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Use of nanomaterials as antimicrobial agents is gaining tremendous importance. In the present investi-
gation, bimetallic nanoparticles were synthesized using an aqueous extract of Annona squamosa L.
Initial confirmation was attenuated with a change in color of the reaction mixture and further confirma-
tion was achieved with UV–Visible spectrophotometry which displayed absorbance peak between 500
and 700 nm. The possible role of phyto-components present in aqueous extract to mediate and stabilize
nanoparticles was studied using Fourier transform infrared (FTIR) analysis which predicted the presence
of hydroxyl, carboxyl and amide functional groups. The X-ray diffraction (XRD) analysis revealed the
crystalline nature of bimetallic nanoparticles. The morphological characteristics of bimetallic nanoparti-
cles were studied using Transmission electron microscopy (TEM) which depicted the polydispersity of
nanoparticles with myriad size and shapes. The antibacterial activity was assessed with well diffusion,
minimal inhibitory concentration. The bimetallic nanoparticles were effective against tested human
pathogens and Bacillus subtilis (MTCC 121) followed by Staphylococcus aureus (MTCC 7443), Escherichia
coli (MTCC 7410) and Salmonella typhi (MTCC 7407). The obtained preliminary investigation is interesting
for future studies to elucidate the mechanism of synthesis and the possible mode of action of bimetallic
nanoparticles against the test pathogens.
� 2018 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The intersection of nano-science has led to a new era of nano-
revolution (Björnmalm et al., 2016). The field of nanotechnology
deals with the particles maneuvering at nano-scale which tends
to possess unique physicochemical properties which render differ-
ent applicative properties (Lin et al., 2014). Nanoparticles are
defined as particles bearing size less than 100 nm. These nanopar-
ticles are considered to be particles of the century owing to its
extraordinary properties compared to its bulk material (Syed
et al., 2017a). The use of nanoparticles in different fields are con-
stantly being explored (Kavitha et al., 2013). Some of the predom-
inant applications of nanoparticles are in textile industries, used in
biosensing, targeted drug delivery, nano-agroparticles in agricul-
ture, development of dressing materials and their application as
potent antimicrobial agents (Baker and Satish, 2012). Use of nano-
materials as antimicrobial agents has envisioned significant pro-
gress in recent years (Baker et al., 2016). The paucity of potent
antibiotics has led to a new era of drug resistance (Fair and Tor,
2014). Ever since the first antibiotic was introduced, there is a par-
allel mode of resistance being developed among the microbial
pathogens (Davies and Davies, 2010). In recent decades, there
has been rapid expansion of drug resistant bacteria which has
posed a serious threat to all form of lives (Ventola, 2015). Hence
scientific communities are engaged in developing potent antimi-
crobial agent with multiple modes of actions (Baker and Satish,
2012). The use of nanoparticles as antimicrobial agents can be
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attributed to its size and large surface area coupled with suitable
surface tunable properties (Zhang et al., 2016). The nanoparticles
impart different mode of actions on pathogens for instance, bind-
ing to the cell wall followed by depolarizing the contents of the cell
wall membrane which results in the loss of cellular contents (Syed
et al., 2016). Studies also highlight that nanoparticles interact with
the vital components of pathogens and influence the metabolic and
genetic pathways, which leads to inactivation of enzymes and pre-
vent replication (Baker and Satish, 2012). Scientific studies report
different nanoparticles bearing antimicrobial potential for instance
silver, gold, zinc, copper, magnesium, platinum etc. (Baker et al.,
2013). One of the important aspects of nanotechnology includes
the synthesis of nanoparticles (Kavitha et al., 2013). There are dif-
ferent approaches to synthesize nanoparticles which are broadly
grouped into top-down and bottom-up processes (Baker et al.,
2013). Majority of these methods are bound with one or more lim-
itations which have resulted in a gradual shift towards developing
facile and eco-friendly processes to synthesize nanoparticles via
biogenic sources such as plants and microorganisms (Kavitha
et al., 2013). The plant-mediated synthesis of nanoparticles is sim-
ple, cost-effective and one-pot synthesis process wherein the
phyto-components present in plants act as reducing agents and
synthesize desire class of nanoparticles (Iravani, 2011). Based on
these facts and consideration, the present study reports the syn-
thesis of bimetallic nanoparticles from Annona squamosa L. and
their evaluation as antibacterial agents against selected pathogens.
Studies pertaining to nanoparticles as antimicrobial agents are well
documented but scanty reports are available on bimetallic
nanoparticles hence in the present investigation attempt has been
made to synthesize bimetallic nanoparticles. The selected plant as
a subject of interest was carried out based on its therapeutic index
and prior study on bimetallic synthesis. To best of our knowledge,
scanty exploratory study has been conducted for synthesis of
bimetallic nanoparticles from this plant.
2. Material and methods

2.1. Preparation of plant extract

The Annona squamosa plant material was collected from the
abundant growing region of Mysore, Karnataka, India. Plant mate-
rials were washed to remove the adhering soil particles and
chopped into small segments. Further, 20 g of plant segments
was ground using pestle and mortar and the mixture was boiled
in a 250 ml Erlenmeyer flask with 200 ml water for 30 min. The
aqueous extract was filtered and evaluated for the synthesis of
nanoparticles (Syed et al., 2017b).

2.2. Synthesis of bimetallic nanoparticles

The aqueous extract was treated with a mixture of 1 mM silver
nitrate and 1 mM gold chloroaurate (1:1 v/v). The initial synthesis
was monitored with a change in colour of reaction mixture and
further confirmation was achieved with UV–Visible spectropho-
tometry by recording the spectra between 200 and 700 nm using
Shimadzu double beam spectrophotometer.

2.3. Characterization of bimetallic nanoparticles

The synthesized nanoparticles were centrifuged at 10,000�g for
10 min using Eppendorf 5810R Refrigerated Centrifuge. The pellet
obtained was air dried under vacuum with a strict aseptic condi-
tion and later subjected to characterization using hyphenated tech-
niques. Initial the synthesized was confirmed with UV–visible
spectroscopy which recorded the spectral range between 200 and
800 nm. The possible role of phyto-components in mediating the
synthesis was confirmed with FTIR analysis using JASCO FT-IR
4100 instrument at room temperature with a resolution of 4
cm�1. The crystalline nature of bimetallic nanoparticles was stud-
ied using XRD analysis. The bimetallic nanoparticles were cen-
trifuged and the pellet was lyophilized to remove the liquid
phase. Later adequate amount of sample was coated onto XRD grid
and spectra were recorded between 2 theta angle by Rigaku
Miniflex-II Desktop X-ray diffractometer instrument operating
operated at 30 kV. The morphological characteristics were studied
using transmission electron microscopy using TECHNAI-T12 JEOL
JEM-2100 operated at a voltage of 120 kV with Bioten objective
lens.
2.4. Bactericidal property of bimetallic nanoparticles

To examine and determine the bactericidal activity, Muller Hin-
ton media was selected to grow the pathogens. Approximately 106

CFU were grown in media seeded with different bimetallic
nanoparticles concentration of 0–100 mg/ml and plates were incu-
bated at 37 �C for 24 h. The number of colonies and growth pattern
of the individual pathogens were determined. Further, growth pat-
tern of test pathogens, broth dilution assay was determined in
presence of different bimetallic nanoparticles concentration as
described earlier and incubated at 37 �C for 24 h. The activity
was measured as optical density at 600 nm which determined
the antibacterial activity of bimetallic nanoparticles. The activity
was further confirmed with well diffusion assay according to the
protocol described by Baker et al., (2015). Initially, for well diffu-
sion assay, Muller-Hinton agar plates were seeded with 106 CFU
(colony forming unit) suspensions of test organism which was uni-
formly swabbed followed by punching well of 10 mm diameter
and 50 ml of nanoparticles sample was added and incubated at
37 �C for 24 h. The zone across the well was measured and
recorded to compare with standard gentamicin. The minimal inhi-
bitory concentration was determined by the protocol described by
Sarker et al. (2007) with slight modification. Resazurin dye was
used as a growth indicator to check the efficacy of nanoparticles
against the test organisms. Gentamicin at concentration 1 mg/ml
was used as positive control and bacterial growth in the plate
was inspected visually as well as ELISA microtitre plate reader.
All the antibacterial tests were determined in accordance to the
standard protocols, in each assay positive and negative controls
were maintained and validated with values of triplicates.
3. Results and discussion

The present study attributes towards synthesizing bimetallic
nanoparticles from Annona squamosa L. and their evaluation for
bactericidal properties against significant test pathogens. The
selected plant is well documented for its significant therapeutic
values. Leaves extract of Annona squamosa L. is reported to have
anti-diabetic, anticancerous, anti-hyperthyroidism, antifertility,
antitumor, antimutagenic, anthelmintic, scavenging, antidiabetic,
licicidal, hepatoprotective, antithyroid, antigenotoxic, antiplas-
modial, molluscicidal and antimicrobial properties (Vanitha et al.,
2011). According to previous studies on this plant reports the
synthesize of silver nanoparticles but scanty reports are available
on synthesis of bimetallic nanoparticles which is one of the
interesting facet in the present investigation. The synthesis and
use of bimetallic nanoparticles have opened new avenues in
different fields and implementation of its usage as antimicrobial
agents can be very useful during the post antimicrobial resistant
era. In the present investigation, bimetallic nanoparticles were
synthesized by treating with mixture of silver nitrate and gold
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chloroaurate. The synthesis was rapid which was monitored with
change in the color of reaction mixture. The synthesis was initiated
within 5 min and completed by 20 min of incubation time. After
20 min no further synthesis was observed which was confirmed
with UV–visible spectrometer. In order to achieve maximum syn-
thesis, different parameters were studied wherein intrinsic factors
like alkaline pH 8 and temperature at 80 �C influenced the synthe-
sis. The results justifies with earlier report which confirms the
influence of intrinsic factors influencing the maximum synthesis
of nanoparticles (Qian et al., 2013). The reduction of metal salts
to produce nanoparticles was further confirmed with UV–Visible
spectrophotometry with maximum absorption peak attenuating
between 500 and 700 nm (Fig. 1). The absorption peaks might be
due to increase in the surface plasmon resonance of nanoparticles
as per the earlier reports (Song et al., 2009). The UV–visible absor-
bance of bimetallic exhibited maximum absorbance at 541 nm
with broad SPR band instead of two distinct SPR bands indicating
the formation of bimetallic nanoparticles. During the synthesis of
nanoparticles, there was change in color of reaction mixture with
brown and finally dark violet which indicated the synthesis of
bimetallic nanoparticles. These results obtained were in agreement
with the reports of bimetallic alloys (Sheny et al., 2011; Tamuly
et al., 2013). The possible role of phyto-components present in
aqueous plant extract responsible for mediating and stabilizing
the nanoparticles was depicted using FTIR analysis. Perusal of sci-
entific studies report FTIR as one of the ideal tool to predict the
functional moieties. In the present investigation, vibrational
stretch occurring at 3339 corresponds to NH stretching (Devi and
Gayathri, 2010), 1638 corresponds to C@C stretching (Urbaniak-
Domalaga, 2012) and 663 corresponds to C-OH (Fan and Dai,
2012) as cited in the Fig. 2. Scientific studies on FTIR analysis of
plant mediated nanoparticles reports that different functional moi-
eties like hydroxyl, carboxyl and amide are responsible for reduc-
tion of metal ions to produce nanoparticles (Elavazhagan and
Arunachalam, 2011; Kavitha et al.,2013). The obtained result of
FTIR analysis is in accordance with previous findings (Dauthal
and Mukhopadhyay, 2016). Interestingly, in plant-mediated syn-
thesis of nanoparticles, the phyto-components also play important
role in stabilization of nanoparticles which is very crucial for ren-
dering its applicative properties. These results also coincide with
Fig. 1. UV–Visible analysis of
reports of earlier findings (Syed et al., 2017; Awwad et al., 2013).
The XRD analysis of bimetallic nanoparticles exhibited brag inten-
sities which corresponds to face centric cube of nanoparticles
which displayed the crystalline nature of the nanoparticles
(Fig. 2) the obtained results are in agreement with earlier reports.
(Baker et al., 2015). The TEM microgram revealed the morpholog-
ical characteristics of bimetallic nanoparticles with different size
and shapes with majority of them ranging between 30 and 50
nm (Fig. 3). The size distribution pattern of nanoparticles was con-
structed by counting 100 nanoparticles and histogram was con-
structed. The obtained results are in accordance with previous
studies. Interestingly, TEM analysis revealed that nanoparticles
were not well separated which indicated the formation of bimetal-
lic association (Elavazhagan and Arunachalam, 2011). Based on the
reductive potential it can be predicted that gold nanoparticles
might have formed first followed by silver nanoparticles to form
bimetallic nanoparticles (Baker et al., 2015). The possible mecha-
nisms for synthesis is yet to be completely elucidated, scientific
studies highlights that the phyto-components interacts with metal
salts resulting in reduction of metal ions followed by nucleation
growth to attenuate particle size and obtain the thermal stability
(Keat et al., 2015). Interestingly, the size of the nanoparticles act
as boon to predict the applicative properties of nanoparticles. Espe-
cially, for antimicrobial properties of nanoparticles, as the size
reduces the bactericidal activity increases. It can be referred that
as the size decrease, it can easily penetrate into pathogenic cell
and interrupt the metabolism of the pathogen by initiating ROS
uptake and early phagocytosis (Baker and Satish, 2012). The
antibacterial property of bimetallic nanoparticles determined via
CFU colony forming units resulted in decrease in the viable cells
of test pathogens as the increase in the concentration of nanopar-
ticles. The growth pattern of test pathogens in presence of bimetal-
lic nanoparticles resulted in decrease in the optical density
recorded at 600 nm confirming that, as the concentration of
nanoparticles were increased, there was gradual decrease in the
optical density of the test pathogens (Fig. 4). In addition, well dif-
fusion assay resulted in bactericidal activity against all the test
pathogens which was measured as zone of inhibition across the
well. In the present investigation, bimetallic nanoparticles were
more effective against Bacillus subtilis (MTCC 121) with 14.66 ± 0.
bimetallic nanoparticles.



Fig. 2. FTIR and XRD analysis of bimetallic nanoparticles.

Fig. 3. TEM analysis and histogram for size of bimetallic nanoparticles.

B. Syed et al. / Journal of King Saud University – Science 31 (2019) 798–803 801
57 mm zone of inhibition in comparison with other test pathogens.
Moderate activity was expressed against Staphylococcus aureus
(MTCC 7443) with 13.66 ± 0.57 mm, Escherichia coli (MTCC 7410)
with 11.00 ± 1.00 mm and least activity was obtained against
Salmonella typhi (MTCC 7407) with 09.33 ± 1.52 mm as described
in Table 1. In order to determine the minimal concentration of



Fig. 4. Inhibitory activity of bimetallic nanoparticles via broth dilution assay.

Table 1
Mean zone of inhibition (mm)* of bimetallic nanoparticles and Gentamicin.

Pathogens Bimetallic
nanoparticles

Gentamicin

Bacillus subtilis (MTCC 121) 14.66 ± 0.57 23.00 ± 1.00
Escherichia coli (MTCC 7410) 11.00 ± 1.00 24.66 ± 0.57
Salmonella typhi (MTCC 7407) 09.33 ± 1.52 14 0.33 ± 0.57
Staphylococcus aureus (MTCC 7443) 13.66 ± 0.57 22.33 ± 1.52

* Values mentioned in the tables are mean of triplicates ± Standard Deviation.
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bimetallic nanoparticles to suppress the growth of test pathogens,
minimal inhibitory concentration was determined based on the
colorimetric measurement. The concentration of nanoparticles
was serially diluted in liquid media and test pathogens were
seeded into the liquid broth. The activity was measured against
all the test pathogens varied from 31.25 to 250 mg/ml. During the
MIC, both positive and negative control was maintained in order
to compare the results obtained. Interestingly, results with mini-
mal inhibitory concentration were in accordance with broth dilu-
tion and well diffusion assay. The results obtained with
bactericidal property justifies with the previous scientific reports
(Banerjee et al., 2011; Baker et al., 2016). The use of resazurin as
growth indicator becomes one of the most viable tool in order to
probe the antimicrobial activity via MIC. The cell growth is mea-
sured based on the reduction of blue non-fluorescent dye to resor-
ufin by enzyme oxidoreductase present in the cell. Further,
resorufin is reduced hydroresorufin (Sarker et al., 2007). In addi-
tion to these antibacterial assays, growth pattern of test pathogens
on solid media was determined by incorporating different concen-
tration of nanoparticles into the media onto which the test bacteria
was smeared. The activity was measured as colony forming unit
and growth onto the media. The results displayed the significant
activity of bimetallic nanoparticles against Bacillus subtilis (MTCC
121). All the antibacterial assay was carried out in triplicates and
the results were compared with gentamicin as standard antibi-
otics. Theobtained results are in accordance with earlier reports
on effective treatment of nanoparticles against array of test
pathogenic bacteria (Syed et al., 2017b). The obtained antibacterial
activity of bimetallic nanoparticles clearly suggests its potential
towards exploiting as one of the alternative against drug-
resistant pathogens. Perusal of scientific literatures suggests
majority of studies carried out using silver, gold, and other
nanoparticles against different test pathogens and to best of our
knowledge scanty reports are available on bimetallic nanoparticles
and their evaluation against selected pathogens. The results of the
present investigation are promising enough to report as brief find-
ings. Future investigation is highly desirable in order to reveal the
exact mechanism responsible for synthesis of bimetallic nanopar-
ticles and the mode of action of bimetallic nanoparticles against
test pathogens with its comparison with array of antibiotics and
other nanoparticles.

4. Conclusion

The present study attributes towards the synthesis of plant-
mediated bimetallic nanoparticles as one of the viable substitutes
for combating drug-resistant pathogens. The results obtained in
the present investigation are promising enough for future study
to elucidate the exact mechanisms responsible for synthesis and
antibacterial activity.
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