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BIOLOGICAL ACTIVITY OF GRAPHENE NANOCOMPOSITES 
WITH ZINC OXIDE, Cu AND Ag NANOPARTICLES  
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Lyubomira Yocheva4, Anelia Kostadinova5, Anna Staneva1

ABSTRACT

The aim of this research is to obtain collagenе nanocomposites based on graphene, graphene oxide, GO, zinc 
oxide and metal nanoparticles and to evaluate their pro-, antioxidant and biological activities by luminescent and 
standard microbiological assays. The antimicrobial activity of graphene composites with added nanosized zinc 
oxide, silver and copper nanoparticles was tested on Firmicutes bacteria Staphylococcus epidermidis (ATCC 1228) 
and Gracillicutes Escherichia coli (ATCC 25922). The method of diffusion in agar was used in three variants - spot 
diffusion, well and paper-disc diffusion. The spot and diffusion disc approaches of the method have shown better 
effect than the well diffusion for testing the effect of graphene composites on bacteria. The composites with high ZnO 
content had the best antimicrobial properties against the tested bacteria. The cytotoxicity of the nanocomposites using 
normal MDCK and A549 epithelial sarcoma cells were tested for 24 h at a concentration of 100 mg mL-1. Cancer cells 
were found to be more sensitive than normal to the graphene composites, proving antitumor activity. The pro- and 
antioxidant effects of the tested nanomaterials depend on the pH level. At physiological conditions, in the Fenton`s 
system, all but RGO+Cu do not appear to be suitable as an implant nanomaterial. In the H2O2 oxidation system all 
materials present stable antioxidant effects; only ZnO+RGO+Cu is close to control prooxidant levels. When the 
nanomaterials are tested for oxidation by O2

.- radicals, ZnO+RGO and Zn+RGO+Cu show prooxidant effects, as 
the prooxidant activity is kept for ZnO+RGO even at physiological acidity pH 7.4.

Keywords: nanocomposites, pro- and antioxidant effects, graphene, biological activity, cytotoxicity.

Received 18 October 2022 
Accepted  20 December 2022

Journal of Chemical Technology and Metallurgy, 58, 2, 2023, 327-339

1University of Chemical Technology and Metallurgy
 8 Kliment Ohridski blvd., 1756 Sofia, Bulgaria 
2Sofia University „St. Kliment Ohridski“, Faculty of Physics
 5 James Boucher blvd., 1164 Sofia, Bulgaria
3Sofia University „St. Kliment Ohridski“, Faculty of Biology
 8 Dragan Tsankov blvd., 1164 Sofia, Bulgaria
4Sofia University „St. Kliment Ohridski“, Faculty of Medicine
 1 Koziak Str., 1407 Sofia, Bulgaria
5Institute of Biophysics and Biomedical Engineering
 Bulgarian Academy of Sciences, Acad. Georgi Bonchev Str.
 Block 21, 1113 Sofia, Bulgaria 
 E-mail: ani_sta@uctm.edu

INTRODUCTION

Collagen composites with the participation of 
graphene and metal nanoparticles have been studied as 
biomaterials for tissue engineering (especially bone), 
antibacterial coatings for medical devices (catheters, 
tubes for medical devices, etc.), porous materials for 
wound healing, films, etc. They are expected to be 
biocompatible, with non-toxic degradation products 

and opportunities to control their mechanical properties. 
Collagen is the predominant constituent of all supporting 
tissues. Its ability to self-organize, biocompatibility 
and other valuable properties, which can be improved 
by chemical modification, make it a widely applicable 
scaffold material for tissue engineering and regenerative 
medicine. The preparation of similar scaffolds by the 
cryogenic drying method and the influence of various 
factors on their physico-chemical, mechanical and 
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biological characteristics is described in the literature. 
Collagen can be made into films, sponges and other 
porous materials for tissue engineering purposes in the 
creation of skin, peripheral nerve, muscle, cartilage 
and bone. They are not harmful to living tissue, with 
non-toxic degradation products and the ability to 
manage their porosity and mechanical characteristics. 
An additional advantage of these structural matrices is 
that the microstructural architecture can be controlled by 
varying a number of parameters during their fabrication 
process.

Graphene and graphene nanostructures combine 
properties that make them an attractive material for both 
technical and medical applications and the development 
of composites with their participation enables the creation 
of new and optimization of existing properties that are 
important for their applications as multifunctional 
materials. Their biocompatibility, large specific surface 
area, and antimicrobial activity are of increasing interest 
for medical applications, such as cancer diagnosis and 
treatment, drug delivery, antibacterial and antiviral 
agents, biosensors, biomaterials for wound healing, 
and in tissue engineering. In recent years, graphene 
materials have been highly valued as antibacterial 
agents due to the resistance of bacteria to multiple 
agents. Graphene is an allotrope of carbon consisting 
of a single layer of atoms arranged in two-dimensional 
honeycomb lattice. There are significant differences in 
the physico-chemical properties of graphene which is 
influenced by the production method. Usually, the C 
atoms at the edges of the particles are not sp2 hybridised. 
The edges are stabilised through a number of chemical 
functionalities including epoxy, hydroxyl and carboxylic 
groups, the latter giving rise to charge in liquids of high 
dielectric constant such as water. Thus, the smaller 
the particles, the higher the ratio of edge groups and 
therefore charges per unit area. Two-dimensional (2D) 
materials, like graphene and transition metals, have 
attracted considerable attention for the last decade 
due to their unique electrical, optical and mechanical 
properties [1]. Recently, as their unique characteristics 
of biocompatibility and biodegradation are known, a 
lot of publications are focused on applying them in 
diagnostic, bioabsorbable sensors, and therapeutic 
applications [2, 3].

A novel Ag/Cu alloy nanoparticles and graphene 
nanocomposite paste electrode proceed electrochemical 

reduction of chlorpyrifos and could be used for detection 
of environmental pollution [4]. Other biosensor of 3D 
graphene/copper oxide nano-flowers is intended for 
detection of organophosphate pesticides [5]. Other 3D 
graphene sensors were constructed [6]. We have not 
found many sources related to the study of the biological 
properties of the graphene nanocomposites presented.

Commonly found bacterium in the digestive tract of 
animals and humans, E. coli is a big challenge for the 
scientific community in endeavor to preserve the human 
society from the resistant strains, which cause illnesses 
in hundreds of thousands of people. In many cases, 
some strains of E. coli could easily exchange genes 
and plasmids, too. In result, these pathogenic strains 
have the ability to cause a novel form of disease after 
adhesion and invasion in the human body due to harmful 
interference with the other bacteria and gene transfer in 
the intestine. The representatives of Firmicutes bacteria 
Staphylococcus epidermidis ATCC 1228 and E. coli 
ATCC 25922 are commonly used as a control strains 
for susceptibility testing to antibiotics and as a quality 
control strains for commercial products. 

Rajapaksha et al. reported about the antibacterial 
activity of the GO-CuO NPs material  investigated using 
a standard plate count method [7]. The graphene oxide-
CuO nanoparticles nanocomposite was determined to 
be an effective antibacterial nanomaterial, significantly 
inhibiting the growth of both E. coli and S. typhimurium 
bacteria compared to that observed on the pristine 
GO material. The study suggests that GO–CuO NPs 
composites are a promising high-efficacy antibacterial 
nanomaterial.

The aim of our study is to compare the biological 
effect of some graphene composites on both Gracilicutes 
and Firmicutes bacteria, tumor and cancer cell lines as 
well as their prooxidant and antioxidant activities. The 
free radical reactions and formation of reactive oxygen 
species are vital metabolic responses that ensure body`s 
homeostasis, functional activity and adaptation. The 
speed of these reactions is maintained by a complex 
system of regulation, and its imbalance is a universal 
mechanism and cause for the development of chronic 
and acute bacterial and viral infections, atherosclerosis, 
cardiac, nephrological and neurodegenerative diseases, 
etc. Today, such a mechanism of cellular damage has 
been established for over 100 diseases with different 
etiologies [8].
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EXPERIMENTAL

Preparing of nanocomposites
Six composites based on nanosized zinc oxide, 

copper and silver and graphene materials were prepared 
for the experiment. Samples 1 and 2 are based on zinc 
oxide and 5 mass % RGO (95 mass % ZnO x 5 mass % 
RGO), as in number two (95 mass % ZnO x 5 mass %) 
(RGO + 5 mass % Cu). Sample number 3 contains 75 
mass % RGO and 25 mass % Cu (Cu0, Cu2O). Sample 
number 4 contains 75 mass % RGO and 25 mass % Ag. 
Sample number 5 contains 80 mass % GO and 20 mass 
% ZnO, Sample number 6 contains 88 mass % RGO and 
12 mass % Cu NPs.

In order to test the antibacterial properties, the selected 
graphene materials were synthesized (Table 1). The initial 
components - GO, nanosized ZnO and Cu nanoparticles, 
necessary for the synthesis of the composites were 
synthesized earlier [9, 10]. The obtained starting 
materials were characterized by X-ray diffraction, SEM 
and EDX analysis and the production of monophasic 
products was demonstrated.

The starting components were weighed in ratios 
presented in Table 1, mixed and homogenized in an 
agate mill. Distilled water was added to the desired 
concentration of nanoparticles and the resulting 
suspension was sonicated in an ultrasonic reactor for 
one hour (Fig. 1). In addition to the obtained water 
solutions of the presented composites, collagen solutions 
of the same were also prepared. For this purpose, 
enzymatically fragmented collagen is added to obtain 
a 1 % concentration and the resulting suspension 
is subjected to stirring on a magnetic stirrer and to 
ultrasonic treatment using an ultrasonic reactor for 
30 min. Using the ultrasonic treatment, a very good 
distribution of nano-sized ZnO, Ag and Cu on the 
graphene layers is achieved, which is proven using 
TEM analysis [9].  Fibrillar collagen „Type I“ gel with 
a concentration of 60 wt. % was used for the synthesis 
of the collagen composites. The concentration of the 
collagen gel was adjusted to 1 % and the pH to 7 using 
1M sodium hydroxide (NaOH) solution. The appropriate 
antimicrobial agent is added to it. 

The obtained collagen suspensions were subjected 
to antibacterial tests against bacteria Escherichia coli 
ATCC 25922 and  Staphylococcus epidermidis ATCC 
1228. Five dispersions in saline (0.9 mass % NaCl) 

at a concentration of 1 mg mL-1 were prepared. The 
dispersions were sonicated in a Bandelin RK31 bath for 
two consecutive days for one hour. For the treating of 
microorganisms, dispersions were prepared in the ratios 
1: 1, 1: 4, 1: 9 with sterile saline solution.

Microorganisms
The antimicrobial effect was tested on representatives 

of Gram-positive and Gram-negative bacteria: a strain 
of Staphylococcus epidermidis ATCC 1228 and 
Escherichia coli ATCC 25922, supplemented from the 
National Bank of Industrial microorganisms and cell 
cultures (NBIMCC), Bulgaria. They were cultured in a 
nutrient broth (NB Conda, Spain) at 37°C and 180 rpm 
(shaker Rotomax, incubator Binder, Germany), and 
sub-cultivated every 12 hours to reach the exponential 
phase. The optical density of the inoculum in exponential 
phase was 0.5 for Escherichia coli ATCC 25922 and 0.7 
for Staphylococcus epidermidis ATCC 1228 determined 
according to McFarland and used for the experiments. 

Antimicrobial activity
The spot diffusion test in agar medium was used to 

investigate the antibacterial effect of the nanoparticles. 

Fig. 1. Scheme for the synthesis of collagen suspensions 
on graphene composites.
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The aliquots of 100 µL microbial suspension in 
exponential phase with optical density mentioned above 
were randomly spread on solid medium (Nutrient agar, 
Conda, Spain) and 10 µL drops of the dispersions with 
concentrations: 1 mg mL-1; 0.5 mg mL-1; 0.33 mg mL-1, 
and 0.1 mg mL-1 of the investigated material, were put 
on them. The plates were left for 20 h at 4°C to afford 
diffusion of the dispersions and after that incubated 
at 37°C for 24 h. The formed sterile zones around the 
droplets samples were measured in mm (±0.5) as a 
preliminary fast screening.

The diffusion in agar wells was also used. E.coli 
ATCC 25922, and Staphylococcus epidermidis ATCC 
1228 suspensions in exponential phase were inoculated 
in melted and cooled till 44oC - 46oC nutrient agar 
and randomly distributed in Petri dishes in quantity 
20 mL. Solidified medium wells with 8 mm diameter 
are punched aseptically with a sterile cork borer and 
30 mL suspension of the newly synthesized graphene 
nanocomposites were dropped. The plates were left in 
refrigerator for 2 h and after that incubated as mentioned 
above [11].

The paper disc diffusion test was the third method 
used to assess the antimicrobial effect. E. coli ATCC 
25922 and Staphylococcus epidermidis ATCC 1228 
suspensions in exponential phase were inoculated in 
melted and cooled till 44°C - 46°C nutrient agar and 
randomly distributed in Petri dishes in quantity 20 mL. 
Paper discs soaked with 20 µL of different nanoparticles 
suspensions were placed on solidified medium after 
drying 24 h. The formed sterile zones around the droplets 
samples were measured in mm (± 0.5) and photographed.

Cell lines
Cytotoxicity was evaluated against 2 types of 

eukaryotic cells: model MDCK II kidney epithelial cell 
line and A549 lung alveolar sarcoma cell line all provided 
from the NBIMCC, Bulgaria. The used eukaryotic cells 
were maintained at standard conditions in humidified 
atmosphere with 5 % СО2, at 37°C, in the corresponding 
medium DMEM (SIGMA), supplemented with 10 % FBS 
(BioWhittaker TM) and 1 % (v/v) antibiotic-antimycotic 
solution (penicillin 100 U/mL, streptomycin 100 µg mL-1 
and amphotericin B 0.25 µg mL-1, BioWhittaker ТМ). 
After 24 hours, the cytotoxicity was evaluated by crystal 
violet test and the cell morphology was observed by bright 
field microscopy. 

Crystal violet staining and microscopic observation
Crystal violet staining was performed with some 

modifications [12]. The values of optical density were 
read on a micro plate reader (TECAN Spectrometer, 
Germany) at 570 nm wavelength and the number of 
vital cells was calculated as a percentage from their 
total amount. Invert microscope pictures were taken out 
using supplied with a digital camera DV-130, XDS-2A 
microscope, China.

Cytotoxicity tests
The crystal violet staining was performed as follows: 

the residual cell monolayer was washed with phosphate-
buffered saline (PBS) and fixed with 4 % PFA in PBS. 
After that, plates were washed with water and 200 μL 
of 1 % crystal violet solutions was added to every well. 
After 20 min of incubation at room temperature, plates 
were washed with water and processed as described 
above.

Chemiluminescent assay
The effect of nanomaterials on the kinetics of free-

radical oxidation reactions in ex vivo buffer systems 
is investigated under different reaction conditions - 
physiological pH 7.4 and pH 8.5 (acidity of the medium 
favoring radical formation reactions, meaning that better 
differential comparison between the measured signals 
can be recorded). We have applied the following model 
systems, using activated chemiluminescence and the 
probe lucigenin:
1) Chemical, with Fenton`s reagent (H2O2-FeSO4) - for 
the generation of hydroxyl radicals (.OH);
2) Chemical, with oxidant hydrogen peroxide (H2O2);
3) Chemical (NAD.H-PhMS), for the generation of 
superoxide radicals (O2

.-).
The control systems contain the same reagents and 
final concentrations as the tested samples, without 
nanomaterials.  The reactions are monitored for a 
period of 3 minutes every 3 seconds; the peak for the 
curve obtained (maximum value) is determined.  In the 
chemiluminescent assay, only 1 mg mL-1 concentration 
of the nanomaterials is applied.

Statistics
All results were obtained as triplicate reproducible 

measurements, statistically processed by Origin 8.5 and 
Microsoft Office Excel 2010.
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RESULTS AND DISCUSSION

Antibacterial effect of graphene nanocomposites
Various dispersions composed of graphene oxide 

obtained by the Hammer method and with added metal 
nanoparticles prepared and sonicated as described in the 
Materials and Methods section were investigated. It was 
used graphene concentration, four dilutions for each of 
the six solutions - 5.0; 2.5; 1.0 and 0.5 mg mL-1 were 
prepared with and without collagen and were measured 
the sterile areas (Table 1).        

It should be noted that the results of this experiment 
have shown similar toxicity against both bacteria E. coli 
and S. epidermidis, with different cell-wall structure. 
Gram-positive bacteria are usually more sensitive 
and show larger sterile areas [13, 14]. In this case, the 
dispersions of nanocomposites were prepared with 

colagen, which may improve the toxicity effect of the 
nanocomposites.

The largest sterile zone is obtained in the 
nanocomposite of reduced graphene oxide with zinc 
oxide and copper, almost the same as with the composite  
RGO:ZnO. Both composites have a significantly 
stronger antibacterial effect than the composite with 
reduced graphene oxide and silver nanoparticles. This 
is probably due to the high mass concentration of zinc 
oxide nanoparticles, which are known to have the ability 
to generate oxygen free radicals upon contact with 
microbial cells. The composite of reduced graphene 
oxide and copper nanoparticles has the lowest measured 
sterile zone, probably due to the fact that copper ions 
are important cofactors in a number of cellular enzymes 
and have a toxic effect only in high concentrations [15, 
16]. When the nanocomposites contain approximately 

No Nanocomposite
Dilution

(in sterile saline) 

E. coli ATCC 25922
(inhibitory zone, ± 0.5 mm)

(Disc - 5 mm) 20 mL

S. epidermidis ATCC 1228
(inhibitory zone, ± 0.5 mm)

(Disc - 5 mm) 20 mL

1.
95 mass % ZnO x 5 mass 
% RGO
(ZnO/RGO)

5 mg mL-1

1:1
1:4
1:9

15
12
8
7

9
8
8
7

2.
95 mass % ZnO x 5 mass 
% (RGO+5 mass % Cu)
ZnO/RGO Cu

5 mg mL-1

1:1
1:4
1:9

13
12
10
9

10
8
8
7

3.
75 mass % RGO / 25 
mass % Cu(Cu0, Cu

2
O)

(RGO/Cu, Cu2O)

5 mg mL-1

1:1
1:4
1:9

8
7
6
5

9.5
8.5
8
7

4.
75 mass % RGO /25 
mass % Ag 
(RGO/Ag)

5 mg mL-1

1:1
1:4
1:9

10
8
8
7

7
6
6
6

5.
80 mass% GO /20 mass 
% ZnO
(GO/ZnO)

5 mg mL-1

1:1
1:4
1:9

9 
8
6
5

9
7
6
6

6.
88 mass % RGO + 12 
mass % Cu
(RGO/Cu (12 %))

5 mg mL-1

1:1
1:4
1:9

6
6
5
5

5
5
5
5

Table 1. Antimicrobial effect on paper disks impregnated with 20 µL graphene composites.
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the same amount of silver or nanosized zinc oxide 
nanoparticles, then the results show a stronger 
antimicrobial effect of the composite containing silver 
nanoparticles. At the same mass percentages of silver 
and copper nanoparticles, silver has a stronger effect too.

The results of these experiments show a strong 
concentration dependence on the content of metal 
nanoparticles for the antibacterial activity of the 
nanocomposites. We can arrange the toxicity of the metal 
nanoparticles inlaid on graphene layers as follows: Ag 
> ZnO > Cu. The tested antibiotics give similar sterile 
zones (Table 3). It is important to mention that collagen 
suspensions of all tested nanoparticles have stronger 
effect on both bacteria in concentrations 5 and 2.5 mg 
mL-1 no matter if they are placed in agar wells or using 
paper disks. The results could be explained with better 
dispersability of nanoparticles on collagen proteins and 
better interaction with bacteria. It could be suggested, that 
collagen prevents the agglomeration of nanoparticles and 
improves their interaction with both bacteria.

Cell viability and antitumor effect of graphene 
nanocomposites

To assess the cytotoxicity of the nanocomposites on 
different cell lines, crystal violet and spectrophotometric 
reading of the cell survival were used (Fig. 2). The cells 
from the MDCКII  kidney  epithelial line and lung 
sarcoma cells from the A549 line were incubated for 
24 h with graphene nanocomposites in concentrations 
of 100 µg mL-1.

After photometric reading of the results, we found 
that on material ZnO/RGO, ZnO/RGO Cu, and RGO/
ZnO, the survival of the cells was very low (5 % - 8 
%), while on materials, RGO/Cu, Cu2O, RGO/Ag, GO/
ZnO there was a higher survival of about 50 % - 60 
% in MDCК and 20 % - 30 % in tumor A549 cells, as 

these values ​​ are only in the lowest concentration of 
the nanocomposites (Fig. 3). Material ZnO/RGO was 
also low in cytotoxicity for both cell line types. The 
morphological data also supported the cell survival 
results; in materials ZnO/RGO and ZnO/RGO Cu the 
cells were completely rounded and most of them were 
in cell suspension, in materials RGO/Cu, Cu2O, RGO/
Ag, GO/ZnO, RGO/ZnO there were also rounded 
cells, but there more than 50 % were well spread with 
a typical polyglon shape, again having more dead 
cells in the A549 cell line. From our cytotoxicity and 
cell morphology studies, it can be concluded that the 
graphene nanocomposites in high concentrations are as 
toxic as normal and at low concentrations, only materials 
ZnO/RGO,  ZnO/RGO Cu and RGO/ZnO  are toxic to 
both cell lines, while at low concentrations of graphene 
composites, graphene nanocomposites RGO/Cu, Cu2O, 
RGO/Ag, GO/ZnO, RGO/ZnO have good cell survival 
in MDCK cells, which is a model of noncancerous cells, 
while lung sarcoma A 549 ones have low survival. We 
can conclude that to material, RGO/Cu,Cu2O, RGO/Ag, 
GO/ZnO, RGO/ZnO the cells have a specific response, 
as the cancer cells have many lower survival than the 
model of non-cancerous cells -MDCK cell line. We can 
conclude that materials RGO/Cu, Cu2O, RGO/Ag, GO/
ZnO, RGO/ZnO have anticancer activity by maintaining 
cell survival in normal cells and killing cancer cells.

The chemiluminescent method allows tracing of 
the concentration and kinetics of free radical formation 
with small amounts of sample. It is easy to determine 
the quantum yield of these reactions (480 nm - 580 nm). 
This is a suitable, reliable, highly sensitive, express 
and relatively inexpensive method for in vitro/ex vivo 
testing. This method allows to monitor the dynamics of 
free radical reactions and to determine their prooxidant/
antioxidant activity. The spontaneous, metabolic 

Table 3. Antimicrobial effect on paper disks soaked with certain quantity of antibiotics in µg.

Antibiotic
Concentracion in mg 

of antibiotic (5 mm disc)
E. coli ATCC 25922

(Inhibition zone)
S. epidermidis ATCC

(Inhibition zone)
Rifampicin 5 mg/disc 17 mm 10 mm
Cephalotin 30 mg/disc 5 mm 5 mm
Fosfomycin 200 mg/disc 15 mm 5 mm
Imipenem 25 mg/disc 15 mm 5 mm
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chemiluminescence can be enhanced by physical and 
chemical activators (probes), such as luminol, lucigenin 
and many other specific or nonspecific traps of hydroxyl 
and/or superoxide anion radicals and other reactive 
oxygen species as the reaction is accompanied with light 
emission. The automatic computer processing in these 
studies allows to register the kinetics of the reaction and 
to determine the values ​​of the rate constants and other 
parameters when interacting with the test substances 
[17 - 21]. 

In the following selected chemiluminescent model 
systems, the given concentrations are final, with total 
volume of 2 mL; the lucigenin probe is dissolved in 
dimethyl sulphoxide as a final volume of 20 µL in order 
not to suppress the signal:

• System 1
The sample contains 0.2 mol sodium hydrogen 

phosphate buffer, with the appropriate pH, Fenton`s 
reagent: FeSO4 (5.10-4 mol) - H2O2 (1.5 %), lucigenin 
(10-4 mol) and nanomaterials. It is well known that 
the interaction between Fe2+ ions and H2O2 results in 
the generation of highly reactive, short-living .OH and 
.OOH radicals. The chemiluminescent emission from 
this reaction is much higher than from other mixtures:

Fe2+ + H2O2 → Fe3+ + ·OH + −OH                              (1)
Fe3+ + H2O2 → Fe2+ + ·OOH + H+                                                             (2)

Fig. 3. Cell morphology in polystyrene well plate of kidney 
epythelial  (MDCKII) (a), ZnO/RGO (b) ZnO/RGO Cu, 
(c) RGO/Ag , (d) GO/ZnO  and lung sarcoma A549 cells 
(e) RGO/ZnO, (f) ZnO/RGO Cu , (g) RGO/Ag, (h) GO/
ZnO (Magnification 200x).

Fig. 2. Cell viability in polystyrene plaques of kidney epithelial cells (MDCK) and lung sarcoma A549 cells. Control, 
1 - ZnO/RGO,  2 - ZnO/RGO Cu, 3 - RGO/Cu, Cu2O, 4 - RGO/Ag, 5 - GO/ZnO, 6 - RGO/Cu (12 %).
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At pH 8.5 all nanomaterials except RGO+Ag and 
GO+ZnO exhibit prooxidant effects compared to the 
control (Fig. 4(A)). The increase in the signal is as follows: 
ZnO+RGO – 2.25 times higher, ZnO+RGO+Cu - 1.62 
times higher, RGO+Cu0 and RGO+Cu - approximately to 
control levels.  RGO+Ag and GO+ZnO have antioxidant 
properties presented as 20 % inhibition of the signal. The 
kinetics is with constant levels, no fast flashes, peaks or 
minimums are registered. This is due to the profound 
properties of the nanomaterials as pro- or antioxidants. 
That effect can be probably followed for a long period 
of time.

At pH 7.4 the oxidation process registered by 
chemiluminescence is inhibited by all nanomaterials 
but RGO + Cu (Fig. 4(B)). All the other materials show 

Fig. 4. Chemiluminescence induced by .OH and .OOH radicals at pH 8.5 (A) and pH 7.4 (B) and the effect of nanomaterials 
(the data are presented as means ± SEM of 3 independent experiments, p ≤ 0.05).

profound antioxidant effect against the generated ROS 
such as ·OH and ·OOH radicals, registered as 10 % -30 
% inhibition of the signal. Most effective is GO+ZnO. 
The prooxidant activity of RGO+Cu is only about 10 %. 
It should be noticed that at pH 8.5 most materials present 
prooxidant activity which is converted into antioxidant 
at lower acidity. In fact, pH 7.4 is almost neutral and 
corresponding to the physiological pH within the 
organism. But in both cases RGO+Cu does not appear 
to be suitable as an implant nanomaterial. 

• System 2
The sample contains 0.2 mol sodium hydrogen 

phosphate buffer, with appropriate pH, H2O2 (1.5 %), 
the chemiluminescent probe lucigenin (10-4 mol) and 
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nanomaterials. In this system, hydrogen peroxide plays 
both the role of an oxidizing agent and a reactive oxygen 
species.

All tested nanomaterials exhibit pronounced 
antioxidant activity against H2O2 at pH 8.5 (Fig. 5(A)). 
Despite huge standard deviations all materials present 
stable antioxidant effect between 10 % and 25 % that is 
prolonged with time. Most effective is RGO+Cu (94/6 
%). The kinetics is flat, without fast flash maximums and 
lower minimal areas. This is to confirm the profound 
activity of nanomaterials also shown in system 1.  

The antioxidant activity towards H2O2 is also kept 
at physiological pH 7.4 (Fig. 5(B)). Huge standard 
deviations about some of the materials are also observed, 
describing them as unstable towards the oxidation from 

H2O2. The kinetics is flat with minor deviations, with no 
definite maximums or minimums. The antioxidant effect 
compared to controls varies from 2 % to 22 %. Most 
effective is RGO+Ag. Only ZnO+RGO+Cu is close to 
control levels.

• System 3
The sample contains 0.2 mol sodium hydrogen 

phosphate buffer, with the corresponding pH, NAD.H 
(10-4 mol), phenazine-metasulfate (10-6 mol), lucigenin 
(10-4 mol) and nanomaterials. The scheme for the 
generation of superoxide radicals in this chemical system 
is the following [22, 23].
PhMS + NAD.H + H+ → PhMS.H2 + NAD+  	  (1)
PhMS.H2 + PhMS → 2PhMS.H.			     (2)

Fig. 5. Chemiluminescence induced by H2O2 at pH 8.5 (A) and pH 7.4 (B) and the effect of nanomaterials
(The data are presented as means ± SEM of 3 independent experiments, p ≤ 0.05).
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PhMS.H. + O2 → PhMS + O2
-. + H+		   (3)

At pH 8.5 ZnO+RGO exhibits strong prooxidant 
properties (2.5 times higher than the control), followed 
by Zn+RGO+Cu which is oxidized close to control 
levels (Fig. 6(A)). The other tested nanomaterials present 
antioxidant properties starting from 30% activity as most 
effective is RGO+Cu (about 80 %). All materials are 
stable towards the oxidation by the superoxide radicals 
that are generated in this model system.

When the nanomaterials are tested for oxidation 
by O2

.- radicals at pH 7.4 it is observed a characteristic 
fast flash in the beginning of the reaction for 20 sec 
followed by slow decrease of the signal (Fig. 6(B)). 
Such kinetics is not observed for none of the other tested 

Fig.  6. Chemiluminescence induced by O2
.- radicals at pH 8.5 (A) and pH 7.4 (B) and the effect of nanomaterials (the data 

are presented as means ± SEM of 3 independent experiments, p ≤ 0.05).

model systems. Only ZnO+RGO shows prooxidant 
activity but very close to the control oxidation level. 
All the other nanomaterials present as antioxidants with 
various effectivity. Soft to mild properties are exhibited 
by GO+ZnO, RGO+Ag and ZnO+RGO+Cu (15 % to 25 
%); RGO+Cu present strong antioxidant activity, about 
50 % inhibition in comparison to the control. 

CONCLUSIONS 

The results of antimicrobial experiments with E. 
coli and S. epidermidis show a strong concentration 
dependence on the content of metal nanoparticles for 
the antibacterial activity of graphene nanocomposites. 
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We can arrange the toxicity of metal nanoparticles inlaid 
on graphene layers as follows: Ag > ZnO > Cu. The 
tested control antibiotics give similar sterile zones. The 
combination of nanoparticles and antibiotics will have 
synergistic effect on bacteria. The spot-diffusion and well 
diffusion tests give better results than the disk diffusion 
method. The last results mean that paper prevents 
diffusion of nanoparticles and their interaction with 
bacteria. Collagen suspensions of all tested nanoparticles 
have stronger effect on both bacteria in concentrations  5 
and 2.5 mg mL-1 than nanoparticle suspensions without 
collagen.

At pH 8.5 in the Fenton`s system all nanomaterials 
except RGO+Ag and GO+ZnO (20 % inhibition) exhibit 
prooxidant effects compared to the control. This activity 
is converted into antioxidant at lower acidity (pH 7.4). 
However, in both cases, RGO+Cu does not appear to be 
suitable as an implant nanomaterial. 

When H2O2 is applied as an oxidant at pH 8.5 all 
materials present stable antioxidant effect between 10 % 
and 25 %. It is also kept at physiological pH 7.4. Only 
ZnO+RGO+Cu is close to the control level.

When the nanomaterials are tested for oxidation by 
O2- radicals at pH 8.5, ZnO+RGO are oxidized 2,5 times 
higher than the control, followed by Zn+RGO+Cu - close 
to the control level. The other nanomaterials present 
antioxidant properties starting from 30 % activity as 
the most effective is RGO+Cu (about 80 %). At pH 7.4 
only ZnO+RGO shows light prooxidant activity. All the 
others present as antioxidants with various effectivity 
(15 % - 50 %).

The pro- and antioxidant effect of the tested 
nanomaterials depends on the pH level. This should be 
considered in their applications.

Our investigations for the cell cytotoxicity showed 
that the nanocomposites RGO/Cu, Cu2O, RGO/Ag, GO/
ZnO, RGO/ZnO have anticancer activity by maintaining 
the cell survival in normal cells and killing the cancerous 
cells.
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