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Abstract 
Antibiotic resistance is currently a global human health concern and insists on the importance of the production of new, 
alternative and most effective antibiotics. Nano-sized trace metals such as silver nanoparticles (AgNPs) is a potential material 
with antibacterial properties and hence the synthesis of this material is of considerable interest to the scientific community 
mainly for antimicrobial applications. In this work, we have successfully green synthesized the AgNPs using Cocos nucifera 
leaf aqueous extract as the natural reducing and stabilizing agent, and aqueous silver nitrate (AgNO3) solution as a precursor 
by a newly developed technique. The material was characterized by ultraviolet–visible (UV–Vis) spectrophotometry, X-ray 
diffractometry (XRD), Fourier transform infrared (FT-IR) spectroscopy, and transmission electron microscopy (TEM) analy-
ses; and subsequently, evaluated their potential candidacy as antibacterial agents against some common human pathogens 
by the standard disc diffusion method. The synthesized AgNPs were identified by XRD analysis as a cubic crystal system 
with an average crystallite size of 14.2 nm. The aqueous colloidal suspension of AgNPs shows a UV–Vis absorption maxima 
of 380 nm indicating its formation. FT-IR analysis identified the C–N, –OH and N–H as the major and probable functional 
groups in the leaf extract responsible for the production of stable AgNPs. The results of antibacterial studies of the material 
showed the considerable zones of inhibition against both Gram-positive (Staphylococcus aureus and Bacillus subtilis) and 
Gram-negative (Salmonella typhimurium, Escherichia coli, Pseudomonas aeruginosa, and Citrobacter freundii) bacteria 
ranging from 10 to 20 mm with less inhibition for the former than the latter. The maximum (20 mm) and minimum (10 mm) 
inhibition zone was shown by C. freundii and Bacillus subtilis, respectively and P. aeruginosa shows the second-highest 
zone of inhibition (19 mm). The antibacterial performance of the material implies that the C. nucifera leaf extract mediated 
green synthesized AgNPs can be regarded as a potential candidate for antimicrobial application appreciably.
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1  Introduction

Antibiotic resistance in the human body is currently an 
important human health issue [1, 2]. This imparts a sub-
stantial interest to the scientific community to develop 
new, alternative and more effective antimicrobial sub-
stances using varieties of precursors. Nanomaterials with 
antimicrobial properties, for instance, silver nanoparticles 
(AgNPs) in this regard, can function as a potential can-
didate to be used as an effective antimicrobial agent in a 
single or combined form with several suitable substances 
including commercial antibiotics [3–6]. The potentiality 
of AgNPs as an antimicrobial activity is well established 
in wound healing [7]. Furthermore, due to their smaller 
particle size (1–100 nm), AgNPs have unique properties 
and attributes. The small size of this material facilitates 
the enhancement of its physical, chemical, optical and 
magnetic properties and makes the AgNPs more suscepti-
ble to the human pathogen [1, 8]. In addition to the most 

important and well-known antibacterial activities against 
a broad scope of Gram-positive and Gram-negative bac-
teria, the chemically stable AgNPs can also function as 
antiviral, antifungal, anti-infection, anti-inflammatory, 
anti-decay, antiseptic and tranquilizers conveyance agent 
[9, 10]. AgNPs are also successfully employed for the 
diagnosis and treatment of cancer and to cure several skin 
diseases such as abrasions, warts, etc. [11, 12]. Extensive 
and non-prescribed use of antibiotics over a course of time 
can develop a resistance to it in the human body. However, 
AgNPs do not create any resistance in the microorganisms 
and are easily killed them indicating the betterment of 
AgNPs. These NPs can act as an effective lethal agent even 
against some antibiotic-resistant microorganisms [13].

Therefore, the synthesis of AgNPs is of remarkable 
triumph for biological applications, particularly as an 
antimicrobial agent. AgNPs having antibacterial activi-
ties are also widely applied in medicine, pharmacology, 
foodstuffs, textile coatings, wound dressings, cleaning 
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agents, cosmetics and topical ointments [14–19]. It pro-
motes safe to use in dietary supplements, food packaging, 
and anti-acne preparation. However, recently an enormous 
use of antibacterial AgNPs in cosmetics (~ 12%) [20, 21] 
are threatening to human health as some research showed 
that AgNPs at a very small range of 0.2–2% can be pen-
etrated through the human skin with the poor skin barrier 
capacity and can induce a little toxicity to organisms [22, 
23]. Long-term uses of AgNPs have an adverse impact 
on epigenetic dysregulation and gene expression repro-
gramming [24]. However, AgNPs synthesized using plant 
extract mediated green approach are not hazardous to the 
environment [10, 25]. In spite of its wide applications, 
the evidence for the toxicity of AgNPs synthesized by this 
approach is still not visible. The bactericidal activity of 
AgNPs without any toxicity to human and animal cells 
make them a potential candidate and a suitable substitution 
for antibiotics [26, 27]. Hence, it is worthwhile to establish 
a suitable synthesis method of AgNPs having less toxicity 
with high antibacterial activity for the safe use of them in 
terms of human health concerns.

The antimicrobial activity of AgNPs depends on the par-
ticle dimension and in general, AgNPs with smaller particle 
dimension shows more antimicrobial effect [3, 8]. Conse-
quently, the size-controlled synthesis of AgNPs is of a tre-
mendous challenge to the researcher [10, 28, 29]. Although 
a number of physical and chemical methods for the synthesis 
of AgNPs are available [30–33] green approach synthesis is 
the most preferable since it has low toxicity impact, fewer 
biological hazards and smaller energy consumption [1, 34, 
35]. Hydrothermal and solvothermal techniques for the 
AgNPs synthesis involves high temperature and pressure 
and needs special instrumentation [36–38]. Moreover, the 
solvothermal process involving the non-aqueous solution 
may require toxic organic solvents to carry out the chemical 
reactions [36]. Both these processes sometimes necessitate 
the use of additives, surfactants and other chemical reagents 
that are hazardous to the environment and in most cases, 
difficult to remove from the final product [39, 40]. In this 
regard, the green approach synthesis method has become 
more attractive nowadays, since this is easier, eco-friendly, 
cost-effective and nontoxic in nature [1, 35, 41, 42]. Thus, 
green synthesis of AgNPs using leaf extract of plants con-
taining the reducing as well as stabilizing agents might be a 
potential candidate in this regard [43]. In fact, a large num-
ber of researchers have synthesized AgNPs with various 
sizes using several plant extracts mediated green approach 
[9, 10, 44–46] and utilized the material mostly in antimi-
crobial and antifungal applications [1–4, 6, 14, 15, 47–69].

Raj and Arulmozhi [70], Mariselvam et al. [71], and 
Govarthanan et  al. [72] synthesized AgNPs using the 
flower, inflorescence and oil cake extract of Cocos nucif-
era, respectively for antibacterial activity. Gomathi et al. 

[73] synthesized AgNPs from C. nucifera shell for den-
gue vector toxicity, detoxification of enzymatic activity 
and for the predatory response of aquatic organism while 
Paul et al. [28] used C. nucifera Linn shell extract for the 
synthesis of poly-shaped gold nanoparticles for applica-
tion in catalysis process. Roopan et al. [74] synthesized 
AgNPs using coir extract of C. nucifera for larvicidal 
activity while Babu et al. [75] and Elumalai et al. [76] used 
the Coconut water for the synthesis of gold and AgNPs, 
respectively. However, to the best of our knowledge, no 
work regarding the synthesis of AgNPs using C. nucif-
era leaf extract have been reported earlier. C. nucifera, a 
naturally available species on Earth is commonly known 
as the “coconut tree”. It belongs to Arecaceae family and 
is mainly cultured in the tropical regions (Bangladesh, 
India, Sri Lanka, Indonesia, Malaysia, Philippines, so on) 
having regular rainfall, high humidity and it grows mostly 
in the sandy soil [77]. The phytochemical screening of 
C. nucifera showed the presence of alkaloids, glycosides, 
steroids, flavonoids, phenols and terpenoids which are 
mostly known to have antioxidant properties [77–79].

In this work, AgNPs were green synthesized via a sim-
ple and facile synthetic route using C. nucifera leaf extract 
and characterized using several instrumental techniques 
such as UV–Vis spectrophotometry, XRD, FT-IR, and 
TEM. The efficacy of the material as a potential candi-
date for an antimicrobial agent was then justified against 
some common Gram-positive (two) and Gram-negative 
(four) human pathogenic bacteria. The Gram-positive 
species were Staphylococcus aureus and B. subtilis while 
the Gram-negative species were Salmonella typhimurium, 
Escherichia coli, Pseudomonas aeruginosa, and C. fre-
undii. S. aureus, a human pathogen, generally colonized 
in the groin, gastrointestinal tract, and axillae [80]. B. 
subtilis strains affect the intestinal function and inflam-
matory response in broiler chickens [81]. S. typhimurium 
is responsible for intestinal disease in its host including 
humans [82]. E. coli is a very common microorganism 
exists abundantly on the surface of the mammal’s body 
creating several infections and is also responsible for 
potential biological contamination of drinking water [83]. 
P. aeruginosa is found widely in soil, water, and plants and 
can be regarded as a biomarker of bronchiectasis severity 
[84, 85]. This affects patients with lung defenses such as 
cystic fibrosis and pulmonary disease [86, 87]. C. freun-
dii is associated with gastroenteritis, neonatal meningitis, 
septicemia and brain abscess [88, 89].

To the best of our knowledge, we reported for the first 
time a simple route for the green synthesis of AgNPs using 
C. nucifera leaf extract with a view to applying against the 
considered bacteria. The work will obviously add to the jus-
tification of previously published reports on green synthesis 
of AgNPs using the leaf extract of several plants.
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2 � Materials and Methods

2.1 � Materials

The fresh leaves of C. nucifera (coconut tree) were collected 
from the local area of Bangladesh (North Chartha, Comilla). 
Analytical grade silver nitrate (AgNO3) was purchased from 
Fluka Analytical, Sigma-Aldrich, Germany. Bactotrypton, 
bacto agar, and yeast extract were purchased from HiMedia 
Laboratories Pvt. Ltd., Mumbai, India. All chemicals and 
reagents were used as received without further purifications. 
The deionized (DI) water with electrical conductivity and 
resistivity of 0.2 μS/cm and 18.2 MΩ cm at 25 °C, respec-
tively were used throughout the experiment.

2.2 � Preparation of C. nucifera Leaf Extract

Prior to the experiment, the collected fresh and healthy 
leaves of C. nucifera were washed several times with tap 
water followed by DI water to remove inherent unwanted 
dust particles and debris, and they were cut into small pieces 
with a sharp knife. The clean pieces of leaves were then sun-
dried for a week, oven-dried at 60 °C for 24 h and ground 
well to form a homogenous powder. About 10 g of finely 
grounded powder leaves were taken in a 250 mL beaker con-
taining 100 mL of DI water by weighing in a highly precise 
calibrated digital electrical balance (Model: GR-200, A&D 
Company Limited, Tokyo, Japan) and boiled at 80 °C for 
about 20 min. Then, the leaves suspension was incubated 
for 30 min and the extract was filtered with Whatman™ 

qualitative 1 filter paper (125 mm dia. *100 circles), and 
finally preserved at 4 °C [1] for further experiments. This 
leaf extract solution was used for the reduction of silver ions 
(Ag+) to silver nanoparticles (Ag0). The schematic represen-
tation of the preparation of C. nucifera leaf aqueous extract 
is shown in Fig. 1.

2.3 � Synthesis of Silver Nanoparticles (AgNPs)

The synthesis of AgNPs was carried out following our pre-
vious report [1] with some modification. In brief, 10 mL 
of C. nucifera leaf extract was added dropwise into 90 mL 
of the aqueous solution of 1 mM AgNO3 under vigorous 
magnetic stirring at room temperature. The solution mixture 
was then heated at about 60 °C for 30 min for the reduction 
of Ag+ ions to Ag0 (formation of AgNPs) indicating with a 
color change of the solution from greenish orange to dark 
red after 20 min forming a colloidal suspension (Fig. 2). 
The suspension was cooled at room temperature (30 °C) and 
centrifuged at 3000 rpm for 15 min to obtain the solid prod-
uct. The product was washed several times with DI water to 
remove unreacted nitrate ions and other chemical species in 
the extract. It was then dried at 60 °C in an electric oven, 
ground in a quartz mortar with a pestle, collected in a plastic 
sample vial and stored in a desiccator for further analyses.

2.4 � Characterization of the Synthesized AgNPs

The ultraviolet–visible (UV–Vis) spectrum of the resulting 
colloidal suspension of the expected AgNPs was recorded 
using a UV–Vis spectrophotometer (Model: UV-1650PC, 

Fig. 1   Schematic diagram for 
the preparation of Cocos nucif-
era leaf extract Washing 

and 
cutting

Drying
and 

grinding

Boiling of 10g 
leaf powder in 

100 mL DI water 

Incubation 
and 

filtration

Cocos 
nucifera leaf 

Cocos nucifera 
leaf extract
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Shimadzu, Japan) in the wavelength range of 350–500 nm, 
using DI water as a reference blank for baseline adjustment 
[1]. The crystalline phase and surface morphology of the 
AgNPs were studied by X-ray diffraction (XRD) analysis and 
transmission electron microscopy (TEM), respectively. XRD 
analysis was conducted using an X-ray powder diffractom-
eter (GBC EMMA, Australia) equipped with monochromatic 
CuKα radiation (1.5418 Å). The spectra were recorded at 
30 kV and 20 mA in the continuous mode with a scan speed 
of 2.0°/min and scan width of 0.02° within the scan range of 
30°–90°. The crystallite size (D) of the prepared AgNPs was 
calculated from the XRD patterns using the Debye–Scher-
rer formula [6], D = kλ/β cosθ where k is a dimensionless 
shape factor (typical value 0.9), λ is the X-ray wavelength 
used as the primary beam of Cu-Kα (λ = 1.5418 Å), β is 
the line broadening at halfway of the maximum intensity or 
Full Width at Half Maximum (FWHM) in radian and θ is 
the Bragg’s angle of the incident in degree. Fourier trans-
form infrared spectroscopy (FT-IR) was used to identify the 
existence of inherent functional groups in AgNPs from the 
biomolecules present in the C. nucifera leaf extract. FT-IR 
spectra were recorded using an FT-IR spectrophotometer 
(Model: IRAffinity-1S, Shimadzu, Japan) in the mid-IR 
region (4000–400 cm−1). For taking the FT-IR spectra, the 
dry solid powder of AgNPs (1% w/w) was homogeneously 
mixed with pure and dry KBr powder in a quartz-mortar by a 
pestle and compressed mechanically in a metal holder under 
a pressure of 8–10 tons to make a translucent pellet. The 
resultant pellet was then placed in the path of the IR beam 
of the instrument with a sample holder for spectral measure-
ment. Before taking the spectra of the sample, instrumental 
background measurement was performed and the baseline 
of the spectrum was adjusted using KBr. The surface mor-
phology of the AgNPs was studied by transmission electron 

microscope (TEM) (Model: JEOL, JEM 2010, Japan) apply-
ing an acceleration voltage of 120 kV.

2.5 � Procedure for Antibacterial Activity Studies 
of AgNPs

The disc diffusion method was employed for assessing the 
antibacterial activity of the synthesized AgNPs. Six com-
mon varieties of bacteria such as S. aureus (ATCC 12228), 
B. subtilis (ATCC 6633), S. typhimurium (ATCC 14028), 
E. coli (ATCC 25922), P. aeruginosa (ATCC 9027) and C. 
freundii (ATCC 8090) were considered for the antibacterial 
potentiality study of the AgNPs. The bacteria were cultured 
in Luria Broth (LB) medium (tryptone 1.5%, yeast extract 
0.75%, sodium chloride 1.2%) at 37 °C with a 60 rpm shak-
ing water bath [90]. For the study, 20 mL of cooled LB 
medium was poured into a Petri dish of 10 cm sized and 
50 mL of bacteria containing medium was poured on the 
Petri dish and daubed well with a glass spoon. A filter paper 
was cut into a number of pieces of about 6 mm size disc and 
sterilized. These papers were soaked with 20 μL of 30 mg/L 
AgNPs suspensions and placed on the culture dish and incu-
bated at 37 °C for 24 h. For the control study, DI water and 
C. nucifera leaf extract soaked disc was also placed on the 
dish. After the studied time period, the zones of inhibition in 
the diameter produced by the tested AgNPs along with the 
control in each disc were measured carefully in millimeters 
using a Hi-Media Laboratories Pvt. Ltd. zone scale. The 
measurements were repeated three times for each sample and 
mean values of zone diameter with their standard deviations 
were considered.

3 � Results and Discussion

3.1 � Characterization of AgNPs

Primarily, the formation of AgNPs was confirmed by color 
identifications. During the experiment, the appearance of 
dark red color suspension from the initial greenish orange 
color indicates the formation of AgNPs mediated with C. 
nucifera leaf extract (reddish green) (Fig. 2a–c). Then, the 
synthesis of expected AgNPs was further ensured by several 
instrumental techniques such as UV–Vis spectrophotometry, 
XRD, FT-IR, and TEM.

3.1.1 � UV–Vis Spectroscopy Studies

Figure 3 shows the UV–Vis spectrum of the colloidal sus-
pension of the reaction mixture of the C. nucifera leaf extract 
and aqueous AgNO3 solution. The absorption peak appeared 
at 380 nm in the spectrum may be corroborated to the forma-
tion of AgNPs and is due to the surface Plasmon resonance 

Fig. 2   a C. nucifera leaf extract (reddish green), b 1  mM AgNO3 
with C. nucifera leaf extract (greenish orange), c silver nanoparticles 
(AgNPs) suspension after reaction of 1 mM AgNO3 with C. nucifera 
leaf extract (dark red)
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[47, 56, 70, 91–93]. This indicates an optically active nature 
of the prepared colloidal suspension (Fig. 2c) and the mate-
rial could be speculated to be AgNPs [1, 91]. No absorp-
tion peak was found for aqueous AgNO3 solution. From the 
results of UV–Vis spectrum, it can be concluded that AgNPs 
were successfully synthesized from the reaction of aqueous 
solution of AgNO3 and C. nucifera leaf extract and the color 
change from greenish orange to dark red might be due to the 
reduction of the Ag+ ion to Ag0, which is correlated with the 
vibration of the excitation of the surface Plasmon resonance 
showing the spectroscopic phenomenon of the formation of 
AgNPs [67, 68, 94].

3.1.2 � Structural Studies by X‑Ray Diffraction (XRD) Analysis

The formation of AgNPs using C. nucifera leaf extract was 
further confirmed by the characteristic patterns observed 
in XRD analysis (Fig.  4). The XRD patterns showed 
five diffraction peaks at the 2θ values of 38.17°, 44.37°, 
64.52°, 77.42°, and 81.52° which corresponded to the 
(111), (200), (220), (311), and (222) planes, respectively. 
The corresponding phase is identified as cubic Ag crystal 
system (ICDD Card No. 00–004-0783) with space group: 
Fm-3 m (225), unit cell volume: 68.2, and unit cell param-
eters: a = b = c = 4.09  Å and α = β = γ = 90°. Moreover, 
our obtained XRD pattern is very much comparable with 
previous studies [1, 6, 73, 95]. The average estimated size 
of the NPs as calculated from the XRD pattern using the 
Debye–Scherrer formula was found to be 14.2 nm with a 
range from 12.1 to 16.6 nm.

3.1.3 � Chemical Analysis by Fourier transform Infrared 
Spectroscopy (FT‑IR)

FT-IR analysis was performed to identify the functional 
groups present in the C. nucifera leaf extract which are 

responsible for the reduction of Ag+ ions and stabilization 
of AgNPs. Figure 5 shows the FT-IR spectra of the syn-
thesized AgNPs incorporated with the bio-molecules of C. 
nucifera in the wavenumbers range of 400–4000 cm−1. Three 
strong peaks appeared at 3450, 1645 and 1089 cm−1 in the 
spectrum of synthesized AgNPs that are responsible for 
the stretching vibration of –OH, –C=O and C–O–C bonds, 
respectively [1, 14, 67]. The weak peaks appeared at 1400, 
2855 and 2924 cm−1 were due to the stretching vibration 
bands of C–N of the amine, N–H and C–H, respectively 
[1, 14, 96]. The weak and sharp peak centered at 2363 and 
2335 cm−1, respectively correspond to the stretching and 
bending vibration of the C=O bond within CO2 molecule, 
erupts during drying of AgNPs in addition to atmospheric 
CO2 [97]. The band at 795 cm−1 is indicative of the pres-
ence of heterocyclic compounds such as alkaloids [63]. The 
medium intense band at 510 cm−1 indicates the availability 
of aliphatic bromides [72]. The band at 465 cm−1 is due to 
Ag metal [5]. The FT-IR results indicate that the functional 
groups such as C–N of the amine, –OH and N–H present 
in the C. nucifera leaf extract is probably the responsible 
factors for the conversion of Ag+ ions to the metallic sil-
ver (Ag0) nanoparticles and act as the major capping agents 
accountable for the enhanced stability of the synthesized 
AgNPs and prevent agglomeration of the nanoparticles in 
the medium [1, 92]. Moreover, heterocyclic compounds 
such as alkaloids, flavones and anthracenes may also func-
tion as the capping agent for AgNPs [67]. Other biological 
molecules such as proteins can also bind silver nanoparticle 
either through free amine or cysteine groups in proteins to 
enhance the function for the formation and stabilization of 
the AgNPs in aqueous medium [98, 99]. The amino acid 
residues, carbonyl groups, and peptides also have a strong 

Fig. 3   UV–Vis spectrum of silver nanoparticles
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tendency to bind the AgNPs and acts as a capping agent 
[99, 100].

3.1.4 � Surface Morphological Studies by Transmission 
Electron Microscope (TEM)

The TEM image of the synthesized AgNPs (Fig. 6) depicts 
a relatively spherical shape with the size below 20 nm and 
uniform distribution of the particles over the surface with 
almost no agglomeration. This less agglomeration of the 

AgNPs might be attributed to the encapsulation of NPs with 
a thick layer of biomolecules indicating the potentiality of 
C. nucifera leaf extract. The TEM image depicted that the 
AgNPs were assembled onto the surface and are probably 
due to the several interactions such as Van der Waals and 
electrostatic interactions between the bioorganic capping 
molecules and AgNPs [94]. The NPs were not in direct con-
tact even inside the aggregates, implying the stabilization of 
NPs by the capping agents [94, 101].

3.1.5 � Antibacterial Activity of the Synthesized AgNPs

The antibacterial activity of the synthesized AgNPs was 
investigated against two Gram-positive bacteria viz., S. 
aureus and B. subtilis, and four Gram-negative bacteria 
viz., S. typhimurium, E. coli, P. aeruginosa and C. freundii 
using the standard disc diffusion method. Figure 7 shows 
the zones of inhibition produced by the AgNPs against the 
tested microorganisms. The zones of inhibition ± standard 
deviation for S. aureus, B. subtilis, S. typhimurium, E. coli, 
P. aeruginosa, and C. freundii bacteria were obtained to be 
around 12 ± 0.06, 10 ± 0.05, 13 ± 0.12, 16 ± 0.11, 19 ± 0.06 
and 20 ± 0.12 mm, respectively. Each value of the zone of 
inhibition is the rounded mean value of three replicate meas-
urements of the inhibition diameter (mm) in the bacterial 
layer. The zone of inhibition was measured after incubating 
the strains for 24 h at 37 °C in the agar medium. The picto-
rial representations and the comparison of the values of the 
antibacterial activity of the synthesized AgNPs are shown in 
Figs. 7 and 8, respectively. Table 1 summarized the compari-
son of the antibacterial activities of the green synthesized 
AgNPs with the literature.  

Fig. 5   FT-IR spectrum of the 
synthesized silver nanoparticles 
using C. nucifera leaf extract

Fig. 6   TEM image of the synthesized silver nanoparticles
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The antibacterial activity was expressed in term of 
the diameter of the zone of inhibition and < 9 mm zone 
was considered as inactive; 9–12 mm as partially active; 
while13–18 mm as active and > 18 mm as very active 
[71]. The results demonstrated that the synthesized 
AgNPs showed considerable inhibition against both the 
Gram-positive and Gram-negative bacteria. However, the 
material showed less inhibition against Gram-positive 
bacteria than those of Gram-negative bacteria (Fig. 7) and 
this could be attributed to the thicker and rigid multiple 
cell layers of peptidoglycan of Gram-positive bacteria 
which prevent the penetration of AgNPs, and other toxins 
and chemicals into the cell wall [55, 104]. No zones of 

Fig. 7   Zone of inhibition of (1) 
deionized water, (2) leaf extract 
and (6) AgNPs against Gram-
positive bacteria: Staphylococ-
cus aureus (S.A.) and Bacillus 
subtilis (B.S.); and Gram-
negative bacteria: Salmonella 
typhimurium (S.T.), Escherichia 
coli (E.C.), Pseudomonas aer-
uginosa (P.A.), and Citrobacter 
freundii (C.F.)

Fig. 8   Antimicrobial activities of the synthesized AgNPs against the 
considered microorganisms (values are in mm)
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inhibition for the DI water and leaf extract as the negative 
control were observed against the tested microorganisms. 
Although the exact mechanism of the antibacterial activ-
ity of the AgNPs against the studied human pathogens are 
still unknown and demand much depth study [59, 105], 
the catalytic activity and good penetrating capability of 

the NPs into the bacterial cells affecting the bacterial 
membranes and their DNA replication may be the prob-
able reason for their enhanced antimicrobial activities 
[29, 106].

Table 1   Comparison of the zones of inhibition produced by the various green synthesized AgNPs against pathogenic bacteria

a Ampicilin (10 mg/mL) [71]
b Streptomycin (25 mg/L) [61]

Studied bacteria Biosource of extract Size of 
AgNPs 
(nm)

AgNPs concen-
tration (mg/L)

Inhibition zones (mm) References Standard

a b

S. aureus Chrysanthemum indicum (flower) 52 25 8.33 [61] 8 8.12
Cocous nucifera (inflorescence) 22 100 0.00 [71]
Orange peel 98.43 100 10.0 [5]
Melissa officinalis 12–15 100 6.00 [102]
Phlomis 19–30 100 14.7 [55]
Aloe vera 10–30 50 18.1 [103]
Lepidium draba 20–80 100 10.8 [52]
Eriobotrya japonica 20–50 100 4.50 [53]
Artocarpus heterophyllus 13–15 100 15.0 [1]
C. nucifera (leaf) 14.2 30 12.0 ± 0.06 This work

B. subtilis Chrysanthemum indicum (flower) 52 25 0.00 [61] 11 13.2
Cocous nucifera (inflorescence) 22 100 14.0 [71]
C. nucifera (leaf) 14.2 30 10.0 ± 0.05 This work

S. typhimurium Helicteres isor 16–95 100 9.00 [102] – –
Phlomis 19–30 100 14.9 [55]
Aloe vera 10–30 50 6.30 [103]
Lepidium draba 20–80 100 10.4 [52]
Artocarpus heterophyllus 13–15 100 18.0 [1]
C. nucifera (leaf) 14.2 30 13.0 ± 0.12 This work

E. coli Chrysanthemum indicum (flower) 52 12.5 3.00 [61] 15 10
Cocous nucifera (inflorescence) 22 100 12.0 [71]
Orange peel 98.43 100 21.0 [5]
Helicteres isor 16–95 100 4.00 [102]
Phlomis 19–30 100 15.1 [55]
Eriobotrya japonica 19.75 100 2.50 [53]
Melissa officinalis 12 100 5.00 [51]
Lepidium draba 20–80 100 10.8 [52]
Ocimum Sanctum 10–20 150 14.0 [50]
Artocarpus heterophyllus 13–15 100 19.0 [1]
Fagonia indica (callus) – 400 12.0 [3]
C. nucifera (leaf) 14.2 30 16.0 ± 0.11 This work

P. aeruginosa Chrysanthemum indicum (flower) 52 37.5 9.60 [61] 10 14.1
Cocous nucifera (inflorescence) 22 100 14.0 [71]
C. nucifera (leaf) 14.2 30 19.0 ± 0.06 This work

C. freundii Piper nigrum (leaf) 7–50 100 8.96 [6] – –
Piper nigrum (stem) 9–30 100 8.89 [6]
C. nucifera (leaf) 14.2 30 20.0 ± 0.12 This work
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4 � Conclusions

Herein, we have successfully conducted the green synthe-
sis of AgNPs using C. nucifera leaf extract as the natural 
reducing and stabilizing agent in a facile, precise, fast and 
efficient manner at room temperature and atmospheric 
pressure which was non-toxic, eco-friendly, and cost-effec-
tive. The formation of the desired AgNPs was confirmed 
by physical and instrumental techniques such as UV–Vis 
spectrophotometry, FT-IR, XRD, and TEM analyses. The 
material showed the characteristic absorption maxima at 
380 nm in UV–Vis spectrum. The crystal phase of AgNPs 
as identified and confirmed from XRD analysis was a cubic 
structure with an average crystallite size of 14.2 nm. The 
synthesized AgNPs demonstrated potential antibacterial 
activity against both the Gram-positive (S. aureus and B. 
subtilis) and Gram-negative (S. typhimurium, E. coli, P. 
aeruginosa, and C. freundii) bacteria. The results of the 
antibacterial study clearly indicate that the newly synthe-
sized AgNPs are promising antimicrobial agents against 
the considered pathogens. These might have immense and 
potential applications in biomedical, pharmaceutical, food 
and cosmetic industries, and could open an alternative 
door to chemically synthesized AgNPs.
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