSH (Figure 3a and c). Therefore, some 

of oxygenated functional groups were eliminated by reduction with GSH.32,33 In addition, we 
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have also evidenced the presence of S-O bonds introduced onto GO surface during the sulfuric 

acid treatment used for the preparation of GO from graphite (Figure 3b). Notably, a new small 

peak was observed at ~163.5 eV, and attributed to S−C bond. The appearance of this peak 

confirmed the opening of the ring epoxides by the thiol group of GSH (Figure 3d).20,34,35 

Therefore, combined with the results of FT-IR analysis, we can conclude that a little amount 

of GSH was covalently bound to the surface of rGO.

Figure 3. High resolution XPS spectra of GO and rGO-GSH. (a) and (b) high-resolution C1s 

and S2p of GO. (c) and (d) high-resolution C1s and S2p of rGO-GSH.

GSH oxidation triggered by GO. To further confirm the type of products generated during 

the reaction between GO and GSH, HPLC spectra of the supernatant were measured. 

Comparing the HPLC spectra of starting GSH and GSH maintained at 37 °C for 6 h, the peak 

at ~3.4 min corresponds indeed to the same molecule (Figure S5a and b). This means that GSH 
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is not oxidized in the absence of GO under the same reaction conditions. However, a strong 

new peak at ~5.2 min appeared in the HPLC spectrum of the supernatant after GSH reacted 

with GO, corresponding to GSSG (Figure S5c).36 Meanwhile, the peak intensity of GSH 

decreased consistently. Therefore, GSH was oxidized into GSSG by GO. In order to confirm 

which functional groups (e.g. SH or NH2) are responsible for the reduction of GO, the single 

amino acids constituting GSH sequence were reacted with GO. GSH contains glycine, glutamic 

acid, and cysteine. GO was mixed with glutamic acid (having one amino and two carboxylic 

groups) and cysteine (having one amino, one carboxylic, and one thiol group) at 37 °C for 6 h. 

There was almost no color change of GO dispersion after mixed with glutamate (Figure S6). 

However, cysteine could reduce GO into rGO, and the color of the GO dispersion turned from 

brown to black, which is consistent with a previous study.18 Meanwhile, the area of the C-

C/C=C increased to 43.1%, and the area of the C-O and C=O decreased to 49.2% and 5.8%, 

respectively, after GO reacted with cysteine according to the high resolution XPS spectra of 

C1s (Figure S7a). Furthermore, there was also a new peak appeared at ~163.5 eV (S−C bond) 

(Figure S7b), which is consistent with the results of rGO-GSH. Therefore, the SH group, rather 

than NH2 or COOH, is involved in the reaction with GO during the redox process.

Effect of GO on cell viability and proliferation. We then decided to study the effect of GO 

on viability and proliferation of cancer cells. For this purpose, HeLa cells were cultured with 

GO at different concentration for 24 h and 48 h. The viability of HeLa cells was quantified by 

MTS test. As shown in Figure 4a and b, GO displayed low cytotoxicity to HeLa cells. Even at 

highest concentrations of 100 µg/mL, HeLa cell viability was still higher than 80% after 48 h. 
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According to the bright field images (Figure S8a and b), although GO could inhibit cell 

proliferation to a certain extent, cells still kept a good state and displayed a normal morphology. 

In addition, there were only a few dead cells both in the control group and GO treated group 

according to live/dead staining results (Figure 4c). The relative fluorescence intensity of live 

cells stained by calcein AM also confirmed that GO displays low cytotoxicity to HeLa cells 

(Figure S9), consistent with MTS results. This low cytotoxicity could be attributed to the 

intracellular self-regulation,37,38 ensuring the biosafety of GO. Therefore, GO can only slightly 

inhibit HeLa cell viability and proliferation. Many reports have demonstrated that GO is able 

to inhibit the viability and proliferation of different types of cancer cells, comprising HeLa, 

MCF-7, HepG2, SW480, and others, although the inhibition levels were found different.39-41 

Consequently, the reaction between intracellular GSH and GO can happen in different cancer 

cell lines. In this context, we decided to measure the influence of GO on the viability of MCF-7 

cells. It is clear that GO reduces MCF-7 cell viability, similarly to HeLa cells (Figure S10).
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Figure 4. Cytotoxicity of GO under different concentration. (a) and (b) GO incubated with 

HeLa cells for 24 and 48 h, respectively. (c) Live/dead staining of HeLa cells after GO 

treatment for 24 h (GO concentration=100 µg/mL). The scale bar is 200 µm (*p < 0.05; **p < 

0.01; ***p < 0.001).

To evaluate the impact of GO on normal cell lines, human keratinocyte HaCaT cells were 

chosen and treated with GO. Due to the low level of GSH and reduced uptake, GO shows 

relatively lower toxicity to these cells. After 48 h, we evidenced that GO slightly affected the 

viability of HaCaT cells at the highest concentration tested (corresponding to 100 µg/mL) 

(Figure S11). So, GO can also regulate the viability of normal cells by reacting with 

intracellular GSH, although the effects are weaker than that on cancer cells.

GO causes GSH depletion and ROS increase. In the next experiment, the ratio between GSH 

and GSSG inside HeLa cells before and after GO treatment was measured to confirm the 

intracellular reaction between GO and GSH. As shown in Figure 5a, the intracellular 

GSH/GSSG ratio decreased after GO treatment. This means that GO reacted with endogenous 

GSH after GO penetration into HeLa cells, leading to a decrease of the ratio between GSH and 

GSSG. Meanwhile, we measured the content of intracellular ROS to further show the change 

of ROS-associated oxidative stress, caused by GO. The ROS level significantly increased after 

GO treatment (Figure 5b). These data evidence that GO provoke an intracellular depletion of 

GSH and an increase of ROS, leading to a certain degree of cytotoxicity. GSH is the main 

reductive substance that regulates the balance of the intracellular reductive/oxidative 
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processes.42,43 When GSH is depleted, ROS generated during physiological functions cannot 

be neutralized. As a consequence, an accumulation of ROS occurs. Several previous studies 

have confirmed that the accumulated ROS can provoke the impairment of DNA, proteins, and 

lipids, leading to deleterious effects on cell viability, proliferation, and death.44-47

In addition, the increased degree of ROS content was higher than the decrease of GSH, meaning 

that the reaction between GO and intracellular GSH is just one of the reasons for the increase 

of GO-triggered oxidative stress. Furthermore, the concentration of intracellular GSH is up to 

~10 mM,48 which is comparable with the reaction concentration of GSH in the test tube (~13 

mM). Therefore, it can be hypothesized that intracellular GSH reacts with GO in the same way 

that happened in the test tube. Previous studies showed that GO inhibited implanted B16 tumor 

in a mouse model,49 and could inhibit CT26 tumor growth, enhance cell death, autophagy, and 

immune cell infiltration.50 Thus, it is reasonable to think that the proposed hypothesis most 

likely works in tumor models.

Figure 5. Change of intracellular ratio between GSH and GSSG (a) and ROS content (b) before 

and after GO (50 µg/mL) treatment for 24 h (*p < 0.05; **p < 0.01).
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CONCLUSIONS

In summary, GSH could be oxidized to GSSG by GO, along with the formation of rGO-GSH 

at 37 ℃. Correspondingly, in vitro results uncovered that the intracellular GSH/GSSG ratio 

decreased and ROS content increased after GO treatment. As the main reductive substance, the 

depletion of GSH would further lead to an increase of ROS caused by GO, subsequently 

reducing cell viability and proliferation. Therefore, the redox reaction between GO and GSH 

shows a new viewpoint on the origin of the cytotoxicity of GO. We also believe that GO could 

act as adjuvant in enhancing cancer therapy by depleting intracellular GSH, although not 

proved yet.

EXPERIMENTAL MATERIALS AND METHODS

Materials. GO was prepared using the modified Hummers method and purified by dialysis 

at least for 10 days. GSH, glutamate and cysteine were purchased from Sigma-Aldrich. All 

chemicals were of analytical grade and used without purification.

Reaction between GO and GSH. Five mL of GO dispersion (1 mg/mL) and 20 mg of GSH 

were mixed at 37 °C for 6 h. The concentration of GSH is about 13 mM. Then, the obtained 

rGO-GSH was washed by deionized water for at least 6 times by centrifugation. The reactions 

between GO and glutamic acid and cysteine were performed under the same conditions. To 

measure absorbance spectra of rGO-GSH, rGO-GSH was sonicated for 60 min to get a 

homogeneous dispersion.

Characterization. The absorbance spectra were obtained using a Varian Cary winUV 50 

Bio-spectrophotometer. Raman spectra were measured by a Renishaw inVia microscope 
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equipped with 532 nm laser. FT-IR spectra were obtained on a Perkin Elmer Spectrum One 

ATR-FT-IR spectrometer. TGA analysis was performed by TGA1 (Mettler Toledo) apparatus 

from 30 to 800 °C with a ramp of 10 °C/min under N2 atmosphere using a flow rate of 50 

mL/min and platinum pans. Morphological analysis was obtained by transmission electron 

microscope (TEM, Hitachi 7500, Hitachi High Technologies Corporation, Tokyo, Japan). XPS 

spectra were measured by a Thermo Scientific K-Alpha X-ray photoelectron spectrometer with 

a basic chamber pressure of 10−8 to 10−9 bar with an anode using Al Kα radiation (hν= 1486.6 

eV).

Cell Viability. HeLa (human cervical adenocarcinoma) cells were cultured in high-glucose 

Dulbecco’s modified Eagle medium (H-DMEM) with 10 μg/mL gentamycin (Lonza 

BioWhittaker), 10 mM N-(2-hydroxyethyl)-piperazine-N′-ethanesulfonic acid (Lonza 

BioWhittaker), 0.05 mM β-mercaptoethanol (Lonza BioWhittaker) and 10% fetal bovine 

serum (FBS). MCF-7 (human breast cancer) cells were cultured in RPMI 1640 medium with 

10 μg/mL gentamycin (Lonza BioWhittaker), 10 mM N-(2-hydroxyethyl)-piperazine-N′-

ethanesulfonic acid (Lonza BioWhittaker), 0.05 mM β-mercaptoethanol (Lonza BioWhittaker) 

and 10% FBS. HaCaT (human keratinocyte) cells were cultured in H-DMEM with the addition 

of 10% FBS, 10−2 M L-glutamine, 10−4 g/mL penicillin and 10−4 g/mL streptomycin. All cells 

were maintained under a humidified atmosphere of 5% CO2 at 37 °C, and the culture medium 

was changed every 2 days. Cell viability was measured by MTS Assay Kit following 

manufacturer’s instructions. Live/dead staining were performed by live/dead staining Kit 

following manufacturer’s instructions. Bright field images were obtained by an inverted 

microscope.
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Intracellular GSH/GSSG Ratio and ROS Content. The measurement of intracellular 

GSH/GSSG ratio and ROS content was performed by GSH/GSSG-Glo™ assay Kit (Promega 

Corporation) and reactive oxygen species (ROS) molecular probes™ CM-H2DCFDA 

(Thermal Fisher Scientific) according to the corresponding manufacturer’s instructions. For 

GSH/GSSG ratio measurement, old medium in 96-well plate containing GO with different 

concentration was removed, and cells were washed by PBS. Fifty μL per well of Total GSH 

Lysis Reagent or GSSG Lysis Reagent was added. Then, the plate was shaken at room 

temperature for 5 min. The cell lysis solution was centrifuged at 4 °C for 20 min, and the 

supernatant was transferred into opaque 96-well plate. Fifty μL per well of Luciferin 

Generation Reagent was added to all wells. After shaking plate briefly, the plate was incubated 

at room temperature for 30 min. Finally, 100 μL per well of Luciferin Detection Reagent was 

added and the luminescence was measured after 15 min. For ROS content measurement, HeLa 

cells was stained with 10 μM CM-H2DCFDA work solution for 30-60 min at 37 °C. After 

washing by PBS, the fluorescence was measured by Varioskan™ LUX multimode microplate 

reader at Ex485 nm/Em525 nm.

Statistical Analysis. The statistical significance of the differences was determined by one-

way ANOVA. Values with P < 0.05 were considered statistically significant (*p < 0.05, **P < 

0.01, and ***P < 0.001).

ASSOCIATED CONTENT

Supporting Information 

The Supporting Information is available free of charge at https://pubs.acs.org/doi/
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  Absorbance spectra of GO after reacted with GSH at different pH and temperature (Figure 

S1), magnification region of FT-IR spectra (Figure S2), size distribution of GO (Figure S3), 

XPS survey full spectra (Figure S4), HPLC analysis (Figure S5), color change of GO after 

reaction with cysteine (Figure S6), high resolution XPS spectra of rGO after reacted with 

cysteine (Figure S7), bright field images of HeLa cells after GO treatment (Figure S8), the 

relative fluorescence intensity of live cells (Figure S9), viability of MCF-7 cells after GO 

treatment (Figure S10), viability and bright filed images of HaCaT cells after GO treatment 

(Figure S11). (PDF)
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