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Abstract: 

Graphene, an exceptional single atom thick two dimensional 

nanomaterial with unique structural,electronic, and 

mechanical properties, has attracted a tremendous interest of 

researchers in many fields including biomedical applications, 

which concurrently raises disquieting questions, and a 

consequent growing concern about their potential toxicity to 

human and animal cells. In this article, a summary of some 

very recent studies is presented by describing the behavior of 

graphene and its derivatives both in vivo and in vitro as well 

as the potential mechanismsof toxicity proposed to explain 

this behavior. The bacterial toxicity of graphene and its 

derivatives is also reviewed suggesting their possible usage 

for antibacterial treatment. Moreover, this article reviewed the 

effect of functionalization of graphene on mitigating its 

toxicity which hold the promise of using these materials for in 

vivo applications. Further work aiming to examine the effects 

of structural and chemical variations of graphene based 

materials which result from processing and synthesis 

techniques on different living systems are needed for a better 

understanding of toxicity/biocompatibility of these materials.  

 

Key words: Graphene, toxicity, bacteria, antibacterial treatment, 
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treatment 

 



Review Article 
ISSN:2249-1236  
CODEN: IJRRBI  

Eng. Bassam Al-sharif  et al., Int. J. Res. Rev. Pharm. Appl. Sci.,(2023) 13 (1) 012-023 

International Journal of Research and Reviews in Pharmacy and Applied sciences  
 

                                                                 Ijrrpas.com                                                                13 
 

 

 

 
Introduction: 

Nanotechnology is a science that involves manipulating and control properties and structures at 

the nanoscale, at dimensions of roughly 1 to 100 nanometers. In the realm of medical science and 

technology, nanotechnology holds the promise of providing benefits for society in a wide range 

of medical applications including scaffolding in regenerative medicine and drug delivery 

systems. Graphene is a nanomaterial in the form of two dimensional atomic scale, hexagonal 

lattice, consisting of a single layer of sp2 network of carbon atoms as shown in figure 1b. 

Although scientists had theorized about graphene for decades, it was first obtained in the lab in 

2003 through micromechanical exfoliation of graphite (Gt). This novel carbon based 

nanomaterials has attracted tremendous attention in the past few years due to its remarkable 

physical, chemical, and biological characteristics and hold great promise in potential applications 

such as lightweight, thin, flexible, yet durable display screens, field-effect transistors, solar cells 

and electric circuits as well as various industrial and chemical applications (1).  

 

More recently, Ever-increasing attention has been paid to the graphene applications in biological 

and biomedical fields, such as biosensors, drug delivery, tumor therapy, and molecular imaging. 

This has been also accompanied by rapidly increasing interest in understanding the potential 

cytotoxicity of Graphene and its derivatives and their interaction with cell systems. The safe and 

efficient usage of Graphene based nanomaterials in biomedicine entails a detailed understanding, 

at the molecular level, of the interaction of these materials with biomolecules.There have been 

extensive studies recently to evaluate the in vitro and in vivo safety of Graphene and its 

derivatives. 

 

For example, Akhayanet al. showed that the graphene oxide was more toxic to bacteria than 

reduced graphene oxide, and bacteria with outer membrane exhibit more resistance to the 

toxicity of these materials proposing the direct contact interaction with cell membrane as a 

mechanism of graphene toxicity (2). Wang and coworkers showed that graphene oxide exhibits 

dose dependent toxicity while exploring it both in vivo and in vitro (3). The following sections in 

this review summarize some recent in vivo and in vitro studies that investigate the  
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Figure 1The membrane of the graphene family materials: a) few layered graphene b)graphene 

nanosheet c) graphene oxide d) reduced graphene (4) 

 

toxicity/biocompatibility of Graphene and its derivatives and the potential application for 

antibacterial means. 

 

 

Toxicity to bacteria: 

Bacteria can be classified into Gram-positive and Gram negative based on the structural 

differences in their cell walls. Cell wall impenetrability of Gram-negative bacteria made it less 

susceptible to destruction by antibodies in comparison to gram-positive bacteria (5).  Due to the 

development of microbial strains caused by drug resistance, there is an increasing interest to 

evaluate and develop alternative methods for antibacterial treatment. Antibacterial properties 

ofcarbon (i.e., nanotubes and fullerenes) and diamond nanoparticles have been examined in the 
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past years (6, 7).More recently, it has also been reported that a new allotrope of carbon, 

graphene, is more effective than some currently used therapeutic antibiotics [8]. 

 

Akhayan et al. studied the bacterial toxicity of the graphene oxide nanowalls (GONWs) and 

thereduced graphene nanowalls (RGNWs)(look at figure 1c &d) on two types of bacteria, 

Escherichia coli which is a Gram-negative type, and Staphylococcus aureus strains which is a 

Gram-positive type. It is found that reduced GONWs was more fatal to bacteria than unreduced 

GONWs. The explanation for this behavior is that thereduction of GONWsby hydrazinegrants 

their edges some features including sharpness, and better ability to exchange charges with 

bacteria. Sharpness of the edges allows them to penetrate cell membrane easily. Simultaneously, 

charge transfer in both direction between bacteria and reduced nanowells at their sharp edges 

causes increased level of reactive oxygen speciesinside the cell.This leads to cell membrane 

destruction and consequently more toxicity of reduced type of graphene oxide to bacteria. 

Moreover,closelyinvestigating the effect of nanowells on Escherichia coli and Staphylococcus 

aureus by performing biological assays to measure the efflux of RNArevealed the effectiveness 

of these materials in bacterial inactivation. However, it is noticed that the destruction of cell 

membrane of Escherichia coli bacteria was less than that of Staphylococcus aureus. This can be 

attributed to the structure of Staphylococcus aureus lacking the outer membrane in comparison to 

Escherichia coli owning this membrane (3). 

 

Liu et al.studied and compared the bacterial toxicity of four derivatives of graphite; Graphite 

(Gt), and its oxide form (GtO), as well as  graphene oxide (GO), and its reduced form (rGO)on 

Gram-negative Escherichia coli. Colony counting method based on estimating the number of 

viable cells that is able to form colonies in samples containing one of these materials and 

prepared at the same condition, showed the highest efficacy of GO in inactivating Gram-negative 

Escherichia coli. Reduced graphene oxide was in the second rank, followed by graphite and 

finally graphite oxide which exhibited the least effect on bacteria among all other materials. 

Scanning electron microscope (SEM) images highlight the destruction of bacterial cells 

following their interaction with graphene-based materials (9). 

 

The XTT tests show that none of graphene based materials exhibits toxicity as a result of 

producing hyperoxides. This is because none of these materials produced this toxic anionduring 

interaction with bacteria. On the other hand, adding glutathione, which is an antioxidant, to the 

samples showed the ability of each material to oxidize glutathione. It can be concluded that the 

interaction between bacteria and graphene based materials which leads to membrane destruction 

can be explained as a result of both direct contact and oxidative stress mechanisms of toxicity. 

The authors proposed that the toxicity of these materials takes place in several stages, starting by 

deposition of cell on the material surface, and followed by applying stress on the membrane as a 

result of nanosheets penetration and culminating with oxidative stress caused by charge transfer 

between sharp nanosheets and membrane.Authors also proposed that changing physiochemical 

features of graphene based materials using different processing techniques that allow adding 

functional groups or changing the conductivity can be of clinical value and can allow introducing 

a graphene materials as a strong candidate for biomedical application(9). 
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Although the above mentioned studies suggest the applicability of graphene in the field of 

bacterial treatment in the near future, but recent studies have indicated thatgraphene oxide is not 

toxic andcause a growth of bacteria in comparison to samples with control substances (10, 

11).For these debatableresults, it may be the differences in production methods, processing of the 

surface and other features of GO that cause this controversial biological behavior. It is clear that 

further studies should be conducted more carefully for a better understanding of the detailed 

mechanisms and regulating factors influencing the interactions between graphene materials 

andbacteria. 

 

In vitro studies: 

Given that graphene and its derivatives have caughtsignificant interest for their potential 

biomedical applications such as drug delivery, tissue engineered scaffold, bio sensing and so 

on,scientific analysis of their biosafety in cultured  mammalian cells becomes critically 

important. Wang et al. studied the impact of graphene oxides on human fibroblast cellsaiming to 

investigatethe biocompatibility of graphene oxides. The human fibroblast cells were cultured 

with different doses of graphene oxides prepared by the modified Hummers method for day 1 to 

day 5. The results indicated that graphene oxides exhibit dose-dependent toxicity to cells.It is 

noted that the exposure of human fibroblast cells to graphene oxide with dose less than 20μg/mL 

revealed no adverse effects on them. However, the concentration of graphene oxide that exceeds 

50 μg/mL showsan obvious influence on cultured cells and apparent cytotoxicity reflected in 

inducing cell apoptosis, decreasing cell adhesion, penetrating the internal cell organelles such as 

mitochondrion,lysosomes, endoplasm, and cell nucleus (4). 

 

In another study, Duch et al. studied the impact of GO on mouse alveolar macrophages and 

epithelial cells. The results revealed that GO increased the rate of aerobic respiration that takes 

place inside mitochondria. This consequently led to generation of chemically reactive free 

radical molecules, reactive oxygen species (ROS), activating a cascade of molecular signals that 

lead to apoptosis and inflammatory response. Authors demonstrated that thepulmonary toxicity 

of GO is attributed to covalent bonding of oxygen atoms or hydroxyl groups with graphene (12). 

 

A systematic study was conducted by Chang et al. to evaluate the toxicity/biocompatibility of 

graphene oxide by investigatingits impact onA549 cells, which is extensively used for in vitro 

toxicity studies, taking into account any change in several important aspects such as 

viability,morphology, mortality, and membrane integrity of these cells. The results showed that 

GO did not enter the cells, neither did it express any cytotoxicity. However, GO affect cells 

byinducing an imbalance between generation and elimination of reactive oxygen species. This 

imbalance is referred to it as oxidative stress.In addition, high concentration of GO causes 

inconsiderabledecrease in cell viability (13). 

 

Hu et al. have also performed a systematic study to investigate the influence of graphene oxide 

nanosheets on human and animal at cellular level. They investigated the impact of changing the 

concentration of fetal bovine serum (FBS) in the culture medium on the toxicity of graphene 

oxide nanosheets. Two levels of concentration were used, a usually used 10% concentration of 

http://en.wikipedia.org/wiki/Scientific
http://en.wikipedia.org/wiki/Scientific_method
http://en.wikipedia.org/wiki/Mammalian
http://en.wikipedia.org/wiki/Cell_(biology)
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FBS in comparison to 10 fold lower concentration (1%). It is noticed that the toxicity of 

graphene oxide nanosheets reflected in cell mortality was greatly reduced at higher concentration 

(10%) as opposed to lower concentration (1%) of FBS.This is because of the high ability of GO 

surface to adsorb proteins existed in FBS.  The authors also carried out the study at two levels of 

temperature, 37°C as opposed to 4°C. The results presented no differences in cell viability at 

either levels of temperature when an FBS coated GO was employed. However, when the GO was 

used with FBS free medium, the cell viability was 30% lower at 37°C in comparison to 4°C. This 

can be explained by the lower permeability of cell membrane at lower temperature, supporting 

the proposed direct interaction mechanism of toxicity (14). 

 

Another in vitro study employed human blood platelets, which is an important type of human 

cells that should be considered before incorporating of graphene and its derivatives into 

biomedical devices especially those coming in contact with blood. Singh et al. demonstrated that 

GO was nearly as thrombin in inducing platelet aggregatory response. Whereas, reduced 

graphene oxide was much less effective in activating platelets, suggesting the dependence of 

toxicity on the density of charges which is much higher at the surface of GO in comparison to 

that at the surface of reduced GO. As a result,GOshould be carefully investigated against its 

serious thrombogenic threat before using it in biomedical applications, whether diagnostic or 

therapeutic (15). 

 

Liao et al. explored the relationship between the cytotoxicity of graphene and its derivatives and 

size of graphene oxide sheets. Authors found out that toxicity of graphene reflected bythe 

outflow of hemoglobin from red blood cells was greatest at the smallest size of graphene oxide 

and lowest with aggregated graphene sheets. In the same study, it is revealed that graphene oxide 

coated with chitosan, a type of polysaccharide,has great effect in reducing the breakdown of red 

blood cells. Authors also employed human skin fibroblasts in this study to investigate graphene 

toxicity, but measuring mitochondrial activity was the adopted parameter to reflect the degree of 

toxicity. It is revealed that the less densely packed graphene oxide are lessdamaging to 

mammalian fibroblasts thancompacted graphene sheets (16). 

 

In attempting toexamine the interactions of graphene or its derivatives with neural cells,Li et al. 

used a mouse model which is suffering from hippocampal sclerosis to explore the impact of 

graphene on neurite during the development until maturation. The results revealed that 

Grapheneisnon-toxic, ascell viability and morphologywere within normal levels. As well as that, 

graphene efficiently increased the growth of neurite, which in turn suggests the potential 

application of graphene as a promoter for neural interfacing (17). 

 

 

In vivo studies: 

Graphene and its derivatives are emerging materials that could be promising candidates for 

important biomedical applications. In vitro studies is a fairly simple and cost-effective process to 

initially screen the toxicity of these materials,but it is nearly impossible to imitate a 

complimentaryin vivo system. Consequently, it is essential to study the overall effects of these 

materials in vivo on animal models to investigate their toxicity. Wang et al. injected three test 
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groups of 9 mice each, with 0.1, 0.25, and 0.4 mg graphene oxides. When compared with the low 

(0.1 mg) and middle (0.25 mg) dose group which did not exhibit obvious toxicity, high dose 

group (0.4 mg) exhibited chronic toxicity reflected in 4/9 mice death and lung granuloma 

formation, mainly found in liver, lung, spleen and kidney, almost could not be cleaned by kidney 

(4). Mouse model was also used in a study to assess the hazard of graphene nanoplatelets (GP) to 

the lungs. At 24 h post-exposure to GP by pharyngeal aspiration at a dose of 50 μg per mouse, an 

Acute Pulmonary Inflammatory Response characterized by granulomatous lesions in the 

bronchiole lumen and near the alveolar region was observed (18). 

 

Zebrafish is another important preclinical model for in vivo toxicity studies owing to its high 

transparency during embryonic stage and genetic similarity with mammals such as rat, mouse, 

and humans as well as its faster embryonic development within 120 h.Gollavelli and Ling 

investigated the biocompatibility/toxicity of multi-functional graphene (MFG) on zebrafish 

embryos during different stages of embryogenesis. Zebrafish embryos at 2-cell stage were 

injected with different concentrations of MFG and maintained until complete development (72 

hours-post fertilization). The results revealed that MGF was biocompatible to zebrafishand did 

not affects the survival rate nor induce any significant malformations in zebrafish (19).In a 

similar study, zebrafishwas also used as a vertebrate models from the embryo through the 

hatchling stage to assess the cytotoxicity of graphene based nanomaterials. Toxicity assessment 

was performed by considering several aspects including survival of the embryo and the severity 

of phenotypic and gross morphological differences. Authors observed that graphene based 

nanomaterialsexerted negligible influence on the development of zebrafish from embryos to 

larvae. In other words, graphene complexes were not toxic to Zebrafish model during different 

stages of development (20). 

 

A study based on examining the effect of coating nanographene sheets with one of the most 

familiar type of biocompatible polymers, which is polyethylene glycol (PEG), was conducted in 

vivo on mouse models of cancer. The mice survived without significant loss in body weight, 

which mean that they did not experience any adverse toxic effects. Analyzing different mice 

tissues histologically showed that their organs were free of damage. Healthy mice that survived 

for 3 months after injection of PEG coated NGS were tested and blood samples were taken to 

perform blood chemistry and complete blood panel tests. No significant abnormalitieswere 

observed suggesting the potential usage of NGS coated with PEG for in vivo applications (21). 

 

Singh et al. administered intravenously Graphene oxide (250 μg/kg body weight) or amine-

modified graphene G-NH2 (250 μg/kg body weight) into different groups of mice to study the 

effect of them on thrombus formation in vivo. The results showed that Graphene oxide (GO) 

induced platelet aggregatory response when it come in contact with mouse blood. This means 

that GO is toxic in mouse as it promotes thrombus formation. These results do not contradict 

with previously discussed in vitro results that show the thrombogenic effect of GO. On the other 

hand, amine-modified graphene (G-NH2) was found to be non-toxic, non-thrombogenic and 

non-hemolysis, which may be attributable to decreased interaction of G-NH2 with the cells. 

Comparatively, Authors observed that G-NH2 is the safest graphene derivative with potential for 

biomedical applications owing to its hemocompatibility unlike other graphene derivatives (22). 
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In an intraocular biocompatibility study of Graphene oxide (GO), different concentrations of GO 

were injected into one eye of eachJapanese white rabbit enrolled in the study. The results showed 

that the toxicity of GO on eyes is not sever and has good intraocular biocompatibility. Together, 

the in vivo and in vitro results suggest the promise of potential ophthalmological application of 

GO (23). 

 

Combined analysis of data from multiple studies provide important information regarding the 

biocompatibility of graphene related materials. Avoiding generalization about data is important 

due to Inconsistency of studies' results and the significant variability of the material under study. 

Different types of graphene resulting from physiochemical or structural modifications must be 

studied thoroughly to compare between them and find out their biological impact. 

 

 

Potential mechanisms of toxicity 

 

Recent findings on the toxicological effects of graphene-family nanomaterials in bacteria and 

mammalian cells, both in vivo and in vitro have been discussed previously. However, there are 

too much uncertainty about the effects and mechanisms of toxicity of Graphene based 

materials.This toxicity is relevant to several parameters including size, agglomeration state, 

surface area, surface charge and purity of the samples. In this review, two potential mechanisms 

that have been proposed in the literature will be summarized.  

 

One of the common mechanisms is the provoking of oxidative stress insidehuman or animal cells 

caused by direct or indirect production of free radicals and reactive oxygen species (ROS) that 

are ready to intervene in cellular internal reactions. These ROS are reactive free radical 

molecules which contain oxygen including oxygen ions and peroxides that play significant roles 

in communication, signaling and maintaining balance inside cell. Cells maintain hemostasis 

through production and elimination of ROS by using many complex mechanisms such as 

enzymatic and nonenzymatic antioxidant systems. Any abnormality or impairment in the 

function of these complex mechanisms can greatly raise the level of ROS inside cell and 

consequently oxidative stress. Oxidative stress in turn plays a crucial role in alteration of 

macromolecules such as membrane lipids, protein denaturation, and ultimately DNA destruction 

leading to sever and irreversible oxidative damage and consequently cell death (24). 

 

Gurunathan et al. proposed oxidative stress as one of the mechanisms that answers the questions 

raised about how GO and rGOcan cause toxicity to cells and biological systems. Authors used 

NBT assays to measure the levels of ROS produced inside cultured cells. The results indicated 

that the levels of ROS inside cells treated with two types of graphene derivatives, GO and rGO, 

were much higher than that level in control cells, being3.8-fold and 2.7-fold higher, respectively. 

In addition, ROS generation by GO and rGO could be prevented and consequently, cells could 

be protected from toxic compounds if these cells were pre-incubated with antioxidant 

compounds such as glutathione (GSH) or N-acetylcysteine (NAC) (25).The findings of several 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Gurunathan%20S%5Bauth%5D
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studies suggest that ROS are produced inside cells depending on two parameters, time of 

exposure and concentration of GFM, pointing to the oxidative stress mechanism of toxicity 

which depends also on these parameters (26). 

 

 
Figure 2: Graphene kills bacteria by slicing through their membranes and yanking out their 

phospholipids (27). 

In comparison to the studies mentioned above, some studies proposed another mechanism of 

toxicity represented by cell membrane damage through physical contact interaction with the 

extremely sharp edges of graphene. Akhavan et al. compare graphene oxide nanowells’ toxicity 

in gram-positive and Gram-negative models of bacteria. It is found that the cell membrane of 

Gram-negative bacteria owing the outer membrane experienced less damage than that of Gram-

positive bacteria lacking the outer membrane (3). This is caused by the direct contact interaction 

of the bacteria with the very sharp edges of the nanowells leading to slicing through their 

membranes and yanking out their phospholipids as shown in figure 2. Liu et al. also showed that 

thecell membrane destruction was caused by direct contact of cell membrane with sharp 

nanosheets (9).Hu et al. demonstrated how the cytotoxicity of graphene nanosheets is reduced 

significantly when they are surrounded by proteins such as serum proteins. Therefore, although 

they are lethal to bacteria, they are less toxic to human or other mammalians (14). This confirms 

the mechanism of toxicity discussed previously because serum proteins reduce the physical 

interaction between graphene and cell membrane. 

 

Conclusions: 

Physical and chemical properties uniqueness of graphene and its derivatives made them 

promising candidates for biomedical applications including drug delivery, biosensing, tissue 

http://pubs.acs.org/action/doSearch?ContribStored=Liu%2C+S
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engineering, anddiagnosis. However, it is essential to evaluate these materials extensively both in 

vivo and in vitroto ensure their safety and efficacy to human health. Little is known about the 

adverse effects of graphene based materials and further studies are needed. This review reveals 

that the toxicity of GO on human fibroblast cells is dose dependent, and can be mitigated by 

increasing the concentration of fetal bovine serum. It is also clear that the toxicity vary with the 

type of material,Gt, GtO, GO, orrGO.In addition, adding functional groups to graphene would 

change its characteristics. For example, amide modified graphene is non-toxic, non-

thrombogenic and non-hemolysis material. This variability of graphene based materials entails 

avoiding generalization and further detailed studies for better understanding of their safety. 

Finally, direct contact interaction and oxidative stress are the most important mechanisms 

proposed to explain the toxicity/biocompatibility of these materials. Direct contact interaction 

mechanism suggests that the interaction between graphene sharp edges and cell membrane 

causes the toxicity. However, Oxidative stress mechanisms attribute the toxicity to the increased 

level of ROS inside the cell induced by graphene based materials. 
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