
Vol.:(0123456789)1 3

Applied Nanoscience (2020) 10:4207–4219 
https://doi.org/10.1007/s13204-020-01539-z

ORIGINAL ARTICLE

Antibacterial performance of GO–Ag nanocomposite prepared 
via ecologically safe protocols

Riya Thomas1 · Jyothi Unnikrishnan2 · Aparna V. Nair1 · Elcey C. Daniel3 · Manoj Balachandran1 

Received: 4 June 2020 / Accepted: 12 August 2020 / Published online: 29 August 2020 
© King Abdulaziz City for Science and Technology 2020

Abstract
Control and extinction of the rising problem of antimicrobial resistance makes a multidisciplinary approach for the advance-
ment of novel disinfectant agents imperative. Although graphene-based nanomaterials display high bacterial toxicity, their 
cytotoxicity to mammalian cells is found to be very low. Herein, a simple green approach for the synthesis of graphene 
oxide–silver composite using Syzgium cumini (Indian black plum) fruit extract was reported. Physicochemical properties and 
antibacterial activities of the composite were subsequently studied comparing with silver nanoparticles and pure graphene 
oxide. We demonstrate the influence of precursor materials in dictating the antibacterial properties of nanosystems. The 
antibacterial study conducted on selected gram-negative and gram-positive bacteria reveals that composite is more effec-
tive against gram-negative bacteria. The microbicidal activity of composite against bacteria Pseudomonas aeruginosa and 
E. coli, was higher than the control drug cephalexin (CE control). Test compounds against L929 cell lines by MTT assay 
reveal the low cytotoxicity of samples. From the statistical analysis, it is inferred that the cell viability is dependent on the 
concentration. Fruit extract-based graphene–silver composite could be an excellent environment-friendly replacement for 
harsh disinfectants.
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Introduction

Growing bacterial resistance towards drugs and other dis-
infection agents has become a major challenge in the drug 
research and sanitation industry. In the past years, several 
pathogenic species of bacteria have undergone mutations 
and many have become multidrug resistant. Since most of 
the commonly used antibiotics have become ineffective 
in combating them, the development of new antibacterial 
agents with improved screening has become a serious appre-
hension among the scientific community. It is recognized 
from earlier investigations that, graphene nanostructures 
that possess sharp edges are proficient enough to rupture 

the bacterial cell membrane (Liu et al. 2011). Albeit, there 
are multiple contrary reports on the antibacterial activity 
of graphene derivatives. The studies of Bao et al. and Ruiz 
et al. revealed the absence of antibacterial activity in bare 
graphene oxide (GO) (Bao et al. 2011; Ruiz et al. 2011). On 
the other hand, many researchers detected higher antibacte-
rial effects of GO towards several bacterial agents like E. 
coli, Pseudomonas aeruginosa, Staphylococcus, and so on 
(Hu et al. 2010; Bykkam et al. 2013). It is the variations 
involved in the synthesis parameters that alter the surface 
functional groups and size of graphene sheets which amends 
the biological activity of GO.

Graphenic structures embedded with inorganic nanopar-
ticles are solitary potential candidates among other bacte-
ricidal agents and are more advantageous than the classical 
drugs because of their minimal cytotoxicity to mammalian 
cells, reduced cost, and slow development of antibacterial 
resistance (Ahamed et al. 2020; Madni et al. 2018). Deco-
ration of metal nanoparticles over the graphene surface 
engender biological characteristics suitable for a wide range 
of potential uses (Upadhyay et al. 2014). Silver nanoparti-
cles (AgNPs) that are known to be an antibacterial agent 
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for centuries can be utilized as an effective antimicrobial 
additive in the graphene–silver hybrid system. Nanoparticle 
aggregation that usually hinders the microbicidal proper-
ties of AgNPs can also be resolved through the formulation 
of nanocomposite with graphene possessing a high-specific 
surface area (Zhang et al. 2019). The antimicrobial effect 
that is a prerequisite for health, food, and pharmaceuti-
cal industries has encouraged the biological studies of the 
graphene–silver composite. Lei et al. prepared graphene 
oxide–silver nanoparticle (GO–AgNPs) composite via a 
direct reduction in AgNO3 using NaBH4 as the reducing 
agent (Britnell et al. 2012). Sun et al. synthesized reduced 
graphene oxide–silver hybrid through the chemical reduction 
in silver salts (Liu et al. 2010). Raynara et al. loaded the sil-
ver nanoparticles on the graphene oxide surface using elec-
tron beam irradiation (Jacovone et al. 2019). The bottlenecks 
associated with these conventional synthesis mechanisms 
comprise high cost, a great amount of energy consumption, 
and utilization of toxic chemicals that are hazardous to the 
environment.

The antibacterial efficacy of the graphene-based nano-
composites is found to be heavily dependent on precursors 
and the adapted synthesis route (Barbolina et al. 2016). 
Based on the green chemistry principles, many research-
ers have portrayed the synthesis of metal nanoparticles via 
environment-friendly procedures. Metal ions are reduced at 
a faster rate by plant extracts than fungi or bacteria (Makarov 
et al. 2014). The presence of various biomolecules, such 
as proteins, enzymes, amino acids, polysaccharides, alka-
loids, and alcoholic compounds in plants helps in the 
bioreduction and stabilization of the metal nanoparticles 
(Kuppusamy et al. 2016). Besides, the antioxidizing agents 
present in plant and fruit extract, alter the layers of graphene 
via partial oxidation. The materials employed in biomedical 
applications should be stable, compatible, and biologically 
active. Hence, the fruit-derived silver nanoparticle is used 
in biomedical applications due to its biocompatibility. It is 
worth mentioning that the utilization of fruit extract known 
for pharmaceutical properties can also enhance the unpar-
alleled biological property of silver nanoparticles. In the 
present study, we have used fruit extract of Syzgium cumini 
commonly known as Indian black plum to prepare GO–Ag 
composite. Syzgium cumini is a medicinal plant used for 
antidiabetic, antiinflammatory, antipyretic, antioxidant, and 
anticancer properties (Yadav et al. 2011). Therefore, the 
black plum extract is not only a cost-effective and plentiful 
source, but also a naturally available pharmaceutical agent.

To the best of our knowledge, the biocidal activity of 
GO–Ag nanocomposite prepared using fruit extract of Syzyg-
ium cumini is not described so far. Likewise, the cytotoxic-
ity of GO–silver nanocomposites prepared via ecofriendly 
synthesis route towards the L929 cell line has also not been 
reported yet. L929 Mouse fibroblast is the most commonly 

used European standards (PN-EN ISO 10993-5:2009, Pol-
ish Pharmacopeia, U.S. Pharmacopeia) for the evaluation 
of cytotoxicity in biological materials. Hence instead of the 
conventional, expensive, and ecologically unsafe protocols, 
the present study report facile and scalable production of 
highly biocidal graphene oxide–silver nanocomposites 
from renewable, biological substances without the aid of 
any hazardous chemicals or by products. The preliminary 
cytocompatibility screening of the GO–silver composite was 
carried out using in vitro evaluation of the L929 cell. The 
antibacterial activity of nanocomposite against both gram-
positive and gram-negative bacteria was evaluated about the 
control drug cephalexin. In addition to this, an investigation 
on the antibacterial property of bare graphene oxide that per-
sists as a debatable issue is also described. The current work 
integrates myriad properties of silver nanoparticles prepared 
using black plum extract (BA) and grapheme– silver nano-
composite (GBA) to produce highly efficient antibacterial 
agents that are effective under natural light.

Results and discussion

XRD analysis

The X-ray diffraction profile of graphene oxide (GO) is pre-
sented in Fig. 1a. The characteristic peak of GO due to the 
(002) plane is observed at 2θ = 10.3° indicating its low crys-
tallinity and amorphous structure (JCPDS File No. 41-1487) 
(Mututu et al. 2019). The peak at 2θ = 42.3° is attributed to 
the defects in the graphene system. Figure 1b depicts the 
XRD pattern of GO–silver nanocomposite prepared using 
the black plum extract. The diffraction patterns of bare 
black plum (BB) extract show both amorphous and crys-
talline peaks because of the organic and inorganic biomol-
ecules contained in the fruit. The crystalline peaks appear at 
2θ = 21°, 24°, 28.60° , and 41° show the presence of antho-
cyanin compounds in BB (Favaro et al. 2018). The XRD 
spectrum of BA substantiates the formation of silver nano-
particles from bulk AgNO3.The Bragg peaks at 2θ = 38.62° 
(111), 46.25° (200), and 64.8° (220) are the characteristic 
reflection planes of Ag nanoparticle and peaks at 2θ = 27.7°, 
32.3°, 46.1°, and 54.6° depicts the cubic phase of AgCl 
(JCPDS File No. 65-2871 and 31-1238) (Eya’ane Meva et al. 
2016). The additional peak indicates the presence of BB 
extract that helps in the stabilization of nanoparticles. In the 
case of nanocomposite, the detected peaks at 38.2°, 46°, and 
64.5° confirm the successful incorporation of Ag nanoparti-
cle in the GO matrix (Fig. 1b). All peaks got slightly shifted 
to lower 2θ value and an enhancement in the peak intensity 
were also observed. The appearance of the characteristic 
peak of GO at 2θ = 11° as a small spike in the composite 
substantiate the attachment of silver nanoparticles, inhibiting 
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the stacking of graphene layers. It is the strong reflections 
from Ag nanoparticles obscured the Bragg reflections from 
graphene planes. These observations are consistent with the 
earlier reports in the literature (Hareesh et al. 2016; Faria 
et al. 2014a).

The variation in the interlayer spacing of Ag nanoparticle 
on anchoring with graphene sheets is tabulated in Table 1. 
The calculated dspacing is in good agreement with standard 
silver values (Jyoti et al. 2016). The dspacing of all the planes 
of nanocomposite is increased as compared to pure Ag nan-
oparticles. This phenomenon refers to the intercalation of 
silver nanoparticles within the graphene surface.

FTIR analysis

The FTIR transmittance spectra provide information on the 
localized environment of organic molecules responsible 
for the reduction and stabilization of biosynthesized silver 
nanoparticles.

As seen in Fig. 2, the broadband observes at 3400 cm−1 
can be indexed to alcohol, and phenol groups appeared in 

association with hydroxyl compounds (O–H). The absorp-
tion bands at 3030 and 2850 cm−1 correspond to the C–H 
stretching vibration of the aromatic ring. The band at 
1743 cm−1 exemplifies the stretching of nonconjugated 
C–C (Pandey and Balachandran 2020). The presence of 
proteins in the nanostructures can be indexed to bands 
at 1638 and 1043 cm−1 that corresponds to the stretch-
ing of C–C and C–N. Certain peaks obtained in the range 
of 1400–1600 cm−1can be assigned to benzene skeleton 
vibrations. The band at 1370 cm−1 can be assigned to the 

Fig. 1   XRD pattern of a graphene oxide (GO) b bare black plum (BB), silver nanoparticle (BA), graphene-oxide–silver nanocomposite (GBA) 
(  represents Ag nanocrystallites,  represents AgCl nanocrystallites)

Table 1   Calculated interlayer 
spacing of silver nanoparticle 
(BA) and graphene oxide–silver 
nanocomposite (GBA)

dspacing of 
BA (nm)

dspacing 
of GBA 
(nm)

(111) 2.333 2.354
(200) 1.961 1.971
(220) 1.432 1.443

Fig. 2   FTIR spectrum of a bare black plum (BB), b silver nanoparti-
cle (BA) c graphene oxide–silver nanocomposite (GBA)
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characteristic N=O stretching of the nitro compound. 
Stretching vibration of pyran rings which is typical for 
flavonoid compounds are observed at 1240 cm−1. Bands at 
980 and 735 cm−1 regions could be attributed to asymmet-
ric stretching and deformation of C–H phenol ring, respec-
tively (Espinosa-Acosta et al. 2744; Masum et al. 2019). 
The reduction/capping of the nanoparticles is mainly 
dependent on the amide linkages (N–H) of the proteins 
(Niraimathi et al. 2013). The absorption band corresponds 
to this functional group is located at 1450 cm−1. These 
observations show that the presence and the binding of 
proteins with the corresponding silver nanoparticles and 
this may be the reason for their stabilization. The intensity 
of N–H stretching vibrations is found to be prominent in 
BA suggesting its role in the bioreduction of Ag+. The 
evident decrement in the absorption intensity and blue 
shift of the peak position in GBA are clear indications of 
the reduction of GO on decoration with Ag nanoparticles.

Raman analysis

Raman spectra showed in Fig. 3 reveals the adsorption 
mechanism of biomolecules associated with the capping 
agents of silver nanostructures. The strong peaks observed 
at 850 and 1390 cm−1 in Fig. 3a could be assigned to the 
vibrational stretching of C–C and O–C–O bands; whereas 
the peak around 500 cm−1 indicates the presence of C–N–C 
group (Cai et al. 2017). These carboxyl and amino groups 
of the black plum extract are involved in the encapsulation/
stabilization of Ag nanoparticles (Kora and Arunachalam 
2012). The disorderliness in the graphene matrix upon inter-
calation with Ag nanoparticles is also analyzed using Raman 
spectra. Two signature D and G peaks of GO were observed 
around 1350 and 1600 cm−1. G-band and D-band provide 
information on the amount of sp2 carbon clusters and the 
density of involved defects respectively (Manoj 2014). After 
anchoring Ag nanoparticles over the surface of graphene, the 
graphitic band was shifted to 1590 cm−1 and defect band to 
1380 cm−1. A small downward shift of the Graphitic band 

Fig. 3   Raman spectrum of a bare black plum (Bb) b graphene oxide (GO) c graphene oxide–silver nanocomposite (GBA)
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implies the reduction of oxygen functionalities over the 
graphene surface due to the anchoring of nanoparticles. 
Interestingly, the intensities of both the bands of GBA were 
increased significantly, which is endorsed to the surface-
enhanced Raman scattering (SERS) of Ag nanoparticles 
(Gurunathan et al. 2016). The additional peak appeared 
around 520 cm−1 confirms the presence of amide linkages 
that holding around silver nanostructures. This is favorable 
for the formulation of GBA as a suitable substrate for SERS 
activity. The intensity ratio of defect peak to graphitic peak 
for GO and GBA is calculated to be 1.06 and 1.08, respec-
tively. The elevated ID/IG ratio of GBA emphasizes the inter-
calation of Ag nanoparticles within the graphene domain.

Morphological and elemental analysis

The surface morphology of the composite is investigated 
by TEM and is presented in Fig. 4. The image shows that 
silver nanoparticles of the size approximately 10–30 nm are 
distributed anisotropically on the surface of GO sheets. The 
formation of silver nanoparticles as spherical-like particles 
suggests the morphological influence of graphene sheets in 
both nucleation and stabilization processes. The GO nano-
structures in the GBA composite act as morphological driv-
ers for silver nanoparticles controlling the formation of poly-
morph, but highly stable nanoparticles (Shao et al. 2015). 
The anchoring of silver nanoparticles on the GO sheet vali-
dates the higher chemical affinity of AgNPs with oxygen 
species on the graphene surface. The functional group, such 
as –COOH, –OH provide nucleation sites for the growth of 
AgNPs (Pasricha et al. 2009). However, for bioderived or 
fruit-derived nanoparticles an additional hydrogen bonding 
is involved with the deposition of AgNPs over the graphene 
sheets. The electron pair in the amide linkages (N–H) of the 

protein interact with oxygenated groups on the GO surface 
and hence establish an attachment of bioderived silver nano-
particles (Faria et al. 2014).

The EDS analysis shows that carbon (51.49 At wt%), 
oxygen (43.545 At wt%), and silver (1.87At wt%) are major 
elemental compositions in the nanocomposite (Fig. 5). The 
minor elements like Na, Mg, Si, S, Cl, and K have resulted 
from the black plum extract or Hummers’ treatment. The 
formation of silver–GO composite is confirmed by the EDS 
analysis and is in support of X-ray and IR analysis.

Optical analysis

The optical study of synthesized nanostructures is presented 
in Fig. 6. The absorption maxima of BB extract at 535 nm 
could be attributed to the presence of a high concentration 
of anthocyanin derivatives (Talukder et al. 2020). Broadband 

Fig. 4   TEM image of graphene oxide–silver nanocomposite (GBA)

Fig. 5   EDS spectra of graphene oxide–silver nanocomposite (GBA)
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centered on 450 nm in the visible region was observed for 
BA. This indicates the characteristic surface Plasmon res-
onance peak (SPR) of the silver nanoparticles (Zafar and 
Zafar 2019). Although the spike observed at 500 nm indi-
cates the presence of anthocyanin compounds. The nano-
composite GBA shows an absorption band with a decrement 
in the peak intensity along with a shift to a longer wave-
length. This shifting is due to the formation of Ag nanopar-
ticles with different morphology, chemical environment, and 
species absorbed on the surface (Huang et al. 2016). The 
decreasing absorption corresponds to the agglomeration of 
Ag nanoparticles which is also evident from TEM analysis. 
The SPR band in GBA confirms the occurrence of Ag nano-
particles within the composite matrix. A small spike around 
410 nm is aroused from the π–π* transition of the altered 
electronic structure of GO upon reduction caused by the Ag 
nanoparticles (Khorrami et al. 2019).

The energy bandgap of the samples is obtained by plot-
ting Tauc plot (Fig. 7) and is presented in Table 2. The 
GO powder obtained by modified Hummer’s method has a 
bandgap of 2.47 eV. It is observed that by making GO–Ag 
composite the band gap value is increased to 2.77 eV. This 
shift in the energy gap is due to the reduction of oxygen 
functional groups over the graphene surface on interaction 
with Ag nanoparticles.

The fluorescence responses of the nanostructures on 
excitation from 300 to 350 nm are illustrated in Fig. 8. The 
photoluminescence spectra of BB and BA samples exhib-
ited excitation-dependent peaks, while the spectra of GBA 
consist only of excitation-independent emission. PL emis-
sion is said to arise mainly from either defect states due to 
the presence of various functional groups or intrinsic state 
resulting from the recombination and quantum size effects. 
Emissions appearing at longer wavelengths originate from 

Fig. 6   UV–Vis absorption spectra of a bare black plum (BB), b silver nanoparticle (BA) c graphene oxide–silver nanocomposite (GBA)
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the surface energy traps whereas the emissions at shorter 
wavelength range are generally from intrinsic states 
(Manoj et al. 2018; Geim and Novoselov 2007). A com-
binational effect of these two could be observed in the 
black plum based silver nanoparticle (BA) sample. The 

intensity of PL emission is enhanced without any shift 
up to excitation wavelength of 320 nm and thereafter the 
emission maxima are shifted. As the excitation wavelength 
increases, a progressive shift in emission wavelengths is 
observed along with a steady rise in intensity that reaches 
a central maximum before declining gradually. The gra-
phene oxide–Ag nanoparticle composite (GBA) sample 
exhibits more or less excitation-independent PL emission 
centered at 440 nm with maximum emission for 360 nm 
excitation wavelength. This PL-independent behavior is a 
direct indication of the existence of carbogenic core hav-
ing a bandgap value of 2.77 eV. The absence of excita-
tion-dependent peaks in composite spectra substantiates 
the reduction of oxygen moieties attached in the carbon 

Fig. 7   Tauc plot of a bare black plum (BB) b silver nanoparticle (BA), c graphene oxide–silver nanocomposite (GBA)

Table 2   Determination of 
bandgap by Tauc plot

Compound Energy 
gap in 
eV

BB 2.10
GO 2.47
BA 2.55
GBA 2.77
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backbone. The synthesized nanomaterials possess long-
term photostability and remained aggregation free for 
a significant duration of 18 months. This considerably 
enhances the commercial applicability of these materials. 
With tunable PL behavior and long-term stability, they 
might find great utility in the field of sensing and cellular 
imaging (Anu et al. 2019). The most frequently used nano-
materials for these applications are silver nanoparticles 
which are toxic, expensive, and lack good photostabil-
ity (Liu et al. 2015). Hence, the use of bioderived nano-
composite as a low cost and viable alternative for these 

applications appears promising and needs to be explored 
further.

Cytotoxicity studies

The synthesized samples show evidence of different phys-
icochemical properties. Proper understanding of the surface 
chemistry of graphene on decoration with Ag nanoparticles 
towards the response of living cells is also of vital impor-
tance. To corroborate these findings, cytotoxicity properties 
of BA and GBA are evaluated and compared with GO sheets. 
To assess the cytotoxicity of the synthesized nanocomposite, 

Fig. 8   Fluorescence response of a bare black plum extract (BB), b silver nanoparticle (BA), c graphene oxide–silver nanocomposite (GBA)
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the toxic activity of the compounds against L929 cell lines 
was evaluated over 24 h using the MTT colorimetric assay. 
The effect of the concentration of the nanostructure on via-
bility (% of L929 cell lines) is presented in Fig. 9. There is 
a significant reduction in the cells’ survival in all three sam-
ples. The sample BA and GBA show greater reduction until 
400 μg/mL. The GO sample shows a maximum reduction in 
cell viability of about 40% at a concentration of 1000 μg/mL 
whereas GBA exhibits 32.2% and BA shows a ~ 25% reduc-
tion in the viability for the same concentration. Pure GO and 
GO–Ag composite (GBA) exhibit higher levels of cytotoxic-
ity, since they reduce the viability of cell by 40% and 32.2% 
in 24 h. It is interesting to notice that GO is exhibiting higher 
toxicity against the treated cells for the studied concentration 
and time. The composite GBA is showing moderate cytotox-
icity towards the L929 cell line. This decreased toxicity of 
composite in comparison to bare GO can be attributed to the 
better intercalation of silver nanoparticles and the formation 
of a stable complex with GO (Cobos et al. 2020). However, 
there are many reports on the increased cytotoxic property 
of GO–Ag composite than their pristine counterparts (Wier-
zbicki et al. 2019). The vital parameter which determines the 
toxicity of nanocomposite is the dose of nanohybrid, i.e., the 
mass ratio of GO:Ag. Herein, we could derive a GO–silver 
hybrid system with improved viability towards living cells.

It is worthwhilw to point that the change in concentration 
is causing variation in the viability. Noticeable lowering of 
viability is observed at the concentration of 600 μg/mL when 

compared with 200 and 400 μg/mL. To test and prove statis-
tically whether this difference is significant, the analysis of 
variance is carried out. The null hypothesis for ANOVA test 
is that the five samples do not differ in the average viability 
due to change in concentration. The test result is presented 
in Table 3

The F statistic value is 20.331 with a significance 
value < 0.01, hence the null hypothesis is rejected at 1% level 
of significance. Therefore, with 99% confidence, it can be 
inferred that the sample means differ significantly between 
the 5 concentration. Furthermore, to comprehend which of 
the concentrations really differ, post hoc analysis using Bon 
Ferroni test is carried out (Table 4).

The null hypothesis is the pairs do not differ significantly 
in the average viability due to difference in concentration. 
The significance value < 0.05 infers rejection of the null 
hypothesis at 5% level. From the results, we can comment 
that there is enough sample evidence to conclude that the 

Fig. 9   Viability of L929 cell 
lines after 72-h exposure to 
100–1000 μg/mL of graphene 
oxide (GO), black plum-
oxidized silver nanoparticle 
(BA) and graphene oxide–silver 
nanoparticle composite (GBA) 
(triplicate incubation for the 
three treatment was conducted 
for five different concentation. 
Comparison of cytotoxicity of 
the nanomaterials after 72 h 
exposure is presented in the 
figure)
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Table 3   Output table of ANOVA test

**Significant at 1% level

Source of vari-
ation

Sum of 
squares

df Mean square F Sig

Concentration 1880.094 4 470.024 20.331 0.000**
Error 231.184 10 23.118
Total 2111.278 14
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viability of concentration 200 μg/mL is significantly dif-
ferent from 600, 800, to 1000 μg/mL. However, concentra-
tion 400 μg/mL is different from 200, 800, and 1000 μg/
mL. The concentrations 800 and 1000 μg/mL do not dif-
fer significantly in the average viability. However, the three 
samples (BA, GO, and GBA) do not differ in the average 
viability for a given concentration (ANOVA test, F = 0.1 
with significance = 0.906 > 0.05).

MIC analysis

The quantitative determination of the antibacterial activity 
of the nanostructures is carried out employing MIC assay 
using agar dilution method against two gram-negative bac-
teria (E. coli and Pseudomonas aeruginosa) and two gram-
positive bacteria (Bacillus sp. and Staphylococcus sp.). In 
this method, graded amounts of the samples were added to 
nutrient agar plates and incubated with the organisms under 
study. Bacterial growth was observed as the concentration 
of the samples in the agar plate diminishes. The inhibition of 
growth at the minimum or lowest concentration of the sam-
ple was regarded as the minimum inhibiting concentration 
(MIC) (Ruangpan 2004). The results of the MIC assay are 
summarized in Table 5. GO, BA, and GBA of concentration 
1 mg, 2 mg, and 4 mg are treated with gram-negative and 

positive bacteria. The analysis shows that the sample BA 
is effective against both gram-positive and gram-negative 
bacteria. In the present study, 1 mg of the BA sample was 
effective against the E. coli and Pseudomonas aeruginosa. 
On adding fruit-derived silver nanoparticle to graphene 
oxide, the antibacterial property of the composite against 
the gram-positive bacteria is not appreciable, whereas the 
structure effectively resists the growth of gram-negative 
bacteria, E. coli and P. aeruginosa. This variation in the 
diameter of the zone of inhibition is owing to the distinction 
in the susceptibility of nanocomposite against different bac-
teria (Shao et al. 2015). The gram-positive bacteria possess 
a thick peptidoglycan layer that is 4–5 times thicker than 
that of gram-negative bacteria (Silhavy et al. 2010). Techoic 
acid and lepotechoice acid, which are unique to the gram-
positive cell wall also might help in imparting resistance to 
the organisms.

The complete mechanism involved in the antibacterial 
action of GO–Ag nanocomposite remains uncertain. The 
most possible mechanisms are the synergistic effects of the 
GO–silver hybrid system and the higher stability of nano-
structures. Xu et al. (2011) have termed this process of anti-
bacterial action as the “Capturing-killing process”. The GO 
sheet facilitates the formation of a hydrogen bond between 
the oxygen functional group on GO and lipopolysaccharides 
in the bacterial cell membrane. This benefits the deposition 
of bacteria over the GO surface through improved interac-
tion with silver nanoparticles. The reactive oxygen species 
(ROS) produced by these AgNPs generate oxidative stress in 
the cellular surface leading to bacterial cell death. The sur-
face nanoparticles are oxidized to form Ag+ ions in the pres-
ence of dissolved oxygen in the aqueous media. These ions 
can interfere with sulfur-containing proteins, such as thiol, 
responsible for enzymatic activity, and can cause irreversible 
damage to the phosphorus-containing compounds in DNA 
(Cobos et al. 2020). The enhanced antibacterial activity of 
the fruit-derived silver nanoparticles could be attributed to 
direct exposure to bacterial cells. In the present study, it is 
worthwhile to mention that GO was not effective against the 
studied bacteria. The conflicting antibacterial activity of GO 
observed from the studies accomplished until now, in sus-
pension can be ascribed to the factors, such as thickness and 

Table 4   Post hoc tests by Bonferonni for multiple comparison

** and *Significant at 1% level and 5%, respectively

(I) Concentra-
tion (μg/mL)

(J) Concentra-
tion (μg/mL)

Mean differ-
ence (I–J)

Std. error Sig

200 400 10.62 3.92584 0.221
600 20.49 3.92584 0.004**
800 26.04 3.92584 0.001**

1000 31.33 3.92584 0.000**
400 600 9.873 3.92584 0.307

800 15.42 3.92584 0.028*
1000 20.71 3.92584 0.004**

600 800 5.550 3.92584 1.000
1000 10.84 3.92584 0.201

800 1000 5.29000 3.92584 1.000

Table 5   Diameter of inhibition zone (DIZ—in mm) and MIC (mg/mL) of synthesized graphene oxide (GO), silver nanoparticle (BA), and gra-
phene oxide–silver nanoparticle composite (GBA) against different bacterial species

ORGANISM GO BA GBA

1 mg 2 mg 4 mg 1 mg (mm) 2 mg (mm) 4 mg (mm) 1 mg (mm) 2 mg (mm) 4 mg (mm)

E. coli – – – 10 10 14 10 11 12
Bacillus – – –  ~ 8 10 12 – – –
staphylococcus – – – –  ~ 6 10 – – –
Pseudomonas aeruginosa – – – 11 13 14  ~ 4  ~ 7 10
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size of the graphene sheet, surface area, surface roughness, 
degree of oxidation, and so on (Faria et al. 2014). The anti-
bacterial bacterial activity of GO against the gram-positive 
microorganism is found to be low compared to BA. Because 
it is the synergistic interaction between GO and Ag nanopar-
ticle imparting bacterial toxicity, the no antibacterial effect 
of the pristine GO effectively lowers the antibacterial activ-
ity of the composite considerably. The synergistic effect of 
components in a hybrid system is to enhance the biological 
activity; however, it might also reduce or extinguish this 
activity (Soto et al. 2005).

Since the composite GBA exhibited higher antibacterial 
activity against gram-negative bacteria, the inhibitory effect 
is further investigated at lower concentrations (Table 6). The 
antibiotic Cephalexin was used a positive control and as a 
negative control, wells containing only the cells were used. 
Dimethyl sulfoxide (DMSO) was used for the dissolution of 
the tested compounds. The microbicidal activity was tested 
against bacteria Pseudomonas aeruginosa and E. coli, both 
samples exhibited higher activity than the control drug 
cephalexin (CE control). This result is promising among 
plant-based GO–Ag nanosystems. The antibacterial activ-
ity study is planning to extend to other ESKAPE pathogens 
as future work (Mohan and Manoj 2020; Manoj and Mohan 
Anu 2019).

Conclusion

Concerns surrounding use of antibiotic, including environ-
mental hazards and the appearance of multidrug bacteria, 
can be minimized by designing antibiotics that are specific 
to each species of pathogen, instead of using broad-range 
antibiotics that are prevalent. The present study reports the 
synthesis of graphene–silver nanocomposite with the aid 
of Indian black plum extract. From the MIC analysis, it is 
observed that the composite has higher antimicrobial effi-
cacy towards gram-negative bacteria in comparison to gram-
positive bacteria. At lower concentrations, the antibacterial 
activity of composites against gram-negative bacteria was 
higher than that of control drug cephalexin. The synthesized 
GO was found to be nontoxic against gram-positive and neg-
ative bacteria. The composite GBA is showing moderate 

cytotoxicity towards the L929 cell line by MTT assay when 
tested with various concentrations of cells. This highly 
effective fruit-based nanomaterial with its high viability 
and antimicrobial activity can be an economically viable 
and eco-friendly disinfectant. It can considerably lower the 
risk due to the overdosage of commonly used antimicrobial 
chemicals against the bacterial strains.

Experimental part

All the reagents used in the present study were analytical 
grade and were used without further purification. The chemi-
cal reagents were of high purity (graphite powder, silver 
nitrate (99.98%), hydrogen peroxide (30%), hydrochloric 
acid (37%), and potassium permanganate (99.0%)). Standard 
bacterial strains of Escherichia coli (35,218 ATCC), Pseu-
domonas aeruginosa (1214PTCC), Staphylococcus aureus 
(1289 ATCC), Bacillus sp. and L929 cell lines were used for 
the present analysis.

Graphite powder (3 g) was added to 70 ml H2SO4 (98%), 
with continuous stirring in an ice bath for 1 h. KMnO4 (9 g) 
was added to the above mixture slowly within half an hour 
while maintaining the temperature at 20 °C for 2 h. The 
sample then kept at 40 °C in an oil bath with vigorous stir-
ring for 30 min. Deionized water (150 mL) was added within 
10 min with further stirring for 15 min at 95 °C followed by 
the addition of 500 mL of deionized water and 15 mL H2O2 
(30%). Further filtration and washing with 1:10 aqueous 
solution of HCl (250 mL) are carried out with an addition 
of 600 mL deionized water. The sample was kept for dialysis 
for 1 week.1.2 L of deionized water is added and kept for 
overnight stirring followed by sonication for 30 min. Finally, 
the sample is separated by centrifugation at 10,000 rpm for 
45 min and dried in vacuum (GO).

Indian black plum (250 g) is collected, weighed, washed, 
and kept in a cool place. 5 L of water is added to it and 
heated until the quantity is reduced to 1 L. The extract is fil-
tered to obtain the bare black plum (BB) extract. BB extract 
(50 mL) is added to a beaker with 20 mL deionized water 
and kept for stirring for 30 min at 60 °C.1 mL Silver nitrate 
is added and stirred for 30 min the mixture was further cen-
trifuged at 3000 rpm for 15 min. The sample is dried in a 

Table 6   Diameter of inhibition 
zone (DIZ—in mm) and 
MIC (μg/mL) of synthesized 
graphene oxide (GO), 
silver nanoparticle (BA), 
and graphene oxide–silver 
nanoparticle composite (GBA) 
against gram negative bacteria

Pseudomonas aeruginosa E. coli

Sample Sample concentration in µg Sample Concentration in µg

100 µg 200 µg 300 µg 400 µg 100 µg 200 µg 300 µg 400 µg

GBA 8 10 12 13 10 12 13 15
BA 7 8 9 12 8 10 11 13
CE 6 6 9 12 6 8 10 12
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vacuum oven at 100 °C to obtain sample BA. In another 
approach, BB extract (50 mL) is added to a beaker with 
20 mL deionized water and stirred for 30 min at 60 °C. To 
this mixture, silver nitrate (1 mL) is added and kept for stir-
ring for 30 min. GO (5 mg) is added to 10 mL of deionized 
water and kept for ultrasonication for 1 h and mixed with 
the obtained BB extract and silver nitrate solution. The final 
product is vacuum dried at 100 °C to obtain an Ag–GO com-
posite (GBA).

The X-ray diffraction (XRD) profile was recorded using 
Bruker AXS D8 Advance Diffractometer having Cu-radia-
tion source of wavelength 1.5406 Å. Fourier-transform infra-
red (FTIR) spectra were obtained Shimadzu-FT-IR-8400 
spectrometer (KBr beam splitter). Raman spectra were 
studied using Horiba LABRAM-HR (514.5 nm, CCD detec-
tor) spectrometer. Elemental composition was investigated 
with the help of energy-dispersive X-ray spectroscopy (Carl 
Zeiss AG ULTRA 55). The morphological analysis of the 
samples was performed in high-resolution transmission elec-
tron microscope (HR-TEM) (Jeol/JEM 2100). UV–Vis spec-
troscopy (Ocean optics) was used to assess the absorption 
spectra and energy gap of the material. Photoluminescence 
(PL) spectra of the samples were examined via Shimadzu 
Spectrofluorophotometer (RF5301PC).

In this study, the synthesized products namely BA, GO, 
and GBA was tested for its cytotoxicity on the mouse fibro-
blast cell line (L929) with concentrations of the compound 
that were set as 100 to 1000 µG/mL. Minimum inhibitory 
concentration (MIC) assay of the nanostructures was car-
ried out using the microdilution plate method with resazurin. 
MIC assay of the synthesized nanostructures was tested 
against clinically isolated gram-negative bacteria (P. aer-
uginosa and E. coli) and gram-positive bacteria (Bacillus 
and Staphylococcus). All the experiments were conducted 
in triplicate to minimize the errors. The quantitative deter-
mination of the antibacterial activity of the synthesized sam-
ples is carried out employing MIC assay using agar dilution 
method against E. coli, Pseudomonas aeruginosa, Bacillus 
sp., and Staphylococcus sp.
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