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A B S T R A C T

Graphene and graphene oxide (GO) both being two-dimensional materials are gaining popularity among re-
searchers as a promising nanomaterial for various medical and biological applications. The aim of this study is to
elucidate the influence of nanostructured GO sheets on viability of a model species of gram-negative E. coli
bacteria transformed with pRSET-emGFP plasmid in in vitro experiments. It was shown that GO at concentra-
tions between 0.0025 and 2.5 g/l in growth medium inhibits growth of bacterial colonies, while in physiological
saline solution (PS) this effect decreases dramatically to the point of complete disappearance.

It was shown that in order to obtain a pronounced antibacterial effect one needs to introduce high con-
centrations of GO into the media (up to 2.5 g/l), which can be important for development of antibacterial
materials for biomedical applications.

Some of the obtained data provide clear evidence to electrostatic nature of interaction between bacterial and
GO sheets. A number of previous papers suggested the process of biofilms formation by bacteria as the primary
reason for aggregation between graphene-like materials and bacterial cells. However, formation of flocculent
structures consisting of GO and dead bacteria and accompanied with decrease in zeta-potential of particles in the
suspension to 18mV proves that electrostatic interactions play the major role in aggregation.

The obtained data can be used for employing GO and similar materials in new systems for water-purification
from biological contaminants. Besides, our results stress the importance of accounting for the conditions in
which goods and coatings containing graphene-like materials as an antibacterial agent are used, as well as
unification of the experimental conditions.

1. Introduction

Recent achievements in engineering, medicine and diagnostics are
closely connected with the new knowledge and developments in na-
notechnologies. Considerable amount of nanoproducts and nanoma-
terials are now used in everyday life. At the same time, two-dimen-
sional materials such as graphene and graphene oxide (GO) are gaining
popularity among researchers as a promising nanomaterial for various
medical and biological applications [1–4]. By its structure graphene is
the thinnest known form of all the known allotropic modifications of
carbon and is the basis for such carbon materials as graphite, nanotubes
and fullerenes [5]. Due to unique combination of its physicochemical
properties, including high specific surface area and mechanical strength

(it is 200 times stronger than steel), perfect electrical and thermal
conductivity, graphene possesses unprecedented mechanical and
rheological characteristics [6,7]. The aforementioned allows graphene
to become a promising material for biosensors and agents for addressed
delivery of drugs and genes [8], tumours visualization systems, etc. [9].

In particular, high specific surface area and flat structure facilitate
loading graphene with medicinal drugs in order to use it as a carrier
with further bioconjugation [10]. High efficiency of graphene-like
structures for anti-tumor drug carriers has been shown on the examples
of doxorubicin and camptothecin [11–13].

Besides, modern medicine faces an acute question of antibiotics
losing efficiency because of drug resistivity developed by microorgan-
isms [14–17]. Use of graphene-like structures showing high cytotoxicity
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against gram-positive and gram-negative bacteria can be an alternative
to antibiotic therapy [18,19]. By the example of E. coli and B. subtilis it
was shown that 1mg/ml concentration of graphene is effective for in-
hibiting bacterial growth [20]. Similar results were presented for GO,
when 2-hour incubation of E. coli in GO solution at the test substance
concentration of 85mg/ml has led to considerable damage to the cell
membranes and death of> 90% of the bacterial colony [21]. Liu et al.
in their research have noted correlation between the cytotoxic effect
and the size of scales, they have observed almost 99% E. coli death
when treated with large sheets of GO [22]. The antibacterial efficiency
reaching almost 100% efficiency has been demonstrated on L. mono-
cytogenes and S. enterica colonies being incubated with graphene and
GO [23] и P. aeruginosa [24]. At the same time, neither graphene nor its
derivatives display negative effect on cells of humans and other mam-
mals as shown on the example of human epithelial cells A549 [25].
Veerapandian et al. [26] reported, that GO exposed to UV light of
254 nm for 20min prior to inoculation and culture growth of both
gram-positive and gram-negative bacteria increase the cytotoxicity of
GO. In [27] authors also showed that UV treatment of GO is beneficial
for enhancing the photoluminescence properties.

Development of antibacterial materials and surfaces can be another
promising application for graphene-like structures, including creation
of composite structures for new medical dressings, endoprosthesis re-
placement matrices, tissue engineering, etc. [28–33]. Composition of
GO with silver nanoparticles serves as a remarkable example of a ma-
terial with pronounced antibacterial effect due to activity of the both
components. In this case GO sheets provide large interaction area with
the cell cultures while oxygen-containing groups serve as nanosilver
crystallization centers [34–36]. Such composite materials are seen as
promising coatings preventing biofilms formation on medical products
and on food packaging [37]. Gold nanoparticles when combined with
reduced GO also demonstrate antibacterial effect against colonies of E.
coli (97.47%), S. aureus (100%), B. subtilis (99.76%) and P. aeruginosa
(100%), while showing good biocompatibility with human carcinoma
cells [38]. Polymer composites based on chitosan, polyvinyl pyrroli-
done, polyethylene oxide and GO allow manufacturing super-thin and
strong materials for tissue engineering. Experiments on rats show that
the aforementioned materials display good biocompatibility, contribute
to supporting the characteristic cell morphology on the damaged skin
areas and improve wound healing by 33% compared to traditional
gauze and cotton dressings [39]. Similar results were obtained during
experiments on mice and rabbits where antibacterial effect of graphene-
containing dressing materials was noted along with facilitation of the
tissue regeneration process [40].

Beside purely medical applications, efficiency of graphene-like
structures as a basis for creating biosensors has been shown, including
the ones for monitoring the content of individual substances in biolo-
gical liquids, for detecting contaminants in food and water, etc. For
example, the graphene‑silver system can absorb antibiotics from water
even at low concentration both effectively and with high selectivity
[41]. Carbon electrodes coated with electrochemically deposited GO
can be used for quick detection of Pb in water and foods even at super-
low concentrations (below 1 bln−1) [42]. Viswanathan et al. in their
works have shown high efficiency of the developed graphene-based
biosensors for monitoring glucose levels in blood [43].

Besides, graphene, its oxides and composite materials based on
them are very promising for biotechnological applications as they can
be used as antibacterial agents in industrial-scale water purification
filters [44–46] or as specialized filters against bacteria [47]. Composite
material containing both GO and iron oxide nanoparticles displays very
good antibacterial activity against E. coli by means of inducing oxida-
tive stress and damaging cell membranes [46]. Porous membranes
containing GO and antimicrobial peptide nisin can be effective for fil-
tering and disinfection of water contaminated with methicillin-resistant
S. aureus [44].

Based on the above, the question of safety of graphene-like

nanomaterials for humans and for the environment has not been clearly
decided yet and it is still unclear whether their cytotoxicity will limit
their biological and medical applicability.

2. Materials and methods

2.1. Synthesis and characterization of graphene oxide

In our research a sample of GO prepared by means of chemical
exfoliation of graphite flakes by the Hummers method has been used
[48–50].

Concentrated H2SO4 (69ml) was added to the mixture of graphite
flakes (3 g, 1 wt equivalent) with NaNO3 (3 g, 0.5 wt equivalent), the
obtained mixture was cooled down to 0 °С. Then KMnO4 (9 g, 3 wt
equivalent) was added slowly, in order to keep the temperature of the
reaction mixture below 20°С. After that the reaction mixture was he-
ated up to 35°С and stirred for 30min, at the same time 138ml of water
was added slowly to it. The reaction temperature was kept at 98 °С by
heating the mixture for 15min on an electric heater. After this the
heating was switched off and the reaction mixture was cooled down in a
water-bath for 10min. Then 420ml of water and 3ml of 30% H2O2

were added.
The resulting mixture was run through a sieve (U.S. Sieve Size (WS

Tyler, 300_m)) and then filtered through polyester fiber (Carpenter,
Co).

The obtained product was centrifuged (for 4 h at 4000 r.p.m.), the
supernatant fluid was decanted.

The remaining solid material was rinsed successively with 200ml of
water, 200ml of 30% HCl and 200ml of ethanol (2×); after each rin-
sing cycle the mixture was run through a sieve (U.S. Sieve Size
Standard), filtered through polyester fiber and centrifuged (for 4 h at
4000 r.p.m.) while the supernatant fluid was decanted.

The resulting material was coagulated with 200ml of ether and the
obtained suspension was filtered through a PTFE membrane with the
pore size of 0,45 μm. The resulting concentration of GO in the colloidal
solution was 25 g/l.

Raman spectra were measured using Thermo DXR Raman micro-
scope with 532 nm laser at 1mW power through 100× objective.

Atomic force microscopy (AFM) data was done using AIST-NT in-
strument in semi-contact tapping mode with NTMDT AFM tips. GO
suspension (1mg/ml) was spin coated on silicon wafer at 4000 rpm for
1min and dried at 100 °C for 10min to obtain thin flakes for analysis.

2.2. GO suspensions

The GO suspensions were prepared with distilled water
(рН=7.1 ± 0.2,). The working suspensions with GO concentrations
2.5…0.0025 g/l, were prepared by diluting the initial nanomaterial
suspension (25 g/l) and stirring with a glass rod for 20 s. After stirring
the suspensions were processed in Ultrasonic Cleaner CD-4800
(Codyson, China) for 5min (70W, 44 Hz, volume 1.4 l).

2.3. E. coli biofluorescence test

We used recombinant Green Fluorescent Protein-Expressing
Escherichia coli which was transformed with pRSET-emGFP plasmid.

This culture was used as a model system to investigate the anti-
microbial activities of GO.

1ml of overnight culture was grown on nutrient broth (NB, Sigma
Aldrich) supplemented with ampicillin (NBamp) and inoculated in
100ml fresh media NBamp for 3 h at 37 °C. 50ml of culture was con-
centrated by using centrifugation (5000g for 5min). The culture was
three times washed in 0.9% NaCl and centrifugated at 3000g for 3min.
Optical density (OD660) was approximately 0.13.

To estimate the influence of GO, 5mkl of obtained cells were diluted
in 200mkl NBamp media and 200mkl of NaCl and mixed with 45mkl
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of GO with following final concentrations: 0.0025, 0.025, 0.25, 2.5 g/l.
The same procedure was used for graphite as for control carbon ma-
terial. Our measurements were performed on a microplate reader
Synergy H1 with measuring of fluorescence of GFP using the excitation
at 485, emissions 528 nm. Cell solution was incubated for 17 h at 37 °C.
For sterilization, bacterial suspensions were placed in a boiling water
bath for 10min.

2.4. Investigation of interactions of GO and bacteria

Confocal fluorescent microscopy measurements were done using
Leica TCS SP8 X CLSM setup. (Leica, Germany) Default settings for GFP
were used (excitation line 488 nm, emission detection in 500–600 nm
range).

Scanning electron microscopy (SEM) was carried out using a TM-
1000 microscope (Hitachi, Japan). It was used suspensions of bacteria
based on physiological saline (PS) with the addition of GO in con-
centrations of 0.25 g/l.

Light microscopy was carried out using a Biolam M-1 microscope
(LOMO, Russia) using Ziehl–Neelsen stain.

2.5. Zeta potential analysis

The analysis of zeta potential was obtained sample of graphene
oxide, E. coli bacteria, and a suspension of GO with bacteria was per-
formed using a Zetasizer Nano ZS device (Malvern Instruments Ltd.,
England).

3. Theory

Nevertheless, there is a body of research denying antibacterial ac-
tivity of graphene and graphene-like structures and their biocompat-
ibility. Ruiz et al. in their works show that GO possesses no anti-
bacterial, bacteriostatic and cytotoxic effect towards gram-negative
bacteria and mammalian cells. Besides, these authors note that the
absence of toxic effects in their studies can be attributed to the high
level of purity from any kinds of technological admixtures of GO used in
their research [51]. A number of authors also mark the absence of cy-
totoxic effect of graphene and GO against eukaryotic cells. Moreover,
graphene materials were very successfully used as a substrate for cell
growth and differentiation [52–54]. A considerable number of research
works were carried out in the field of functionalization of graphene-like
structures with various substances such as, for example, amine groups
[55], carboxylic groups [56], polyethyleneglycol (PEG) [57,58], pro-
tein-based structures [59], etc. in order to reduce possible toxic effects
against biological objects and increase stability and biocompatibility of
the material. Luo et al. in their papers showed the absence of toxic
effect of PEG-functionalized GO against E. coli and, moreover, they
demonstrated increase in bacterial growth which might be used in
microbiological equipment [58].

The aim of this study is to explore biological effects of GO on bac-
teria and the factors affecting it. For this, we synthesized GO, in-
vestigated its characteristics and conducted a bacterial test using Green
Fluorescent Protein-Expressing Escherichia coli Top 10. To investigate
the mechanisms of interaction of bacterial cells and GO which are not
clear still, we used light and confocal microscopy, SEM, as well as the
method of dynamic light scattering.

4. Results and discussions

The synthesized GO (Fig. 1a) was studied by Raman spectroscopy
and AFM.

4.1. Raman spectroscopy

As could be seen in Fig. 1 Raman spectra of GO has 4 bands, which

were attributed to D (1338 cm−1), G (1590 cm−1), 2D (2680 cm−1) and
D+G (2980 cm−1) vibration modes. Relative intensity of D mode (D/
G) is 0.95 and is typical for most GO samples [60,61].

4.2. Atomic force microscopy

AFM image is shown in Fig. 1b. The width of GO flakes varies sig-
nificantly, but the height is close to 1 nm, which indicates single layer
GO.

4.3. Bacterial tests results

As one can observe from bacterial fluorescence intensity during the
experiment in a growth media, the values of the studied parameter were
much below those in the control group. As a whole, we have discovered
a linear effect, i.e. increase in GO concentration resulted in increase in
statistically significant time- and dose-dependent (p < 0.05) (Fig. 1d)
biocidal activity.

The obtained data indicate that GO displays bioactivity and leads to
dramatic inhibition of E. coli colonies growth in all the studied con-
centrations. Nevertheless, after 12 h of exposure none of the con-
centrations has led to complete colony death.

Antibacterial effect of GO against gram-negative bacteria has been
confirmed by means of several methods in a number of research works.
For example, in [62] exposure to GO in concentrations 0.05…0.15 g/l
led to mechanical damage of cell membranes with further cell death.
Despite the registered toxic effects, it should be noted that in similar
studies high values of GO antibacterial effect were observed at much
lower concentrations. In [63] exposure to water suspension of GO in the
concentration of 1.25×10−4 mg/l has led to complete death of a E. coli
colony in 2–2.5 h. It is feasible that such a difference observed in the
toxicity levels can be explained by variations in GO physicochemical
properties and in sensitivity of the evaluation methods used by the
research teams.

When PS was used instead of growth media we observed a slight
increase in E. coli fluorescence intensity in the presence of GO in the
concentrations of 0.0025 and 0.025 g/l. Increase in GO concentration
resulted in inhibition of the life processes of bacteria (Fig. 1e).

Our data correlates well with the results received by Barbolina et al.
[64]. In their work they have shown that in de-ionized water cytotoxic
effect on bacteria of GO in the concentration of 1 g/l ranges from very
slight to none at all, depending on the purity of GO.

Antibacterial properties of GO were compared with those of initial
graphite used for its synthesis. The graphite samples consisted of a
combination of chemically uniform but structurally varying allotropic
modifications of carbon. The following results were obtained. In a
growth media (Fig. 1d) under similar initial conditions 12-hour ex-
position led to> 45% inhibition of E. coli colony growth in every stu-
died sample. It should be noted that in the minimal concentration the
toxic activities of GO and graphite (GR) were almost similar while in-
crease in concentration led to considerable difference in the observed
colony growth inhibition ability. At graphite concentration of 0.025 g/l
bacterial fluorescence intensity decreased by 50.8% compared to the
control while the same concentration of GO reduced this parameter by
61.5%. At 0.25 g/l concentration of graphite and GO this parameter
decreased by 44.7% and 79.4%, accordingly. At the highest studied GO
concentration E. coli fluorescence intensity was at its minimum being
reduced by 88.4% compared to the control, while exposure to the
highest concentration of graphite produced the results almost similar to
the ones at 0.25% g/l. It should be also noted that unlike GO, graphite
produced no dose-dependent effect.

When PS was used instead of growth media the toxic effect of both
graphite and GO changed dramatically (Fig. 1e). Unlike the afore-
mentioned effect of GO in PS, graphite in concentrations of 0.0025…
0.2.5 g/l produced no influence on fluorescence intensity and, accord-
ingly, had no toxic effect on E. coli.
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In the process of evaluation of time dependence of the period of
exposure to the studied carbon materials the following regularities were
discovered. During experiments in growth media with exposure to the
minimum studied concentration of 0.0025 g/l the rate of fluorescence
intensity growth in time was slightly higher in the GO group than in the
graphite (GR) group. And after 8 h exposure this parameter was sta-
tistically higher in the GO group. Nevertheless, when the exposure time
reaches 10 h all the differences in fluorescence intensity and, conse-
quently, in the E. coli colony development became completely negli-
gible. At the GO and GR concentrations of 2.5 g/l precisely the opposite
effect was observed, i.e. throughout the whole experiment in the GO
group considerable inhibition of colony growth was recorded and by
the end of the exposure period the GO and GR groups differed by up to
2.4–4.6 times (Fig. 1d).

When PS was used instead of growth media the toxicity results
changed, as we have mentioned previously. During exposure to GO at
the concentration of 0.0025 g/l fluorescence intensity was decreasing at
a slower rate than during exposure to GR (Fig. 1e), it was verified after
the exposure period of 8 h. On the other hand, when the active sub-
stance concentration was increased up to 2.5 g/l no considerable dif-
ference between the results in the GO and GR groups was observed,
though in the GO group fluorescence intensity was decreasing at a
slightly higher rate (Fig. 1e). These results support the previously ob-
tained data on higher biological and antibacterial activity of GO com-
pared to other carbon modifications [65].

4.4. GO-bacteria interactions

During the experiment, the interaction of bacteria and nanomaterial
was observed. In solution of GO with a concentration 0.25 and 2.5 g/l
the formation of a flocculate structure was observed when mixed with a
bacterial suspension in PS.

During experiments using growth media no similar results were
observed, as well as during all the experiments with graphite. Images
obtained via microscopic methods (Fig. 2b–d) show bacterial clusters
localized on GO particles surfaces and the bacteria maintain viability
which is proved by their green color indicating GFP synthesis (Fig. 2c),
these results are consistent with the data obtained by Barbolina et al.
[64].

4.5. Zeta-potential analysis

The analysis of results of suspension stability evaluations showed
that zeta-potential of the bacteria and GO samples was rather high,
amounting to −36.87 and −39.38mV, correspondingly. It was an in-
dication of considerable electrical stability of the suspensions. While
mixing them together led to decrease in this parameter up to
−24.93mV which indicated decrease in the suspension stability
(Fig. 2e).

Other nanomaterials also form aggregates with bacteria. For ex-
ample, Schmidt et al. show in their work the process of agglutination of
bacteria with polyvalent nanoparticles [66]. A. Horst et al. [67] show
that TiO2 nanoparticles accumulate on the surface of Pseudomonas

Fig. 1. a) GO synthesis; b) Raman spectra of GO; c) AFM image of GO; d) bacterial fluorescent test results in NB media; e) bacterial fluorescent test results in PS
media.
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aeruginosa bacterial cells.
Change in zeta-potential of suspensions consisting of GO and dead

bacteria (after treatment using boiling water bath) to −18.3mV in-
dicates electrostatic nature of formation of GO-bacterial cells ag-
gregates (Fig. 2е). This was shown for the first time ever and it corre-
sponds well to the fact that when growth media was used instead of PS
no flocculi formation was observed. It can be explained by difference in
the media degree of ionization. The obtained results correlate well with
the data on aggregation properties of graphene-like materials in high
saline media [68] and do not support the common view that formation
of biofilms by bacteria is the reason of graphene-like materials ag-
gregation [47,68,69].

5. Conclusions

Thus, our experiments have shown that water-based suspension of
GO when added to bacterial culture medium display a strong anti-
bacterial effect if compared with graphite. Furthermore, increase in
concentration of the studied substance leads to increase in the differ-
ence in toxic effect values. In PS presence of GO in concentrations from
0.0025 to 0.025 g/l has a stimulating effect on E. coli, while in con-
centrations above 0.25 g/l GO displays antibacterial effect. Apparently,
this dependence of GO antibacterial properties on the employed
medium is the reason for conflicting results obtained by different re-
searchers.

Correlation between the toxicity level of a carbon-based material
against E. coli as a model for gram-negative bacteria and the material

structure has been established on the example of GO and GR.
Nevertheless, it should be noted that strong antibacterial effect requires
high concentrations of GO which consideration can be important for
development of antibacterial coatings for biomedical applications.

Our team has received data indicating the electrostatic nature of
interactions between bacterial cells and GO sheets. A number of pre-
vious papers suggested the process of biofilms formation by bacteria as
the primary reason for aggregation between graphene-like materials
and bacterial cells. However, formation of flocculent structures con-
sisting of GO and dead bacteria and accompanied with decrease in zeta-
potential of particles in the suspension to 18mV proves that electro-
static interactions play the major role in aggregation.

The obtained data can be used for employing graphene-like mate-
rials in new systems for water-purification from biological con-
taminants.
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