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A B S T R A C T

The ability of graphene-based materials to enhance the conventional antibiotic resistance is well known and
researchers have been interested in improving their antibacterial activity. The reduction of graphene oxide by
eco-friendly reducing agents is of great interest on the basis of environmental and human health aspects. Herein
we report the synthesis of two forms of graphene derivatives namely, reduced graphene oxide (RGO) through
reduction using potato starch and zinc oxide decorated RGO (ZnO-RGO). In the case of ZnO-RGO, the reduction
of graphene oxide and the conversion of ZnO to nano ZnO occur simultaneously. The characterization of all the
graphene based materials and nanocomposites developed were carried out using FT-IR, XRD, Raman spectra and
TEM techniques. The antibacterial activity of these modified materials against E. coli was also studied by well
diffusion method. Our results show that ZnO-RGO is more efficient than RGO in their antibacterial properties
which we attribute to the synergistic effect of ZnO and RGO towards the bacteria in the nanocomposite. Further
we find that the antibacterial effect of ZnO-RGO towards E. coli is due to the disruption of the bacterial cell which
could be confirmed by AFM images. Considering the fact that graphene-based materials are less toxic towards
mammalian cells, both RGO and ZnO-RGO we have developed can find applications in the field of medicine and
life sciences.

1. Introduction

The emergence of multiple drug-resistant human pathogens is a
major problem faced by present world due to the widespread and in-
appropriate use of antibiotics. Hence it is very important to develop
new and effective antimicrobial agents with suitable biocompatibility
and showing a broad spectrum of bactericidal activity [1,2]. Among the
carbon based nanomaterials, graphene derivatives have emerged as a
new antibacterial material because of its less cytotoxicity towards
mammalian cells as compared to carbon nanotubes and diversity in
their bactericidal activities [3]. Graphene can perform its antibacterial
activity both through its physical and chemical effects. Direct contact of
sharp edges of graphene sheets with bacterial membranes, destructive
extraction of lipid molecules, wrapping and photo-thermal ablation
mechanisms are involved in the physical effects. The oxidative stress
caused by the reactive oxygen species (ROS) and charge transfer fea-
tures are involved in chemical effects [3]. Applications of graphene-
based materials in the field of medicine and life sciences especially for

pathogen control [4], imaging [5], drug delivery [6] and biosensors [7]
have been well demonstrated.

Graphene, which is a two-dimensional material consisting of a
single atomic layer of sp2 hybridized carbon atoms arranged hex-
agonally, is a very unique material known for its versatile properties
[8,9]. Graphene and its derivatives serve as nanoscale building blocks
for composite antibacterial materials because of its outstanding phy-
sical properties, water solubility, high specific surface area and plenty
of reactive surface functionalities [10]. Methods used for the produc-
tion of graphene are mostly micromechanical cleavage [11,12], che-
mical vapor deposition [13,14], chemical exfoliation [15,16], liquid
phase exfoliation assisted by ultrasonication [17,18]. The most widely
used reducing agent for the reduction of graphene oxide to its reduced
form (RGO) is hydrazine monohydrate [19]. But the presence of even
trace amount residual hydrazine can affect the performance of RGO
based systems. Moreover, it is highly toxic and dangerously unstable.
Several environmentally friendly high-efficiency reducing agents have
been developed which are used as an alternative to hydrazine. The most
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commonly used eco-friendly reducing agents are reducing sugar [20],
alcohols [21], vitamin C [22], tea [23] and reducing metal powders
[24].

The stacking of graphene layers through collective van der Waals
forces can affect bactericidal performance but it can be reduced by
introducing nanoparticles or molecular units which prevent the re-
stacking of layers [9]. But anchoring the GO sheets with metal or metal
oxide nanoparticles directly or indirectly can be a better strategy as it
can enhance its properties [25–27]. The appreciable interest of ZnO
over other semiconductors is due to its low cost, ease of availability,
size, and shape-dependent photocatalytic properties and its applica-
tions in many fields such as gas sensors, photocatalysis, photodetectors,
solar cells, electrochemical sensing, etc. Moreover, the smaller size of
ZnO provides a large surface area and more active surface sites when
the absorbed molecules interact with the photogenerated charge car-
riers to form hydroxyl and superoxide radicals [28]. The enhanced
bioactivity of ZnO is well known, and it is considered as a ‘generally
recognized as safe’ (GRAS) material. It also shows minimal effects on
human cells which makes it useful in food industry [29].

The antibacterial activity of graphene oxide (GO) and RGO were
first reported by Fan and Haung, who found that graphene-based na-
nomaterials can effectively inhibit the growth of E. coli with minimum
cytotoxicity [30]. Nanda and colleagues studied the antibacterial ac-
tivity and proposed underlying mechanism of GO against E.coli and
Enterococcus faecalis by a new and sensitive fingerprint approach using
Raman spectroscopy [31]. Liu et al. [32] compared the antibacterial
activity of four types of graphene based materials such as graphite (Gt),
graphite oxide (GtO), graphene oxide (GO) and reduced graphene oxide
(rGO) against E.coli and they found that the order of antibacterial ac-
tivity is GO > rGO > Gt > GtO. Krishnamoorthy and colleagues
studied the antibacterial activity of GO towards Gram-negative bacteria
‘E.coli’ and Gram-positive bacteria ‘Streptococcus iniae’ by the colony
counting method and found that GO shows more activity towards
Gram-positive bacteria [33]. Electron spin resonance (ESR) technique
coupled with spin-trapping technique was used for confirming the un-
derlying mechanism of the antibacterial activity. Kellici and co-workers
synthesized RGO with antibacterial activity in a single rapid route by
utilization of continuous supercritical water in alkaline medium
without using any hazardous conventional chemicals [34]. Several re-
ports demonstrated the antibacterial activities of RGO, tungsten dis-
ulphide (WS2) and reduced graphene oxide-tungsten disulphide (RGO-
WS2) by time and concentration-dependent viability assay against four
different bacterial strains [35]. They found that RGO-WS2 showed
significant retardation in bacterial growth and inhibitory effect com-
pared to others. Ravichandran and colleagues successfully prepared
cobalt activated ZnO nanocomposites on the surface of reduced gra-
phene oxide (ZnO:Co/RGO) by a simple cost-effective method and
studied the photocatalytic and antibacterial activities [36]. They found
that ZnO:Co/RGO showed improved antibacterial activity against
S.aureus and E.coli. Studies on a simple and facile one-pot chemical
approach for the preparation of ZnO on graphene oxide and the anti-
bacterial activity of RGO-ZnO composites against E.coli were also re-
ported in which RGO-ZnO was shown to be having pronounced anti-
bacterial activity than pure RGO [29].

In the present study, we report the preparation of GO from graphite
powder by Hummer's [37] method and carry out a very effective re-
duction of GO to RGO using potato starch as reducing agent which is
highly eco-friendly and abundantly available [38]. Another graphene-
based material we have developed is a new form of RGO-ZnO nano-
composite which is formed from GO by chemically decorating its sur-
face with ZnO [39]. Interestingly in this case we find that both the
reduction of GO to RGO and the conversion of ZnO to nano-ZnO si-
multaneously. The antibacterial activity of these graphene derivatives
was studied against E.coli by well diffusion method. The cell wall in-
tegrity analysis using SDS assay and AFM image of E.coli was also used
for confirming the effect of graphene nanoparticles on E.coli. To

understand the mode of action of graphene nanoparticles and their
bactericidal properties on E.coli both SDS assay and AFM imaging were
carried out from which we could confirm the cell wall disruption as the
main reason.

2. Experimental

2.1. Materials

Graphite powder, sodium nitrate (NaNO3), concentrated sulphuric
acid (conc. H2SO4), potassium permanganate (KMnO4), hydrogen per-
oxide (H2O2), ammonia, N,N-dimethylformamide (DMF), zinc acetate
dihydrate (Zn(CH3COO)2·2H2O) were purchased from Merck, India.
Potato starch was procured from (LOBA Chemie Pvt. Ltd). Gram- ne-
gative Escherichia coli were used for the antibacterial study.

2.2. Preparation of GO

The preparation of GO was carried out by Hummers method on
graphite powder using, an oxidation process. In this process, 5 g natural
graphite and 2.5 g of NaNO3 were mixed and added to an ice-cooled
115mL of conc. H2SO4 by continuous stirring. About 15 g of KMnO4

was added to this solution within 1 h. After adding 230mL of distilled
water carefully, the reactants were heated to 35 °C and stirred for
30min. The temperature of the reaction mixture was raised to 80 °C and
maintained at that temperature for 45min. The reaction was completed
by adding 700mL of distilled water and 30% aqueous solution of
12.5 mL of H2O2. The resulting solution was washed several times with
distilled water, until the filtrate showed neutral pH. The resulting so-
lution was sonicated for 5min and dried at 60–65 °C in an oven.

2.3. Preparation of RGO

Reduction of GO to RGO was carried out using abundantly available
potato starch as the reducing agent. About 0.2 g of potato starch was
added to 125mL of GO dispersion (0.5 mg/mL) in distilled water which
was then subjected to stirring for about 30min. About 25% ammonia
solution was added to the reaction mixture to adjust the pH in the range
9–10. The reaction mixture was refluxed at 80 °C for 3 h by continuous
stirring and then allowed to cool. The product was washed several times
with distilled water until the filtrate is free from alkali. The product
obtained was dried at 30 °C for further use.

2.4. Preparation of ZnO-RGO

GO (0.04 g) was uniformly dispersed in 120mL of DMF by sonica-
tion for 30min. Zinc acetate dihydrate (0.92 g) was dissolved in 120mL
DMF and added to GO solution and stirred for 30min. The reaction
mixture was then subjected to heating at 95 °C for 5 h with continuous
stirring and cooled to room temperature. It was then washed with
ethanol to remove the traces of DMF and dried at 60 °C. For the
synthesis of blank ZnO, the procedure was the same as the one used for
ZnO-RGO but without the addition of GO. Shown in Scheme 1 are the
steps involved in the preparation of RGO and ZnO-RGO.

2.5. Characterization

Fourier transform infrared (FT-IR) spectrum of graphite powder, GO
and RGO were measured on a PerkinElmer Spectrum 400 model auto-
matic IR spectrometer with attenuated total reflectance (ATR) mode
between the frequency ranges of 4000–500 cm−1. The XRD measure-
ments were carried out using an X-ray diffractometer XPERT-PRO and
the intensity were recorded in 2θ range 5–40° with step size 2θ at 0.001
using a Ni-filtered Cu Kα radiation (θ=1.5406 Å) and an operating
voltage of 45 kV and a filament current of 35mA. The morphological
analysis of the prepared nanoparticles was obtained on a High-
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Resolution Transmission Electron Microscope JEM-2100HRTEM. The
Raman spectra of the samples were done in WITec Alpha 300 RA
confocal Raman microscope with AFM (WITec GmbH, Ulm, Germany).

2.6. Antibacterial activity of RGO and ZnO-RGO

The antimicrobial activity of the powder samples were assessed
using the well diffusion method. Nutrient agar was poured into the
assay plate and allowed to cool down. Once the medium is solidified,
wells each of 1 cm in diameter were cut out of the agar, and 50 µL of the
sample solution RGO and ZnO-RGO respectively were placed into each
well. After 24 h incubations Zone of inhibition were measured.

2.7. Cell wall integrity using SDS (sodium dodecyl sulphate) treatment
assay

The effect of various graphene nanoparticles on cell wall integrity of
Escherichia coli was investigated by SDS assay following the method of

Lok et al. [40]. Briefly, overnight cultures of bacterial cells were washed
copiously with sterile phosphate buffered saline (8 g NaCl, 0.2 g KCl
and 1.44 g KH2PO4 prepared in distilled water 1 L, pH 7.4) and dis-
pensed in the wells of a sterile microplate to a volume of 200 µL. After
measuring the initial absorbance, the test solution was supplemented
with graphene nanoparticles (100 µg/mL) and SDS (0.1%). Control
wells without graphene nanoparticles were maintained. The absorbance
at 600 nm was recorded in every 15min for a period of 2 h. Time versus
cell wall integrity was then plotted.

2.8. Cell wall integrity analysis by Atomic Force Microscopy (AFM)

The cell wall integrity of E. coli was also studied by AFM experi-
ments performed in contact mode using A.P.E.R research nano-
technology. In a typical experiment a drop of the suspension of E. coli
after treating with RGO (2 µg/mL) in distilled water and control was
applied separately on the surface of silica wafers and dried well before
imaging.

3. Results and discussion

3.1. Characterization of RGO and ZnO-RGO

Fig. 1 represents the FT-IR spectrum of graphite, GO, RGO, ZnO-
RGO and nano- sized ZnO. In the case of graphite powder, no significant
peak was observed. For GO, a broad peak is observed at 3315 cm−1

corresponding to OH stretching. The peak observed at 1043 cm−1 and
1739 cm−1 represent C-O stretching vibration and C˭O stretching vi-
bration respectively. The peak at 1613 cm−1 represents un-oxidized
graphitic domains and 1238 cm−1 for C-OH stretching vibrations [41].
These observed peaks are characteristic of GO formed from graphitic
powder because of the presence of various functional groups present on
GO during the exfoliation process. The intensity of O-H stretching vi-
brations observed at 3315 cm−1 was significantly reduced in the case of
potato starch reduced graphene oxide which confirmed the reduction of
GO and formation of RGO. The peak at 995 cm−1 indicates the C-O
stretching and a peak at 1736 cm−1 indicate the C˭O stretching. Theses
observed peaks in RGO also indicate the presence of residual organic
moieties originating from the starch units on the graphene surface as
functional groups. In the case of ZnO-RGO the broad peak observed at

Scheme 1. Steps involved in the preparation of RGO and ZnO-RGO.

Fig. 1. FT-IR spectra of graphite, GO, RGO, ZnO nano and RGO-ZnO.
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3468 cm−1 represents the –OH stretching vibration. The peaks at
1739 cm−1 and 1043 cm−1 in GO are absent due to the anchoring of
ZnO on the graphene sheet [42]. The peaks observed at 1552 cm−1 and
1501 cm−1 correspond to the anti-symmetrical and symmetrical
stretching of zinc carboxylate in the case of ZnO nano. The peak cor-
responding to the stretching vibration of ZnO bonds is observed at
473 cm−1.

Fig. 2 displays the XRD patterns of graphite powder, GO and RGO.
Graphite shows a sharp peak at 26.25° with a d-spacing of 3.39 Å. In the
case of GO, a peak observed at 9.95° with a d-spacing of 8.89 Å which
we attribute to the introduction of oxygenated functional groups on the
surface of carbon sheet. There is also a peak at 26.26° corresponding to
the partial oxidation of the carbon sheet. After reduction, the peak at
9.95° disappears and gets shifted to higher 2θ angles at 26.53° with a d-
spacing of 3.35 Å [43]. The XRD results obtained indicate that GO is
getting reduced successfully by potato starch and, further, the exfolia-
tion also occur if any multilayered RGO is formed.

Fig. 3 represents the XRD patterns of ZnO nano and ZnO-RGO. The
sharp diffraction peaks obtained clearly indicate the crystalline nature
of ZnO particles formed on both cases, especially in the case of ZnO-
RGO. The major peaks observed at 2θ=31.82, 34.47, 36.48, 47.53,

56.68, 62.94, 66.35, 67.97, 69.31, 72.77, 77.01 could be indexed which
correspond to the lattice planes (100), (002), (101), (102), (110), (103),
(200), (112), (201), (044), (202) respectively which clearly reveal that
the synthesized nanoparticles have ZnO in its pure phase and possess a
very high crystallinity. The peaks corresponding to GO (Fig. 2) are
absent in ZnO-RGO indicating that GO was getting reduced to RGO
during the formation of ZnO nano and layer stacking is prevented in the
samples [39]. It also proves that the aggregation of graphene layers
again into graphite is getting prevented by the presence of ZnO nano
anchored on the surface of graphene sheets.

One of the important tools for the structural investigation of carbon
materials is Raman spectra. The out-of-plane breathing mode of sp2

atoms in graphite represents D band and the G band corresponds to the
vibrations of sp2 carbon atom domains of graphite. The graphite
powder shows a D band at 1361 cm−1 and G band at 1582 cm−1. Fig. 4
displays the Raman spectra patterns of graphite powder, GO, RGO, ZnO
nano and ZnO-RGO obtained in the spectral range from 1200 to
2000 cm−1. After oxidation, GO shows a D band at 1369 cm−1 in-
dicating the reduction in the size of the sp2 domains and a G band at
1593 cm−1 due to the presence of isolated double bonds resonating at
higher frequencies than that of G band of graphite. RGO shows a D band
at 1361 cm−1 and a G band at 1589 cm−1. The ratio of peak intensities
of D band and G band (ID/IG) is a measure of defects on graphene sheets
and after reduction of GO, the ID/IG value increases from 0.9836 to
0.9865 indicating that most of the oxygenated groups GO is getting
removed during reduction leading to partial ordering to crystalline
form of graphene. The increase in ID/IG ratio of RGO obtained by green
reducing methods was also reported elsewhere [38,44,45].

The defects in the graphitic structure correspond to the D band and
the vibrations of sp2 hybridized carbon atoms are to the G band [46]. In
the case of ZnO-RGO, spectra show a shift in two bands, D band at
1345 cm−1 and G band at 1573 cm−1. In the case of ZnO nano, no
characteristic band is observed in the range of 1200–2000 cm−1. The
ratio of peak intensities of D band G band (ID/IG) provides information
about the structure ordering (graphitization) of materials. After the
treatment, the ID/IG value decreased from 0.9836 for GO to 0.9137 for
ZnO-RGO. This suggests that in addition to the reduction of GO the
aromatic structures are getting recovered by repairing defects [47].
Such a decrease in ID/IG value was also reported elsewhere [47,48].
While anchoring in situ formed nano ZnO on the surface of GO, a de-
crease in the contents sp2 domains of carbon atoms occur which leads to
a decrease in ID/IG value [49].

From the TEM image shown in Fig. 5(a), it is clear that some
scrolling and corrugations occur on the edges of RGO. The RGO na-
nosheets are the layer structured, irregular and folded with lots of

Fig. 2. XRD patterns of graphite, GO and RGO.

Fig. 3. XRD patterns of ZnO nano and ZnO-RGO.

Fig. 4. Raman spectra of graphite, GO, RGO, ZnO nano and ZnO-RGO.
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wrinkles. From the image shown in Fig. 5(b), it can be seen that the
light gray coloured domains represent the sheets of GO and the dark
coloured domains on the surface of GO represent the ZnO nano-
particles. The wrinkled morphology of graphene layers also can be fa-
cilitating the antibacterial activity by trapping the bacteria which we
confirm in our antibacterial studies. Further, it also confirms that the in
situ generated form of ZnO is in nano-form uniformly and is getting
decorated through anchoring on the layer surfaces of RGO.

3.2. Antibacterial activity

The antibacterial activity of the as-prepared samples of RGO and
ZnO-RGO nanocomposites against E.coli is shown in Fig. 6. Compared to
RGO, ZnO-RGO is having better activity. We attribute this to the
combined and synergistic effects due to both ZnO and RGO. To ensure
the statistical significance of measurement, all assays of RGO and ZnO-
RGO were performed in triplicates. Here, data were presented as mean
of three experiments. Zone of inhibition of RGO was 18 ± 0.5mm and
for ZnO-RGO it was 28 ± 0.7mm. It has been reported that both
oxidative stress and membrane interactions contribute to the anti-
bacterial activity of graphene-based materials, and direct contact of
graphene sheets with cell membrane can lead to cell disruption and
death [1]. Most of the works to date have suggested that reactive
oxygen species (ROS) generation and consequent oxidative stress are
frequently observed with nanoparticle toxicity.

3.3. Cell wall integrity using SDS assay

The result of cell wall integrity of ZnO-RGO and RGO using SDS is
shown in Fig. 7. From the graph, it is clear that the cell wall integrity
gets reduced significantly with increase in time. Once the cell wall is
damaged, the cell content reaches out causing cell death. In the present
case, we attribute the cell death to the interaction between RGO sheets
with bacterial cells. In the case of ZnO-RGO, a sudden decrease in the
cell wall integrity was observed immediately after 20min which can be
mainly due to the synergistic effect of ZnO and RGO. Both the physical
interactions of graphene layers with the bacterial membranes and the
oxidative stress caused by the formation of peroxides facilitated by
nano ZnO can be major factors which lead to significant cell death of
E.coli as we have observed [50].

3.4. AFM image of E.coli

The AFM image of E.coli after treating with ZnO-RGO is shown in
Fig. 8. The AFM image was helpful in analyzing the effects of ZnO-RGO
on bacteria and also observing the surface morphology of E.coli after
interacting with ZnO-RGO. In its normal form the cell walls of the
bacteria are very rigid and the bacteria can grow in a wide range of
environmental conditions. From the image, it is clear that the cell walls
of E.coli get damaged after treating with ZnO-RGO. ZnO-RGO sheets are
capable of destroying the rigidity of cell walls of the bacteria by phy-
sical wrapping which then induce significant membrane stress on the

Fig. 5. TEM images of (a) RGO (b) ZnO-RGO.

Fig. 6. Antibacterial activity of RGO and ZnO-RGO.

Fig. 7. Cell wall integrity plot for RGO and ZnO-RGO.
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surface of the cell walls leading to the death of the bacteria. In a recent
study the AFM images obtained by the antibacterial activity of RGO
[51], revealed that the actual process of antibacterial activity is asso-
ciated with the production of nonporous piths on the cell surface
causing leakage of intracellular contents confirming our observations.

4. Conclusion

In the present work, we report the synthesis of two forms of gra-
phene derivatives namely, reduced graphene oxide (RGO) through re-
duction of GO using eco-friendly and abundantly available potato
starch and ZnO-decorated/anchored GO (ZnO-RGO). It is seen that in
the case of RGO, during the reduction we have carried out some starch
components were getting incorporated on the graphene layer which are
useful for preventing the aggregation of the layers. We observed that in
the case of ZnO-RGO, the reduction of graphene oxide and the con-
version of ZnO to nano ZnO occur simultaneously. The detailed char-
acterization of all forms of graphenes (GO and RGO), and ZnO-RGO
developed were carried out using FT-IR, XRD, Raman spectra and TEM
techniques. The antibacterial activity of RGO and ZnO-RGO was con-
ducted against E. coli by well diffusion method. Our results show that
ZnO-RGO is more efficient than RGO in their antibacterial properties
which we attribute to the synergistic effect of ZnO and RGO towards the
bacteria in the nanocomposite. Further, we find that the antibacterial
effect of ZnO-RGO towards E. coli is due to the disruption of the bac-
terial cell which could be confirmed by AFM images. The cell wall in-
tegrity disruption studies showed the pronounced effect of RGO-ZnO on
cell death. Considering the fact that graphene-based materials are less
toxic towards mammalian cells, both RGO and ZnO-RGO we have de-
veloped can find versatile applications in biomedical field.
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