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g r a p h i c a l a b s t r a c t
� Synthesis of graphene-Fe3O4 nano-
composites and Fe3O4 NPs, by sol-
vothermal method.

� XRD analysis confirmed formation of
the desired structure and reduction
of graphene.

� Antibacterial investigation by: MIC,
colony counting and growth curves
methods.

� High antibacterial activity and low
toxicity of G-Fe3O4 with 1e5wt ratio.
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a b s t r a c t

Graphene-Fe3O4 (G-Fe3O4) nanocomposites with different GO/Fe3O4 weight ratios of 1-1, 1e3 and 1e5
were synthesized using solvothermal method. Also, Fe3O4 nanoparticles (NPs) were separately synthe-
sized by the same method. The prepared samples were characterized by X-ray diffraction (XRD),
transmission electron microscopy (TEM) and Fourier transform infrared (FTIR) spectroscopy. Zeta po-
tential analysis and scanning electron microscopy (SEM) were employed to measure the surface charge
and the destruction processes of the bacteria. The XRD analysis showed that the graphene oxide had
been reduced and also confirmed the formation of G-Fe3O4 nanocomposites. The antibacterial properties
of the prepared samples were investigated against Escherichia coli (ATCC 25922) and Staphylococcus
aureus (ATCC 25923) strains, using three different methods. Our results revealed that the G-Fe3O4 with 1
e5wt ratio has higher antibacterial activity and lower toxicity, compared to the other two nano-
composite samples, GO and also Fe3O4 NPs.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction
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Fig. 1. XRD patterns of the synthesized G-Fe3O4 nanocomposites and Fe3O4 nano-
particle samples.

Table 1
Crystallite size and strain of the synthesized samples.

Compound Crystallite size

Scherrer SSP

D (nm) D (nm) 3� 10�3

G-Fe3O4 (1e5) 19.6 22.9 1.60
G-Fe3O4 (1e3) 19.3 16.9 0.49
G-Fe3O4 (1-1) 19.0 17.0 �0.56
Fe3O4 7.7 9.5 �0.28
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environment. Since bacterial infection is an important factor in
water pollution, there is a critical need to develop more convenient
techniques and use new effective materials to remove and elimi-
nate the bacteria [1,2]. Organic materials, which are used exten-
sively for this purpose, have some disadvantages including toxicity
Fig. 2. The SSP plots of th
which is harmful to the human body and the environment [3].
There are more interests in antiseptic inorganic materials such as
metal oxide nanoparticles, because of their specific size and shape
[4e7]. Furthermore, some ferromagnetic and super paramagnetic
nanoparticles, such as Fe3O4 NPs, with low toxicity and excellent
biocompatibility [8,9] have been used for drug delivery, pollution
catalysis and magnetic resonance imaging [10e12]. However, the
high magnetic property of Fe3O4 NPs causes the agglomeration of
the particles, which makes it difficult to control the monodispersed
size of the nanocrystals. One way to solve this problem is to
distribute the NPs on a suitable support such as graphene-based
materials [13]. Graphene is a two-dimensional single sheet of car-
bon atoms arranged in a hexagonal network, which can be obtained
through micromechanical or chemical exfoliation of graphite. The
e prepared samples.
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specific surface area of graphene (2630 m2g-1) makes it a good
supporting material to be decorated with NPs with rather good
distribution [14e16]. The graphene based composites exhibit
unique mechanical, thermal [17] and electronic properties as well
as excellent aqueous processability [18]. In addition, the physico-
chemical properties of graphene-based structures including size,
stability [19], electrical conductivity [20] and density of functional
groups, can be tailored to optimize their applications.

The main purpose of this work was to synthesize a composite
having the highest antibacterial activity and the least cytotoxicity.
So Fe3O4 NPs and graphene-Fe3O4 nanocomposites (with different
GO/Fe3O4 ratios) were both synthesized by the same route
Fig. 3. TEM images and the corresponding histograms of (a,b) Fe3O4 nanoparticles,
(c,d) 1-1, (e,f) 1e3 and (g,h) 1e5 G-Fe3O4 nanocomposites.
(solvothermal), which is a low cost and more convenient method
comparing to the others that may need some specific conditions
such as using N2 gas, freeze drying and reflux process [8,21].

Graphene was used as a support for Fe3O4 NPs to be distributed
on its surface, expecting to increase the effective areawhich in turn
could improve the interaction of the nanocomposite with the
bacteria. In addition, since Fe3O4 NPs have good magnetic proper-
ties, the nanocomposite can easily be removed from the solution
using a magnet, after finishing their antibacterial performance.
Also, PVP was used to protect the surface and improve the stability
of the Fe3O4 NPs as well as reducing the cytotoxicity of the nano-
particles [22,23]. The effect of different GO/Fe3O4 ratios on the
structural, optical and antibacterial properties of the prepared
nanocomposites were studied and compared. The antibacterial
activity of the prepared samples were investigated using three
different methods: (i) broth microdilution method (in liquid me-
dium) measuring minimum inhibitory concentration (MIC), (ii)
bacteria growth inhibition rate (the bacterial density is measured
with respect to time), (iii) colony counting method, which is done
in agar medium.
2. Experimental

2.1. Materials and method

The starting materials used for the synthesis of G-Fe3O4 nano-
composites and Fe3O4 nanoparticles were ammonium acetate
(NH4Ac, 99.9% purity, Sigma Aldrich), iron (III) acetylacetonate
(Fe(acac)3, Merck), polyvinylpyrrolidone (PVP) and ethyleneglycol
(EG, Extra pure, Assay 99%) as the solvent. Graphene oxide (GO)was
prepared using the modified Hummer method based on an earlier
published report [24]. In order to synthesize GO/Fe3O4 with 1-1
ratio, 45mg of GO was first dispersed in 45ml EG. Then, 45mg of
Fe(acac)3, as an iron source, was added to GO/EG solution and
sonicated for 30min. After adding NH4Ac (1.5 g), the obtained
mixture was stirred and sealed in a Teflon elined stainless steel
autoclave, maintained at 180 �C for 24 h. The produced solutionwas
centrifuged and washed with deionized water several times and
then dried in an oven at 60 �C for about 20 h to obtain the final
product.

A similar approach, with the proper amount of Fe(acac)3, was
used to prepare G-Fe3O4 nanocomposites with 1e3, 1e5 ratios. To
synthesize Fe3O4 NPs, 0.55 g of Fe(acac)3 and 1.00 g of PVP were
added to 25.00ml EG. The mixture was stirred vigorously at room
temperature and then sealed in a Teflonelined stainless steel
Fig. 4. The SEM image of G-Fe3O4 (1e5) nanocomposite.
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autoclave and maintained at 180 �C for 12 h. The obtained black
solution was washed with acetone, absolute ethanol and deionized
water and finally dried at 60 �C for 6 h.
Fig. 6. The EDX analysis of G-Fe3O4 (1e5) nanocomposite.
2.2. Characterization

The structure of the synthesized samples was studied by X-ray
diffraction (XRD, X'Pert PRO MPD, with Cuka radiation
l¼ 0.15418 nm). The FTIR spectra were recorded to investigate the
chemical interactions between GO and themagnetic Fe3O4 NPs. The
size of the Fe3O4 NPs and the morphology of the prepared samples
were examined using transmission electron microscopy (TEM, Leo
912 AB-Germany). Also scanning electron microscopy (SEM, Leo
450 vp) was used to determine any changes of the bacteria's
morphology and their destruction mechanisms. Zeta potential and
surface charge of the samples were measured by a zeta sizer (CAD
zeta compact, France).
Table 2
The minimum inhibitory concentration (MIC) of the samples against the bacteria.

Compound E.coli S.aureus

MIC of G-Fe3O4 (ppm) 100 200
MIC of GO (ppm) 125 225
MIC of Fe3O4 (ppm) 150 300
3. Results and discussion

3.1. Structure analysis

The XRD patterns of the synthesized G-Fe3O4 nanocomposites
and Fe3O4 NPs are presented in Fig. 1. The small hump, which is
seen in the patterns of G-Fe3O4 nanocomposites at around 25�, is
assigned to graphene sheets. The XRD patterns confirmed the
reduction of GO and the presence of Fe3O4 NPs in the nano-
composites. These spectra also indicated that the structure of G-
Fe3O4 nanocomposites and Fe3O4 NPs had been formed, corre-
sponding to the databases JCPDS (PDF code: 89-0691for G-Fe3O4

and PDF code: 75e1609 for Fe3O4) [21,25]. Also, the XRD patterns
showed that by decreasing GO/Fe3O4 ratio, the peak intensity
related to Fe3O4 increases. The average crystallite size of the pre-
pared samples were estimated using the Scherrer formula (D ¼
kl=b cos q), and also calculated by the size-strain plot (SSP)

method [26], accordingly:
Fig. 5. FTIR spectra of the synthesized G-Fe3O4
ðdb cos qÞ2 ¼ K
D

�
d2b cos q

�
þ
�
ε
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�2
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where K is a constant which depends on the shape of the particles,
b is the FWHM of the diffraction peaks, d the plane's spacing, q the
diffraction peak angle and l the X-ray wavelength. In order to
obtain the average crystallite size and the lattice strain, using the
SSP method the term (dbcosq)2 is plotted against d2bcosq. The
crystallite size is then calculated from the slope of the linearly fitted
data, and the lattice strain from the y-intercept, as shown in Fig. 2.
The results are given in Table 1. As can be seen, the average crys-
tallite size of Fe3O4 increases with an increase of Fe3O4 in G-Fe3O4

nanocomposites.
The TEM images of the prepared samples and the size
nanocomposites and Fe3O4 nanoparticles.



Fig. 7. The growth curves of E. coli cells (108 CFU/ml) exposed to (a) Fe3O4 NPs, (b) G- Fe3O4 (1-1), (c) G- Fe3O4 (1e3), (d) G- Fe3O4 (1e5) nanocomposites and (e) GO.
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Fig. 8. The growth inhibition rate of E. coli bacteria exposed to prepared samples at
37 �C, with different concentrations.

Fig. 10. The removal efficiency of the samples at 250 ppm concentration.
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distribution histograms are presented in Fig. 3. Fig. 3b, c and d show
that the surface of the graphene sheets are decorated by Fe3O4

nanoparticles having a spherical shape. The average particle size of
Fe3O4 NPs on the graphene sheets in G-Fe3O4 (1-1), (1e3) and (1e5)
ratios are about 19, 25 and 29 nm, respectively. From Fig. 3a the
average particle size of Fe3O4 NPs was obtained about 10 nm. The
SEM image of the G-Fe3O4 (1e5) nanocomposite is given in Fig. 4,
which shows that the graphene sheets are well decorated with
Fe3O4 nanoparticles.

The FTIR spectra of G-Fe3O4 nanocomposites and Fe3O4 NPs are
presented in Fig. 5. The bands at 589 and 460 cm�1 are attributed to
FeeO vibrations, which confirm the presence of Fe3O4 [27]. In this
Fig, the bands at 1197.1 and 1557.1 cm�1 are assigned to CeOeC and
C]C groups, respectively. In the spectrum of Fe3O4 NPs, the bands
at 853.5 cm�1 and the wide region absorption band around
3359.4 cm�1 are both related to the hydroxyl stretching vibrations
of OH groups. In addition, the peaks at about 1089,1328,1449 and
2929.3 cm�1 belong to the stretching vibrations of CeC, CeO, C]C
andeCH2, respectively, which can be related to the presence of PVP
surfactant in the Fe3O4 NPs, remained from the synthesis process
[28].

The EDX spectrum of G-Fe3O4 (1e5) nanocomposite, presented
in Fig. 6, confirms the existence of Fe, O and C in the prepared
samples. The Au in the spectrum is related to the sample coating for
the analysis and does not exist in the structure.
3.2. Antibacterial tests

The antibacterial activity of G-Fe3O4 nanocomposites with
different GO/Fe3O4 weight ratios as well as Fe3O4 NPs and GO were
investigated against Gram negative E. coli and Gram positive
S. aureus as model bacteria. Microtiter plate and growth curve
methods were used for measuring the minimum inhibitory
Fig. 9. Some nutrient agar plates that show the inhibition of colonies (a) before treatment an
(1e5).
concentration (MIC) and the growth inhibition rate, respectively. To
measure the viable cells (CFU), the colony counting method was
applied. For preparing the bacterial samples, the bacteria were
grown in nutrient broth at 37 �C overnight to yield a cell count of
approximately 108 CFU/ml.

3.2.1. Measurement of minimum inhibitory concentration (MIC)
The MIC of synthesized samples for E. coli and S. aureus bacteria

was determined using microtiter plate technique. Different con-
centrations of the synthesized samples (50, 100, 150, 200, 300,
400 ppm) were prepared in deionized water. First, 70 ml of the
nanocomposites, GO or Fe3O4 NPs in dispersed formwas inoculated
with 70 ml of the tested bacteria at a concentration of 108 CFU/ml.
The MIC was read after 17, 20, 24 and 48 h of incubation at 37 �C
(Table 2). Our results showed that G-Fe3O4 (1e5) nanocomposite
had a stronger antibacterial effect on E. coli and S. aureus compared
to GO and Fe3O4 NPs. This can be due to the larger surface area of
the graphene and good distribution of Fe3O4 NPs, leading to better
interaction between Fe3O4 NPs and the bacteria. In addition, since
the synthesized samples had stronger antibacterial effects on E. coli
compared to S. aureus, the other antibacterial tests were performed
only on E. coli. Tan et al. have prepared poly-l-lysine/reduced gra-
phene oxide/copper nanoparticles (PLLerGOeCuNPs) hybrid by
anchoring the CuNPs on the reduced graphene oxide surface. The
MIC of the prepared samples were also determined by two-fold
diluting method. As they reported, the MIC of rGO and
PLLerGOeCuNPs were about 10000 and 300mg/L, respectively
[29].

3.2.2. Bacteria growth inhibition rate
Another antibacterial test was carried out by plotting the growth

curve of E. coli in a nutrient broth medium in the presence of G-
Fe3O4 nanocomposites and also Fe3O4 NPs and GO with different
concentrations (100, 200, 250 ppm). In this test, 100 ml of the E. coli
d after treatment with (b) Fe3O4 NPs, (c) G- Fe3O4 (1-1), (d) G- Fe3O4 (1e3), (e) G- Fe3O4



Fig. 11. The SEM images of E. coli (a) before the antibacterial tests, (b, c, d) after
treatment with a G- Fe3O4 nanocomposite.
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culture (108 CFU/ml) was added to 10ml of the nutrient broth
medium containing a certain concentration of the sterile prepared
samples. The mixed solutions were incubated at 30 �C in a rotary
shaker at 200 rpm for 12 h. Optical density (OD) of all solutions
were measured at 600 nm in 2 h periodicals using spectropho-
tometry. A blank nutrient broth medium and bacteria solution, in
the absence of the synthesized samples and cultured under the
same conditions, were used as the positive and negative controls.
The growth curves of E. coli in the presence and absence of 3
different concentrations of G-Fe3O4 nanocomposites, Fe3O4 NPs
and GO, are shown in Fig. 7. The bacterial growth inhibition rates
were calculated, according to the following relation
Bacterial growth inhibition rate ¼
�
1� OD600 of bacteria in presen

OD600 of positive co
Our results showed that all the samples had antibacterial effects
on E. coli (Fig. 8). However, Fe3O4 NPs with 200 ppm concentration
inhibited the bacterial growth by 45.5%, which is higher than that of
250 ppm (41.4%). Since Fe3O4 NPs have magnetic properties, they
usually agglomerate and their effective surface area decreases. This
leads to the reduction of the interaction between the Fe3O4 NPs and
the bacteria cell wall, which in turn results in lower bacterial
growth inhibition. The bacterial growth inhibition of G-Fe3O4
nanocomposite (1e5) at concentrations of 100 and 200 ppm were
75.66% and 83.5%, respectively. Also, it was found that the cell
viability of E. coli progressively decreased with an increase in G-
Fe3O4 concentration. Sun et al. have studied the time course of
antibacterial activity by GO, CdS and GO-CdS towards E. coli. Their
results showed that GO had limited activity in inactivating E. coli.
Furthermore, GO-CdS composites show more enhanced antibac-
terial activity than CdS nanoparticles [30].

3.2.3. Colony counting method
To examine the bactericidal effects of Fe3O4 NPs, GO and G-

Fe3O4 nanocomposites on E. coli more accurately, the bacteria with
a concentration of 108 (CFU/ml) were cultured on nutrient agar
plates supplemented with the synthesized samples at concentra-
tion of 250 ppm. Nutrient agar plates without the samples, cultured
under the same conditions, were used as a control and each colo-
nization test was run in triplicate and repeated at 6 separate times.
The plates were incubated for 24 h at 37 �C and the number of
colonies was enumerated. The counts on three plates, corre-
sponding to a particular sample, were averaged. Fig. 9 shows some
nutrient agar plates that describe the inhibition of colony growth
after the sample treatment during 12 h incubation. The removal
efficiency of the bacteria by Fe3O4 NPs, GO and G-Fe3O4 nano-
composites were calculated according to the following formula:

removal efficiency ð%Þ ¼ CFU0 � CFUt

CFU0
*100 (3)

where CFU0 and CFUt are the initial and residual numbers of the
bacterial colonies in the presence of the prepared samples. Park and
co-workers synthesized ZnO-graphene nanoparticle hybrids by
coating ZnO on the graphene sheets and studied their antibacterial
activity by colony forming count method. A complete decline of the
bacteria was achieved after 12 h, at concentration of o. oo3 g/ml
[31]. Also, Kollu et al. synthesized G-Fe3O4 nanocomposite by sol-
vothermal method andmeasured the antibacterial activity with the
same method. The TEM images of the prepared nanocomposites
revealed that the size of the Fe3O4 particles on the surface of the
graphene was in the range of 0.2e0.25 mm. They reported that the
removal efficiency of the cells by G-Fe3O4 and GO were 77% and
35%, respectively [32]. Our results for the samples with 250 ppm
concentration (Fig. 10) indicated that among all the samples, G-
Fe3O4 (1e5) nanocomposite with 92.1% and Fe3O4 NPs with 66.4%
had the highest and the least inhibition growth effects on E. coli,
respectively.

3.2.4. Mechanisms of the antibacterial action
To better understand the influence of G-Fe3O4 nanocomposite

on E. coli cells, SEM analysis was performed on the bacteria sample
in the presence and absence of the G-Fe3O4 nanocomposites. SEM
ce of sample
ntrol

�
� 100 (2)



Fig. 12. Zeta potential of the prepared samples vs. pH.
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electron micrograph images before and after the treatment by a G-
Fe3O4 nanocomposite (Fig. 11) showed that the nanoparticles had
been accumulated in the cell envelopes. This resulted in the for-
mation of pits (Fig. 11c) and further devastating damages of the
bacteria (Fig. 11d). The G-Fe3O4 nanocomposite-bacteria in-
teractions could be interpreted through 3 mechanisms. The first
approach can be via the electrostatic interaction between positively
charged G-Fe3O4 nanocomposite and negatively charged residues
of the membrane proteins on the bacterial surface. The second
approach can be the physicochemical changes in the bacterial cell
wall and the last mechanism might be due to the penetration of
Fe3O4 NPs through bacterial membranes which can disorganize the
Fig. 13. Relative cell viability of synthesized sample
intracellular activities of the bacteria cells [33]. Nanocomposites
based on graphene affect the bacterial membrane through direct
contact and oxidative stress. Also, it has been reported that the
oxidative stress of rGO is more than that of GO. The density of
functional groups in graphene based materials is rather high, so
having more chances to interact with the bacteria [34].

3.2.5. Zeta potential analysis
Zeta potential measurement is a significant strength predictor

regarding the electrostatic interaction between the nanoparticles
and the bacteria cells. Since zeta potential can be affected by pH, the
zeta potential of the samples was measured at different pH levels
s against N2A cells at different concentrations.
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(4.5, 6.5 and 10), which are given in Fig. 12. As mentioned earlier,
the bacterial removal efficiency of the G-Fe3O4 (1e5) nano-
composite is higher than that of the Fe3O4 NPs. This can be due to
the stronger surface charge of the G-Fe3O4 (1e5) nanocomposites
at a neutral pH, resulting in a stronger electrostatic interactionwith
the gram negative E. coli bacteria.

3.2.6. Biocompatibility assessment: MTT assay method
To evaluate the biocompatibility of our synthesized samples, the

cytotoxic activity of the samples was investigated by MTT assay in
Neuroblastoma cells (N2A). According to the standard MTT assay,
the cells were incubated at 37 �C for 24 h under various concen-
trations (1.95e500 ppm) of the samples. As shown in Fig. 13, the
cell viability is found to be more than 70% for G-Fe3O4 (1e5)
nanocomposite at concentrations of 500 ppm and lower, indicating
that G-Fe3O4 (1e5) nanocomposite has low toxicity. The Fe3O4 NPs
with the least cell viability are more toxic, compared to the other
prepared samples. These results can be related to the size of NPs.
Since the effective surface area of the particles is an important
parameter in determining the toxicity of NPs, so it seems that the
smaller NPs are more toxic [35,36]. It has been reported that
decorating the surface of rGO with nanoparticles modifies the
surface and decreases the toxicity comparing to GO [37]. The
presence of oxygen containing functional groups at the edges of the
graphene sheet folds the sharp edges, which results in reducing the
damages to the cell [38].

4. Conclusion

G-Fe3O4 nanocomposites, with different weight ratios of GO/
Fe3O4 (1-1, 1e3 and 1e5) as well as Fe3O4 NPs were synthesized
using the solvothermal method. The XRD patterns confirmed the
formation of the desired structures. The average size of the crys-
tallites was determined using the Scherrer formula and SSP
method. TEM images showed that the average particle size of Fe3O4
NPs in the G-Fe3O4 nanocomposites of 1-1, 1e3 and 1e5 are about
19, 25 and 29 nm, respectively. Also, the average size of the syn-
thesized Fe3O4 NPs was found to be 10 nm. SEM images indicated
that the Fe3O4 NPs are anchored on the surface of the graphene
sheets. To investigate the antibacterial property of the prepared
samples, theMinimum Inhibitory Concentrationmethod (MIC) was
employed. By using the colony counting method, the average
growth inhibition rate of E. coli bacteria for the Fe3O4 NPs, GO and
G-Fe3O4 1-1, 1e3 and 1e5 nanocomposites at a concentration of
250 ppm were obtained 66.4%, 69.7%, 75.6%, 82.8%, 92.1%, respec-
tively. These results showed that the G-Fe3O4 (1e5) nanocomposite
has the higher antibacterial activity and lower cytotoxicity, in
comparison with the other synthesized samples.
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