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Abstract: Graphene and its derivatives have become promising materials for biomedical 

applications in the last decade. Before their widespread application, however, evaluating 

their toxicity and mechanisms underlying interactions with cellular components is 

imperative. Aims: Assessment of the effect of two graphene derivatives, pristine graphene 

oxide (GO) and ammonia-modified GO (GO-NH2) particles, on the ATPase activity of rat 

liver mitochondria and ROS production. Methods: Liver mitochondria were isolated from 

male albino rats and treated with different concentrations of GO and GO-NH2 particles  

(4, 10, 25, and 50 μg/ml). ATPase activity of both, intact and uncoupled by freezing/thawing 

mitochondria was determined by the measurement of inorganic phosphate (Pi) released from 

ATP. The generation of hydrogen peroxide (H2O2) after exposure of mitochondria to GO and 

GO-NH2 particles was determined by a DCFH-D assay. Results: GO and GO-NH2 particles 

applied at concentrations of 4 and 50 μg/ml did not affect the ATPase activity of intact 

mitochondria. In contrast, in uncoupled mitochondria, they demonstrated a stimulating effect 

on ATPase activity. The impact of GO-NH2 was more substantial and concentration-

dependent. ROS production was also higher in GO-NH2-treated mitochondria. Conclusion: 

The present study demonstrated that GO and GO-NH2 particles can exert a cytotoxic effect 

on mitochondria even after a short-time of exposure to both types of particles. 

 

Keywords: Graphene-based flakes, Cytotoxicity, ATP production, Nanoparticle-induced 

mitochondrial toxicity. 

 

Introduction 
In the last decade, graphene and its derivates have been under the scientific spotlight due to 

their exceptional physicochemical properties, such as extreme strength, remarkable light 

weight, large surface-to-volume ratio, chemical stability, and excellent thermal and electrical 

conductivity [10, 37]. Graphene is a two-dimensional material made of sp2 hybridized carbon 

atoms, forming a hexagonal arrangement with a structure similar to honeycombs [14].  

Recent progress has shown that graphene-based materials have a broad range of applications 
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which is expected to increase significantly [7, 16, 26, 28, 45, 47, 51, 52]. Graphene oxide 

(GO) is one of the most important graphene derivatives with unique properties such as low 

toxicity, irregular shape and geometry, high loading capacity, and simple and low-cost 

synthesis [1]. GO is a highly oxidized form of graphene with carboxylate groups on the 

periphery, providing a pH-dependent negative charge and colloidal stability, and hydroxyl and 

epoxide groups on the basal plane which are polar and hydrophilic. The remaining regions of 

the basal plane are unmodified, hydrophobic, and capable of binding biomolecules or drugs 

via π–π interactions [11]. Oxygen groups allow easy modification of GO, either covalently or 

non-covalently, with different molecules, including DNA, proteins, or drugs, allowing a wide 

range of biological applications [41, 43]. However, before the widespread application of GO, 

it is imperative to evaluate its potential risk to environmental and human health and establish 

an approach for the safe design of these materials. 

 

The safety and biocompatibility of GO have been the subject of intense research in the 

scientific community [12]. The data in the literature, however, are very controversial.  

Some authors reported that GO is nontoxic for cells, even in a high dose of 200 μg/ml, while 

others have demonstrated that a low amount of 10 μg/ml GO interacted with DNA and 

induced cell apoptosis [2, 3, 30]. Others have shown that intravenous GO injections at  

4 mg/kg for five days caused mutagenesis in mice [25]. The toxicity and biocompatibility of 

GO are highly dependent not only on concentration and exposure time but also on its intrinsic 

physicochemical properties such as morphology, size (lateral dimension, thickness, and 

number of layers), surface chemistry, and functional groups [6, 23, 24, 38]. The surface 

modification affects the physicochemical properties of nanomaterials, their processability and 

performance, toxicity, and impact on human health and the environment. Functionalization 

with different functional groups, for example, changes the degree of ionization, surface 

charge, and hydrophobicity, which consequently influence biological effects [40, 42].  

Due to the abundance of carboxyl groups (-COOH), GO’s surface is negatively charged. 

Through coupling reactions, the COOH groups can be functionalized with amino groups  

(e.g., NH2-PEG-NH2), which renders the surface positive, while functionalized with  

poly-m-aminobenzene sulfonic acid- (-NH2/-SO3H) or methoxyl- (-OCH3) terminated 

functional groups makes the surface neutral [39]. It is generally believed that cationic 

particles are more toxic than anionic particles, whereas neutral particles are more 

biocompatible, mainly due to different affinities for negative phospholipids or proteins [39]. 

 

The toxicity of aminated GO nanoparticles is not well studied. Xu et al. have shown that 

aminated GO induces less toxicity in macrophages than pristine GO, while Singh et al. [35] 

have found that GO-NH2 did not cause thrombogenicity in Swiss male mice under 

intravenous administration [44]. In our previous experiments, we observed that commercially 

available ammonia-modified GO with an approximate size of 560 nm in diameter induced 

apoptosis in lung cancer cells but did not influence the viability of noncancer embryonic stem 

cells [21]. 

 

Studies exploring nanoparticle toxicity have shown that nanoparticles can specifically target 

the mitochondria and exert toxic effects. The most probable mechanism of nanoparticle-

induced mitochondrial toxicity is by generation of ROS. ROS are highly reactive chemical 

agents that can cause various harmful damage to cellular macromolecules. 

The overproduction of ROS following nanoparticle exposure can occur through direct damage 

to the mitochondria or following a reduction in the activity of the mitochondrial respiratory 

chain complexes, which can lead to the generation of ROS. Consequently, mitochondrial 

dysfunction may lead to apoptosis and inflammation [34]. There is a direct connection 
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between mitochondrial dysfunction and the toxic indices of nanoparticles. In addition to the 

inherent adverse effects associated with high levels of ROS, the ability of nanomaterials to 

alter mitochondrial dynamics can lead to changes in adenosine triphosphate (ATP) production 

levels. Mitochondria are the main site where ATP is synthesized by ATP synthase [17].  

ATP synthase is the enzyme that uses adenosine diphosphate, inorganic phosphate, and  

an electrochemical gradient of protons through the internal mitochondrial membrane as 

substrates. The enzyme can function as ATP synthase (ATP synthesis) or ATPase  

(ATP hydrolysis). ROS inhibits ATP synthase activity, and oxidative stress is another factor 

that could contribute to the increase of ATPase under pathological conditions [5, 53].  

 

Reduced levels and activities of respiration chain-related proteins and suppressed  

ATP production caused by graphene have been observed [29, 54]. However, there is a lack of 

data about graphene's direct or indirect effects and its derivatives on mitochondrial ATPase 

activity. Therefore, in the present work, we aimed to study the effects of two graphene 

derivatives – pristine GO and ammonia-modified GO (GO-NH2) particles in different 

concentrations (4, 10, 25 and 50 μg/ml), on ATPase activity of rat liver mitochondria on both, 

intact mitochondria (coupled mitochondria), and freezing/thawing disrupted mitochondria. 

Additionally, we have measured the ROS production after 5 min exposure to freezing/thawing 

disrupted mitochondria to reveal if the direct damage of the mitochondria by nanoparticles 

results in the generation of ROS. 

 

Materials and methods 

Graphene oxide particles 
Graphene oxide (C1576m Graphenea, Spain) and ammonia-modified graphene oxide 

(791520, Sigma-Aldrich, Germany) are commercially available products, purchased as water 

suspensions with concentrations of 4 mg/ml and 1 mg/ml, respectively. A stock solution of 

1.0 mg/ml of GO and GO-NH2 particles in distilled water was prepared for experiments. 

Just before the mitochondria exposure, the stock solutions were sonicated for 1 hour  

(40 kHz, 50 W) then mitochondria were treated with particles in different concentrations. 

 

Physico-chemical characterization of GO and GO-NH2 particles 
Scanning electron microscopy characterized the morphology of GO sheets (SEM, JEOL, 

JSM-7100F, Japan). Images were acquired at an average working distance of 8 mm with  

an accelerating voltage of 15 kV. Before SEM imaging, GO and GO-NH2 suspensions were 

sonicated for 30 min, deposited on a Si-wafer, and evaporated by a stream of nitrogen.  

UV-Vis absorption spectra were analyzed by Specord 210 Plus spectrophotometer  

(Edition 2010, Analytik Jena AG, Jena, Germany). The hydrodynamic diameters (HD) and 

the zeta (ζ-) potential of both particles in water were measured in triplicate by photon 

correlation spectroscopy (Zetatrac Instrument, S3500; Microtrac, Largo, FL).  

 

Measurement of mitochondrial ATPase activity 
Liver mitochondria were isolated from male albino rats (Wister strain, 50-60 days of age, 

120-150 g, supplied by the Breeding base of the Faculty of Biology, Sofia University)  

as described in [4]. 

 

The ATPase activity of mitochondria was determined by the measurement of inorganic 

phosphate (Pi) released from ATP. The reaction with intact mitochondria was carried out at 

room temperature and continuous stirring in a 5 ml assay medium consisting of 200 mM 

sucrose, 10 mM KCl, 50 mM Tris-HCl, 100 μM EDTA-KOH, and 1 mM ATP (pH 7.5) and  

50 µM 2,4-dinitrophenol (DNP) was included wherever indicated. Aliquots of particle stock 
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solution were added to reach final concentrations of 4 and 50 μg/ml, respectively. 

The reaction was started by adding mitochondrial suspension. Samples were taken after 15, 

30, 60, 120, 180, and 300 s incubation and added to 3 M perchloric acid for termination of the 

reaction. 

 

In a second set of experiments, ATPase activity of mitochondria uncoupled by 

freezing/thawing was assayed in 1 ml medium consisting of 200 mM sucrose, 10 mM KCl,  

50 mM Tris-HCl, and 100 μM EDTA-KOH (pH 7.5). Aliquots of particle stock solution were 

added to reach final concentrations of 4, 10, 25, and 50 μg/ml, respectively.  

After pre-incubating the mitochondria in the assay medium for 30 min at 37 °C, the reaction 

was initiated by adding 1 mM ATP, continued for 5 min at 37 °C, and terminated by adding  

3 M perchloric acid. 

 

In all cases, the protein precipitates and particles were removed by centrifugation at 8800 g 

for 30 min. The concentration of Pi in the supernatant was determined spectrophotometrically 

at 750 nm (Spectrophotometer S-22UV/Vis, Boeco, Germany). Blanks in which the reaction 

was blocked by the addition of perchloric acid before ATP addition was carried out in parallel 

to determine the background Pi amount as a result of non-enzymatic hydrolysis.  

The activity of mitochondrial ATPase was expressed as μmol Pi/mg protein-/min or  

μmol Pi/mg protein. 

 

DCFA-DA analysis  
Generation of hydrogen peroxide (H2O2) after exposure of mitochondria to GO and GO-NH2 

particles was determined by using 2',7'-dichlorofluorescein diacetate (DCFH-DA,  

Sigma-Aldrich). DCFH is a lipid-permeable non-fluorescent compound that oxidized by 

intracellular H2O2 forms the fluorescent compound 2',7'-dichlorofluorescein (DCF).  

Particles in different concentrations (4 and 50 μg/ml) were added to freezing-thawing 

disrupted mitochondria diluted with sucrose (250 mM) in a ratio of 1:4, and incubated for  

5 min at room temperature (RT). Then the particles were removed by centrifugation for 15 s 

at 12 000 rpm. 10 μm DCFH-DA was added to each supernatant followed by 30 min 

incubation at RT and dark. The samples were washed by 5 min centrifugation at 14 500 rpm; 

the pellet was resuspended to 1 ml volume with sucrose, and fluorescence intensity of DCF 

was detected on a spectrofluorometer with excitation at 485 nm and emission at 530 nm. 

Untreated mitochondria were used as a control fluorescence was measured at 485 nm 

extension and 520 nm. 

 

Statistical analysis  
Data are expressed as mean ± standard error of the mean (SEM) of at least six independent 

experiments performed in triplicate unless otherwise indicated. When appropriate,  

the difference between GO- or GO-NH2-treated samples and the untreated control was tested 

by independent samples Student’s t-test. For some groups, the Shapiro-Wilk test showed that 

the data were not normally distributed and a non-parametric Mann-Whitney rank sum test was 

performed. A value of p < 0.05 was considered significant. All statistical analyses were 

computed using SigmaPlot version 11.0. 

 

Results and discussion 

Physicochemical characterization of GO and GO-NH2 particles 
Results from the physicochemical characterization of pristine and ammonia-modified  

GO particles showed that both GO particles differ significantly in their physicochemical 
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parameters. The morphology of GO and aminated GO sheets were investigated by SEM,  

and the images are presented in Fig. 1. Both, GO and GO-NH2 have wrinkled and curled 

sheet-like structures with a rougher surface of GO-NH2 than those of GO. The intensity of the 

backscattered electrons, resulting from the collision between the electron beam and the atoms 

within the specimen, depends on the nucleus size. Elements with a larger atomic nucleus 

appear brighter in the image. The higher degree of GO-NH2 functionalization with amino-

containing groups causes a much higher degree of brightness of the flakes than that of non-

functionalized GO, as can be seen in Fig. 1. 

 

 

Fig. 1 SEM micrographs of GO (A) and ammonia-modified GO (GO-NH2) (B) sheets 

 

Further, the results from the measurements of hydrodynamic diameters (HD) showed that the 

GO flakes are more heterogeneous and their size is significantly larger than those of GO-NH2 

(Table 1). The pristine GO in the aqueous suspension consists of two fractions with very 

different sizes: a smaller fraction with an average particle size of 250 nm (9.7% of the 

particles) and a predominant fraction (90.3%) with an average particle size of 1.5 µm.  

GO-NH2 fraction is more homogenous consisting of particles with an average size of 560 nm. 

The main fraction of GO had dimensions of a few microns which are approximately three 

times larger than the dimensions of GO-NH2 flakes. Probably the reason for the smaller size 

of GO-NH2 is that the amination of GO leads to the wrinkling and shrinking of GO and, 

consequently, to the reduction of the size of the sheets. In our previous studies, we have 

investigated the morphology of both, pristine GO and aminated GO sheets under TEM and 

found a similar, more shrunk morphology for GO-NH2 with many folds and wrinkles, 

compared to the pristine GO [19, 21]. Moreover, [33] reported that the elastic corrugations 

and the scrolled or folded edges often result in different brightness on the surface of the GO 

which was observed during SEM investigation of GO’s sheets. The surface charges 

represented as zeta (ζ-) potential measured in water were negative for GO with a value of  

-24.5 mV indicating the presence of carboxylic functional groups, and positive for GO-NH2 

with a value of 38.5 mV, pointing to the presence of amino groups (Table 1). 

 

Table 1. Average particle size and surface charge of the pristine GO and  

ammonia-modified GO (GO-NH2) particles estimated by Zetasizer 

Sample Average particle size, (nm) Surface charge, (mV) 

GO 
250.0 ± 68.0 

1500.0 ± 0.7 
-24.5 ± 0.4 

GO-NH2 560.0 ± 300.0 38.5 ± 2.8 
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The adsorption spectra of both particles measured in the range of 190-590 nm are given in 

Fig. 2. UV/Vis spectroscopy measurements showed that GO has a typical absorbance peak at 

~230 nm due to π → π* transition of the aromatic C–C ring. A weak shoulder peak at  

~300 nm was ascribed to the n → π* transitions of C═O bonds, confirming the presence of 

oxygen-containing functional groups [46]. However, this shoulder peak was not observed in 

the UV-Vis spectrum of GO-NH2. In ammonia-modified GO, the absorbance peak was  

red-shifted at ~250 nm and GO-NH2 exhibited higher absorbance at a long wavelength  

(more than 300 nm) (Fig. 2), pointing out that the ammonia strengthened the reduction extent 

of GO during the process of amination. Additionally, a colour change of GO suspension from 

light brown to black was observed during ammonia modification (Fig. 2, the built-in photo) 

verifying the reduction of GO under amination. The dark colour is typical for reduced 

graphene oxide and has been reported previously in many works [46, 48]. 

 
Fig. 2 UV-Vis-absorption spectra and photographs of GO and GO-NH2 particles.  

 
All registered differences between pristine and ammonia-modified GO flakes can be due to 

the differences in their synthesis. The method of synthesis and the source of carbon need to be 

considered since it has a significant impact on the structure and chemical composition of 

obtained GO [36]. The most commonly used method for GO synthesis is the Hummers 

method [15]. GO produced by Hummers’s approach is relatively rich in oxygen groups 

compared to GO produced by other methods, and this is essential for further attempts at  

GO surface modifications. The ammonia-modified GO particles which are the subject of our 

study are also produced by Hummer’s method according to the manufacturer datasheet and 

modified further by treating GO with NH3. This tunes the electronic structure by introducing 

amino and amide groups to its surface and results in a positively charged surface, wrinkled 

and curled sheet-like structure, and smaller size when compared to pristine GO [18]. 

 

Effects of GO and GO-NH2 particles on intact mitochondria 
GO particles were initially tested for possible uncoupling action on intact liver mitochondria. 

Fig. 3 shows the results from one representative experiment with GO (Fig. 3A) and GO-NH2 

(Fig. 3B) applied in concentrations of 4 and 50 µg/ml respectively. ATPase activity remained 

low during the registration under control conditions. The addition of the uncoupler DNP 

powerfully stimulated ATP hydrolysis which indicated a normal functional state of 

mitochondria and a low permeability of their inner membrane. GO and GO-NH2 particles in 

both tested concentrations did not show an uncoupling effect on intact mitochondria. 

 



 INT. J. BIOAUTOMATION, 2024, 28(1), 45-58 doi: 10.7546/ijba.2024.28.1.000957 
 

51 

 

Fig. 3 Effects of GO (A) and GO-NH2 (B) particles on ATPase activity of intact 

mitochondria. The reactions were started by adding 2.75 mg of mitochondrial protein  

and carried out for 5 min as described in Materials and methods.  

Data are from one representative experiment. 

 

Changes in the mitochondrial structure and function with a decreased membrane potential, 

impaired ATP production and ROS generation have been demonstrated in studies with 

various cell lines treated with GO and GO-related nanomaterials [9, 32, 49, 50]. However, in 

all these experiments the duration of the treatment varied from 4 h to 96 h. In the present 

study, intact mitochondria were exposed to GO and GO-NH2 during the registration of 

ATPase reaction for 5 min. To keep the freshly isolated mitochondria intact, pre-incubating 

them with the nanoparticles was not appropriate, therefore we followed GO and GO-NH2 

effects only during the registration in the course of the ATPase reaction. Furthermore, this 

allows studying nanoparticles' effects on the enzyme activity during the first minutes after the 

reaction initiation, when its rate is the highest. The short time of exposure could explain the 

lack of an uncoupling effect. 

 

Effects of GO and GO-NH2 particles on freeze-thawed mitochondria 
Freezing/thawing disrupts the mitochondrial inner membrane leading to uncoupling and 

stimulation of initial ATPase activity. In parallel with this, mitochondria preserve their 

structure and the membrane-spanning F0 sector of the ATPase. 

 

ATPase activity values were calculated as percentages of the activity (expressed as  

μmol Pi/mg protein/min) measured under control conditions (particle-free assay medium).  

GO in concentrations of 4, 10, 25, and 50 µg/ml stimulated ATPase activity of freeze-thawed 

mitochondria to 142.36 ± 18.43% of the control (in a concentration of 10 µg/ml),  

but the differences between the groups were not statistically significant (Fig. 4). 

 

The effect of GO-NH2 was more pronounced and concentration-dependent (Fig. 4).  

ATPase activity was stimulated to 251.11 ± 100.27% of the control (in a concentration  

of 50 µg/ml).  
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Fig. 4 Effect of GO and GO-NH2 particles on ATPase activity of freeze-thawed mitochondria. 

ATPase activity values were calculated as percentages of the activity measured under control 

conditions (particles-free assay media). Data are plotted as mean ± SEM of six independent 

experiments (three parallel samples per group per experiment).  

The asterisk indicates a significant difference (*p = 0.04).  

 

Effects of GO and GO-NH2 particles on ROS generation 
The measurement of ROS production and more correctly, of hydrogen peroxide (H2O2) after  

5 min treatment of freezing-thawing disrupted mitochondria with GO and GO-NH2 particles 

showing that only the higher concentrations of GO’s NPs resulted in a generation of ROS in 

the disturbed mitochondria. Among both types of particles aminated GO produced more ROS 

suggesting a higher toxicity (Fig. 5). 
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Fig. 5 Effect of GO and GO-NH2 particles on ROS production of freeze-thawed mitochondria 

 

These findings demonstrate a stronger effect of GO-NH2 as compared to those of GO.  

This is in agreement with the results from our previous study which showed that ammonia-

modified GO particles were more toxic than pristine GO in both, tumour lung A549 cells and 

non-tumour, embryonic Lep3 cells [19]. The stronger effects of GO-NH2 than that of the 

pristine GO could be due to their different chemical and physical properties.  

Particles’ parameters such as size, zeta-potential, and ability to aggregate in the medium used 

can influence their interactions with cell and intracellular organelles. Greater damage to the 
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cell membrane caused by the larger-sized GO as compared to the smaller-sized GOs was 

observed [49]. Other authors reported stronger cytotoxicity induced by nanoparticles with 

smaller dimensions [8, 27]. Smaller silver nanoparticles cause more significant cytotoxicity 

than larger silver NPs because of their larger surface area available for interaction with 

cellular organelles [20].  

 

Our previous study on silver nanoparticles [4] also demonstrated more significant effects of 

starch-stabilized silver nanoparticles on ATPase activity of rat liver mitochondria compared to 

those of raffinose-stabilized silver nanoparticles, which could be assigned mainly to their 

smaller size (15.4 ± 3.9 nm and 24.8 ± 6.8 nm, respectively). In the present study, the stronger 

effect of GO-NH2 than that of GO could also be referred to the smaller size of the former.  

The GO-NH2 fraction was more homogenous with an average size of the particles of  

560 ± 300 nm whereas the main fraction of GO consisted of particles with an average size of 

1.5 ± 0.7 µm. In addition, the positive zeta-potential of GO-NH2 (38.5 ± 2.8 mV) can 

contribute to their increased reactivity compared to that of the negatively charged  

GO particles (zeta-potential of -24.5 ± 0.4 mV). Positively charged nanoparticles are 

considered to possess higher reactivity towards the negative cell surface [13] and, hence, they 

can be more toxic due to a destructive effect on the membranes [22, 31]. 

 

Conclusions 
It was demonstrated that pristine GO and ammonia-modified GO particles do not possess an 

uncoupling effect on intact liver mitochondria but stimulate the ATPase activity of 

mitochondria uncoupled by freezing/thawing with a more pronounced and concentration-

dependent effect of GO-NH2. The stronger effect of GO-NH2 compared to those of GO could 

be explained by their physicochemical properties – increased reactivity of GO-NH2 particles 

due to their smaller size (560 ± 300 nm vs. 1.5 ± 0.7 μm for GO-NH2 and GO, respectively) 

and positive zeta-potential (38.5 ± 2.8 mV vs. -24.5 ± 0.4 mV for GO-NH2 and GO, 

respectively).  
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