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Abstract. This study had investigated the possible toxicity of graphene oxide and its mechanisms on multiple myeloma cells 
(RPMI 8226 cells) using flow cytometry and a multifunctional microplate reader. RPMI 8226 cells were cultured with 
various concentrations of graphene oxide, then cell viability, malondialdehyde, glutathione and apoptosis were measured. We 
found that graphene oxide dose-dependently reduced the viability of human multiple myeloma RPMI 8226 cells. We also 
found that the intracellular levels of malondialdehyde increased, whereas the levels of glutathione decreased 
dose-dependently. There was no obvious change in the cell apoptosis rate compared with the control group. In summary, 
graphene oxide is dose-dependently cytotoxic to cultured RPMI 8226 cells, and its toxicity is closely associated with 
increased oxidative stress. 
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1. Introduction 

Graphene oxide (GO) is a nanomaterial composed of carbon atoms in a one-atom-thick monolayer, 
with a two-dimensional honeycomb structure. Because of its unique physical and chemical properties, 
GO has attracted a great deal of interest in medicine [1] and has been extensively investigated for 
biomedical applications including cancer therapies [2], molecular probes [3], disease diagnosis [4], 
bioimaging [5], and biosensors [6]. Many studies have shown that GO is a nanocarrier that can be 
loaded with anticancer drugs [7,8]. This is highly relevant for the advancement of nanomedicine, a 
very hot research area for future therapy. However, the clinical application of nanomaterials [9], and 
especially carbon nanomaterials [10] still faces many challenges. One for all, the need for more 
extensive cytotoxic studies provides sufficient data for a comprehensive view and advancement of the 
field [11].  

With the increaing development of GO for biomedical applications, it is inevitable that humans will 
contact GO in the living environment. Consequently, it is critical to evaluate that its potential risk to 
human health be systematically evaluated. Several pioneers have studied the cytotoxicity of GO in 
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healthy cell lines, including human mesenchymal stem cells [12], fibroblasts [13,14] and erythrocytes 
[15]. Their results suggested that GO was cytotoxic to healthy cells; however, caution must be taken 
before making generalizations. Cytotoxicity strongly depends on the specific graphene or GO material 
used, e.g. its purity, physical properties, and kind and level of chemical functionalization 
[16–18].Several studies have also addressed the toxic effects of GO in tumor cells. These results may 
be attributable to the increased generation of reactive oxygen species (ROS) and the high cellular 
uptake of GO [19]. However, some investigators [20] reported that GO did not enter A549 cells and 
exerted no significant cytotoxic effects, but induced oxidative stress in the cells at high concentrations. 
Lammel et al. demonstrated that GO was cytotoxic to HepG2 cells and that plasma membrane damage 
and oxidative stress were significant cytotoxic mechanisms in these cells [21]. Zhang et al. reported 
the cytotoxicity of graphene in PC12 cells [22]. Their study clearly demonstrated that ROS played 
important roles in this cytotoxicity. Thus, many researchers had reported the cytotoxicity of GO in 
different tumor cells and showed that oxidative stress played a key role in it. 

The incidence of hematological malignancy has increased continuously in the last decade. A 
GO-based nano-drug could be used to treat hematological malignancies. However, few data 
concerning the application of nanomaterials to malignant hematological cells have been reported, no 
study has systematically investigated the cytotoxic effects and mechanisms of GO on multiple 
myeloma cells. The present study investigated the cytotoxicity of GO by examining cell viability using 
human multiple myeloma RPMI 8226 cells. The possible mechanisms were evaluated by 
malondialdehyde (MDA), glutathione (GSH) and apoptosis. This study provides detailed information 
about the cytotoxic effects of GO on multiple myeloma cells and offers a sound basis for the 
clarification of its toxicity mechanisms.  

2. Materials and methods 

2.1. Materials 

Graphene oxide (GO-L-L-NA) was obtained from Nanoon Nanomaterials Technology Co., Ltd 
(Beijing, China). The lateral size of graphene oxide was smaller than 100nm. Graphene oxide purity 
was greater than 99.9%. Fetal bovine serum (FBS) was acquired from Gibco Life technologies 
(Gaithersburg, USA). RPMI 1640 medium, penicillin and streptomycin were obtained from Beijing 
Zhongshan Golden Bridge Biotechnology CO., Ltd (Beijing, China). Cell Counting Kit-8 (CCK-8) 
assay kits were obtained from DojinDo laboratories (Kyushu, Japan). Malondialdehyde (MDA) assay 
kit, Glutathione (GSH) assay kits were purchased from Nanjing Jiancheng Bioengineering Institute 
(Jiangsu, China), Alexa Fluor® 488 annexin V/Dead Cell Apoptosis Kit was purchased from Life 
Technologies (Carlsbad, USA). 

2.2. Cell culture 

RPMI8226 cells were obtained from American Type Culture Collection (CCL-155™, Manassas, 
USA). Cells were maintained in cell culture �asks in RPMI-1640 medium supplemented with 10% 
(v/v) FBS, 100 U/mL penicillin and 100 μg/mL streptomycin at 37°C in a humidified atmosphere of 
5% CO2/95% air in a Thermo Scientific 3110 CO2 incubator (Plymouth, USA). In all tests, the 
RPMI8226 cells in logarithmic growth phase were used to experiment. Cell morphology was observed 
using an optical microscope (Tokyo, Japan) after 24 h GO exposure. 
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2.3. Cell viability assay 

Cell viability was evaluated by CCK-8 method. RPMI 8226 cells were seeded in 96 well microplate 
at a density of 1.5×105 cells/mL in 100 μL each well, then cells were cultured in medium with various 
concentrations (0, 10, 25, 50, 100, 200 mg/L) of GO for 24 h. The cell-free with GO blank groups 
were performed to see if the GO reacted directly with the CCK-8 reagent. 10 μL CCK-8 reagent was 
added to each well and incubated 2 h at 37°C under 5% CO2, the optical density was measured at 450 
nm using microplate reader (Tecan, Mannedorf, Switzerland). Cell viability was expressed as a 
percent of (OD test � OD blank)/(OD control � OD blank), where OD test was the optical density of 
the cells exposed to GO, OD control was the optical density of the cells without GO and OD blank 
was the optical density of cell medium with GO. 

2.4. Measurement of MDA 

RPMI 8226 cells were seeded into six-well microplates at 2.0×106 cells per well. After incubation 
with the indicated concentrations of GO (0, 10, 25, 50, 100, 200 mg/L) for 24 h, the cells were 
harvested and washed twice with ice-cold phosphate-buffered saline. The cells were collected and 
disrupted by ultrasonication for 5×6 s with a 5 s pause in between using a sonicator probe (VCX-130 
W, Newtown, USA) on ice. The cell extract (100 μL) was used to detect MDA according to the 
procedure recommended by the manufacturer of the MDA assay kit. The concentration of MDA was 
measured on a microplate reader (Tecan, Mannedorf, Switzerland) at a wavelength of 532 nm. 
Coomassie Brilliant Blue method was used to quantify the protein in the cells. 

2.5. Measurement of glutathione 

The cell samples were treated with a method similar to that used to measure MDA. The 
concentration of GSH was expressed as nmol per milligram of protein. The cell suspension (100 μL) 
was mixed with 100 μL of precipitant and centrifuged at 4000×g for 10 min. After centrifugation, the 
supernatant (100 μL) was used for the GSH assay, performed according to the manufacturer’s protocol. 
The reaction was monitored at 405 nm in a microplate reader. Coomassie Brilliant Blue method was 
used to quantify the protein in the cells. 

2.6. Cell apoptosis analysis 

The RPMI 8226 cells were prepared in the concentration of 6.0×105/mL and seeded 2 mL in 6 well 
plate and treated with various concentrations of GO (0, 10, 50, 100 mg/L) cultured for 24 h. 
Determined the cell density and diluted in annexin-binding buffer to 1×106 cells/mL. 100μL cells were 
moved to 1.5 mL EP tube and stained with 5 μL annexin V-FITC and 1 μL PI (100 μg/mL) without 
permeabilization. Then, RPMI 8226 cells were incubated at room temperature for 15 minutes. Finally, 
400 μL annexin-binding buffer was added into each sample and mixed well. Within one hour, the 
stained RPMI 8226 cells were analyzed by flow cytometry (CytomicTM FC500, Beckman coulter, 
USA). 
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2.7. Statistical analysis  

All data were presented as mean ± Standard Deviation (SD) of a representative of three experiments 
carried out in triplicate. Statistical analysis was performed using the SPSS version 19 software. A 
P-value < 0.05 was taken as statistically significant. 

3. Results 

3.1. Effects of GO on cell viability 

Effects of GO on cell morphology of RPMI 8226 cells were shown in Figure 1. We investigated the 
viability of RPMI 8226 cells that had been incubated with different concentrations of GO for 24 h. As 
shown in Figure 2, cell viability decreased to 95%, 88%, 85%, 78%, and 61% when the cells were 
exposed to GO at concentrations of 10, 25, 50, 100, and 200 mg/L, respectively (p < 0.05). When the 
cells were exposed to 10 mg/L GO, the reduction in cell viability was 5%; when GO was increased to 
200 mg/L, the reduction in cell viability was approximately 40%. 

 

Fig. 1. Optical microscopy morphological characterization of RPMI 
8226 cells were treated with various GO for 24 h at 37°C. The images 
were visualized under an inverted microscope (400 X). 

Fig. 2. Effects of GO on cell viability of RPMI 
8226 cells exposure to GO at 37°C for 24 h. Data 
were shown as mean ± SD. Compared with 
control, the difference was significant *(P<0.05). 

 

 

Fig. 3. Cellular MDA levels of RPMI 8226 cells exposure to 
GO at 37°C for 24 h. Data were shown as mean ± SD. 
Statistically significant difference as compared to control * 
(P<0.05). 

Fig. 4. Cellular GSH levels of RPMI 8226 cells at 37°C after 
24 h exposure to GO. Data were shown as mean ± SD. There 
was significant difference as compared to control * (P<0.05).
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3.2. Oxidative stress induced by GO 

To determine whether the cytotoxic effect of GO on RPMI 8226 cells was induced by oxidative 
stress, we assayed the cellular levels of MDA and GSH. The levels of MDA were shown in Figure 3. 
MDA increased from 1.6 ± 0.1 to 3.1 ± 0.3 nmol/mg protein with exposure to 10–200 mg/L GO, 
whereas the MDA concentration in the control was 1.3 ± 0.1 nmol/mg protein (p < 0.05). These results 
suggested that GO significantly increased the intracellular production of MDA. The levels of GSH 
were shown in Figure 4. GSH decreased from 16.20 ± 0.6 to 5.0 ± 0.3 nmol/mg protein after exposure 
to 10–200 mg/L GO, whereas the control level was 32.2 ± 2.6 nmol/mg protein (p < 0.05). These 
results suggested that GO significantly decreased intracellular GSH. 

3.3. Effects of GO on apoptosis 

Apoptosis was detected with annexin V–FITC/PI staining and flow cytometry. The effects of GO on 
apoptosis were shown in Figure 5. After exposure to 0, 10, 50, or 100 mg/L GO for 24 h, the apoptosis 
rates were 5.10%, 4.94%, 5.01%, or 5.06% (P=0.70, P=0.11, P=0.69), respectively. Thus, there was no 
significant difference in the apoptosis rate after treatment with the three different concentrations of GO 
and in the untreated cells. 

4. Discussion 

The potential influence of GO on biological safety and human health has attracted significant 
attention since GO was first successfully prepared in 2004. Some studies have examined the 
cytotoxicity of GO in different types of cell lines, but there is no report of the effects of GO on 
multiple myeloma cells. In this study, we used human multiple myeloma RPMI 8226 cells as a cell 
model for various assays of different toxicity endpoints to evaluate the potential cytotoxicity of GO 
and to clarify its underlying mechanisms. 

The cell viability of RPMI 8226 cells was observed by CCK-8 colorimetric assay after exposure to 
GO. The results suggested that GO was cytotoxic to RPMI 8226 cells and that effect was 
concentration dependent. The results were supported by those of other investigators, including 
Lammel et al. [21] who showed that GO had a dose-dependent cytotoxic effect on HepG2 cells, and 
Liao et al. [15], who found that the cytotoxicities of erythrocytes and skin fibroblasts increased with 
increasing concentration of GO. Further studies were needed to clarify the cytotoxic mechanisms of  

 

 

Fig. 5. The results of Annexin V-FITC/PI double stain about RPMI 8226 cells after 24 h GO exposure. 
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GO. Oxidative stress might be an important mechanism responsible for the cytotoxicity of 
nanomaterials [13,23]. An imbalance between pro-oxidant (MDA) and antioxidant (GSH) compounds 
could lead to oxidative stress. In this study, oxidative stress was evaluated by the measurement of 
intracellular MDA and GSH levels. The levels of MDA indicated that lipid peroxidation significantly 
increased at GO concentrations of 10–200 mg/L. Interestingly, the levels of intracellular MDA in cells 
treated with 200 mg/L GO were two-fold higher than those in cells treated with 10 mg/L GO. These 
results indicated that GO dose-dependently affected MDA levels. Surprisingly, the intracellular GSH 
in cells treated with 200 mg/L GO was 3.24-fold lower than those in cells treated with 10 mg/L GO. 
Thus, GO significantly and dose-dependently decreased intracellular GSH concentrations. The 
simultaneous GO-dose-dependent increased in MDA and decreased in GSH. Those indicated that the 
RPMI 8226 cells were experiencing oxidative stress. Briefly, the results demonstrated that GO 
stimulated the generation of oxidative stress and reduced cell viability. Several other studies have also 
reported that GO promoted cytotoxicity predominantly through generation of oxidative stress in 
malignant non-hematological cell lines [21,24]. Thus, the mechanisms of GO cytotoxicity could 
involve oxidative stress. Wang et al. reported that GO induced oxidative stress in human lung 
fibroblasts [13], and the results suggested that the oxidative stress was an effective mechanism 
involved in the cytotoxicity of GO. However, about multiple myeloma, the potential toxic effects of 
GO on human have not yet been studied. Therefore, more experimental studies are needed to 
characterize the mechanisms underlying the toxic effects of GO more precisely. 

Cell apoptosis was also assessed with flow cytometry. There was no significant increase in the 
proportion of apoptotic cells after treatment with GO. The results showed that GO did not induce 
apoptosis, which was consistent with the results of the literatures [20,25]. However, the results 
differed from the reports of studies [26,27] employed different methods of GO synthesis and the 
examined different cell lines. 

5. Conclusion 

The present study investigated the cytotoxicity of GO and its possible mechanisms using human 
multiple myeloma RPMI 8226 cells as a cell model. CCK-8 assay data elucidated that GO could cause 
cytotoxicity in multiple myeloma cells. Moreover, GO induces cytotoxicity in a dose-dependent 
manner, but displays low cytotoxicity at concentrations below 100 mg/L. GO does not induce 
apoptosis. The generation of oxidative stress is the primary cytotoxic mechanism of GO. Although the 
clinical significance of our results remains to be elucidated, our study offers a sound foundation for the 
use of GO-based nano-drugs in the treatment of hematological malignancies. 
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