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Silver nanoparticles (AgNPs) were synthesized using the aqueous extract of an agrowaste: Terminalia cat-
appa leaves. The AgNPswere characterized using UV–VIS spectroscopy, Transmission electronmicroscopy,
Scanning electron microscopy, Fourier Transmission Infrared spectroscopy and Dynamic light scattering
analysis. AgNPs were monodispersed, crystalline, quasi-spherical with average size of �11 nm and were
encapsulated with capping agents present in the extract. The AgNPs were stable with the zeta potential
value of�36.7 mV. These AgNPs exhibited significant antibacterial activity against water borne pathogens
and could be used as colorimetric sensors for the detection of trace levels of mercury, indicating their mul-
tifaceted application in antibacterial coating, water treatment and as colorimetric mercury sensors. The
overall synthesis process emphasizes on the agrowaste utilization for the ‘‘green” synthesis of AgNPs.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

Silver nanoparticles (AgNPs) are highly sought after for the
unique properties they exhibit at nanoscale level, thereby gaining
scientific and industrial research attention for their application in
fields pertaining to textile science [1,2], medicine, sensors and
detectors [3], catalysis [4], supercapacitors [5], consumer products
[6], data storage devices [7], disinfection and water treatment [8].
Synthesis of AgNPs using biobased routes has been rapidly gaining
momentum as they overcome the demerits of chemical and phys-
ical synthesis routes, such as elevated process conditions and
usage of toxic chemicals that are not environmentally benign. In
the current research, leaves of T. catappa was chosen as the ideal
source for the synthesis of AgNPs. These leaves are known to con-
tain several bioactive components such as antioxidants, flavonoids
like kaempferol, tannins, polyphenols and phenols [9–12] which
remain unharnessed but can bring about the reduction of Ag+ ions
to Ag0, leading to the formation of AgNPs [13–15]. The extract of T.
catappa leaves have also been used for the synthesis of gold
nanoparticles [16]. T. catappa leaves offer to be the better alterna-
tive bioresource for the synthesis of AgNPs as they do not carry any
food and agro-economical value and also for channelling the bioac-
tive components present in the waste biomass. In the present
study, AgNPs have been successfully synthesized using the leaves
of T. catappa leaves and evaluated for their application potential
as antibacterial agents against water borne pathogens and as mer-
cury sensors. This process of bio-based synthesis is benign, cost
effective and is a green method of waste biomass utilization for
the efficacious synthesis of AgNPs with application potential.

2. Materials and methods

2.1. Collection of the plant material and preparation of the aqueous
leaf extract of T. catappa (ALE)

T. catappa leaves were collected from Surathkal, a town geo-
graphically positioned at 12�58060 N74�460 60E in Mangalore,
India. Healthy leaves were collected, washed to eliminate dust;
cut into small pieces. Further they were shade dried for 10 days
and finely powdered. This leaf powder was used for the prepara-
tion of ALE. ALE was prepared by heating the leaf powder suspen-
sion consisting of 5 g of leaf powder in 100 mL of deionised water
(5% w/v) through open solvent heating process till boiling and it
was further allowed to boil for 5 min. The extract obtained was fil-
tered throughWhatman No.1 filter paper and was used for the syn-
thesis of AgNPs.

2.2. Synthesis of AgNPs

The aqueous solution of silver nitrate (AgNO3) with concentra-
tion of 20 mM was used as the precursor salt solution for the syn-
thesis of AgNPs. The conditions for the synthesis of AgNPs have
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been optimized earlier [17] and are used in the present work. ALE
prepared with 5% leaf powder suspension and 20 mM AgNO3 solu-
tion were made to react in 1:4 vol ratio with total volume of 10 mL
at 28 ± 2 �C with an initial alkaline pH of 11 and under constant
stirring for 24 h. The synthesis mixture was observed for the for-
mation of brown colour as the preliminary confirmation, indicating
the synthesis and presence of AgNPs in the colloidal solution. Spec-
tral analysis of the synthesis mixture containing the AgNPs was
performed using UV–VIS spectrophotometer (Labomed, USA) and
the spectra were analyzed for the presence of surface plasmon res-
onance peak (SPR) for silver nanoparticles. Total flavonoid, antiox-
idant and total phenolic concentrations in the synthesis mixture
before and after the AgNP synthesis were measured using the
method described by Ordonez [18], Ferric Reducing Antioxidant
power (FRAP) [19] assay and Folin-Ciocalteu method [20], respec-
tively. The detailed methodology has been described in the Supple-
mentary material Part A. The synthesis mixture containing AgNPs
after the reaction time duration of 24 h, was centrifuged at
15,000 rpm for 10 min to separate the AgNPs and the supernatant
was used for the determination of bioactive components. To deter-
mine the initial concentration of bioactive components in the syn-
thesis mixture, 2 mL of the extract was diluted to 10 mL using
deioninzed water and the sample was analyzed for the bioactive
components. The separated nanoparticles were washed with deio-
nised water to remove the contaminants and dried overnight at
130 �C in a hot air oven.
2.3. Characterization of the AgNPs

AgNPs were then characterized using X-Ray Diffraction analysis
(XRD) (JEOL, Japan) to determine the crystallite size, Zetasizer SZ-
100 (Horiba, USA) for particle size distribution analysis by Dynamic
light scattering (DLS) and the zeta potential, Fourier Transform
Infrared Spectroscopy (FTIR) (Avatar 360IR) and Transmission elec-
tron microscopic (TEM) (JEOL 2000 FX-II TEM, Japan) analysis.
Fig. 1. (a) UV–VIS spectra showing the SPR peak characteristic of AgNPs (inset- Change
phenolic content in the synthesis mixture before and after the synthesis of AgNPs usin
indices of the AgNPs.
2.4. Determination of antibacterial activity of AgNPs

The antibacterial property of the AgNPswas evaluated usingwell
diffusion technique (provided as a Supplementary material Part B)
bymeasuring the zone of inhibition (ZOI). Minimum inhibitory con-
centration (MIC) of the AgNPs against the test pathogens was deter-
mined using broth macrodilution method [21]. Culture strains of
E. coli and S. aureus (Mc Farland 0.5 standard)were prepared. A stock
suspension ofAgNPs inMuellerHiltonbrothwaspreparedwith con-
centration of 102.4 lg/mL andwas suitably diluted to prepare AgNP
suspensions with concentrations ranging from 51.2 lg/mL to
0.2 lg/mL, for each of the test strains. The concentration of AgNPs
at which no visual growthwas observed after the incubation period
(24 h) at 30 �C was determined as the MIC of AgNPs.

2.5. AgNPs as colorimetric sensors for mercury

The AgNPs were analyzed for their application as sensors to
detect mercury levels in water. The colloidal solution of AgNPs of
0.1 mg/mL concentration was prepared with deionised water.
10 mL of 1 mg/mL mercuric chloride solution was added consecu-
tively to 3 mL of the colloidal solution. The spectral analysis of this
mixture containing the AgNPs and HgCl2 after each addition of
HgCl2 solution was performed using UV–Vis spectrophotometer
[22] and the presence of SPR peak and its intensity were noted.
Addition of HgCl2 was stopped when the colour of the reaction
mixture turned colourless. AgNPs possess a characteristic deep
brown colour in a colloidal form. After the addition of a particular
amount of Hg2+, the reaction mixture turned colourless.

3. Results and discussion

3.1. Synthesis and characterization of AgNPs

Preliminary confirmation of AgNP formation during the synthe-
sis was provided by the visual observation of deep brown colour
in the colour of the synthesis mixture), (b) Total flavonoid, antioxidant and total
g 5% ALE (c) XRD pattern of AgNPs showing the crystalline nature and the Millers



Fig. 2. (a) Particle size distribution (b) SEM image and (c) TEM image of AgNPs synthesized using ALE (d) ZOI of AgNPs against E. coli and (e) ZOI of AgNPs against S. aureus.
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characteristic of AgNPs [23–25] in the synthesis mixture as shown
in inset of Fig. 1(a). The SPR band of AgNPs as seen in Fig. 1(a) is
sharp and intense with peak centred at 420 nm indicating the for-
mation of a large number of monodispersed AgNPs. The split in the
SPR peak indicates the difference in the energy levels of the longi-
tudinal and transversal excitation modes of the AgNPs and the
minimal distance of separation between these peaks indicates
the formation of nearly isotropic AgNPs with a small deviation
from perfectly spherical shape [26]. Fig. 1(b) shows that the total
phenolics, flavonoid, and antioxidant content in the synthesis mix-
ture reduced considerably after the synthesis of AgNPs, indicating
that these plant bioactive components act as reducing and capping
agents. X-ray Diffractogram of the AgNPs in Fig. 1(c) revealed the
crystalline nature and the face centred cubic structure of metallic
silver (JCPDS File No-04-0783) with peaks belonging to (1 1 1),
(2 0 0), (2 2 0), (3 1 1) and (2 1 1) planes. The average crystallite
size of AgNPs was determined using DeBye-Scherrer’s formula
and was found to be 8.27 nm.
The particle size distribution analysis of AgNPs as seen in Fig. 2
(a) revealed that the size of AgNPs lie in the range of 9–35 nm with
an average size of 10.9 nm. The narrow size range indicates the
presence of fairly monodispersed AgNPs and the average size
obtained is almost similar to the crystallite size obtained through
XRD analysis. The zeta potential value of AgNPs was found to be
�36.7 mV indicating good stability in water as a solvent. FTIR spec-
trum of AgNPs (provided as a Supplementary material–Part C)
exhibited a strong peak at 3609 cm�1 belonging to NAH group
stretching vibrations [27], peaks from 3991 cm�1 to 3609 cm�1

belonging to ACA vibration of the carboxylic group; the peaks
occurring at 3451 cm�1 belonging to the vibration of OAH groups
of phenols, the peak at 3364 cm�1 of the NAH group from the pep-
tides and at 2931.6 cm�1 belonging to asymmetric stretching of
CAH bonds, peaks centred around 2114 cm�1 belonging to the
C@C variables, while the groups belonging to carboxylic acid
(C@O) are indicated by a peak at 1740.7 cm�1 and 1366.2 cm�1

[28,29]. The peaks at 1639.8 cm�1, 1510.8 cm�1 and 1215.9 cm�1



Fig. 3. (a) Schematic representation of the mercury sensing mechanism of AgNPs (b) SPR peaks obtained after addition of mercury to the colloidal suspension of AgNPs (c)
Absorbance at 382 nm with different amount of mercury added to the colloidal suspension of the AgNPs showing linearity.
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indicate the presence of aromatic rings, amine groups and polyol
groups respectively [30]. These results confirm the presence of var-
ious organic groups on the surface of the AgNPs and thus indicate
the role of plant bioactive components encapsulating the AgNPs as
capping agents.
SEM and TEM analysis in Fig. 2(b) and (c) reveals the formation
of quasi-spherical shaped AgNPs with size ranging from 4.56 nm to
20 nm and an average size of 10.56 nm (Image J software, Number
of nanoparticles considered for size calculation is 48). Narrow size
range confirms monodispersed nature of AgNPs. The presence of
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capping around the nanoparticles is evident in the TEM image
(Fig. 2(c)), showing that the AgNPs are encapsulated in a layer
formed by the capping agents in ALE.

3.2. Antibacterial activity of AgNPs

Previous literature reports have demonstrated antibacterial
activity of AgNPs [31,32]. A ZOI of 20 mm and 14 mm against S.
aureus and E. coli were observed respectively, in the plates after
incubation around the wells containing the AgNPs, as seen in
Fig. 2(d) and (e) indicating the antibacterial effect of these AgNPs.
ZOI with the extract was very less as compared to AgNPs as shown
in Fig. 2(d) and (e). 25.6 mg/mL of AgNPs was determined as the
MIC value for both S. aureus and E. coli, as no visible bacterial
growth was observed above this concentration. Low MIC values
ascertain that these AgNPs exhibit good antibacterial property.

3.3. Mercury sensing property of AgNPs synthesized using ALE

The mercury sensing property of AgNPs was evaluated using the
methodology described in Section 2.5. The addition of HgCl2 solu-
tion caused a characteristic decrease in the absorption intensity of
the SPR peak and blue shift of the spectra was observed as shown
in Fig. 3(b). This decrease in the absorption intensity and blue shift
of the spectra can be explained by the redox reaction taking place
at the surface of the AgNP, owing to the differences in the standard
potential of 0.8 V (Ag+/Ag) and 0.85 V (Hg2+/Hg) [33]. Mercury (II)
ions are colourless in solutions owing to a closed-shell d10 config-
uration and no optical spectroscopic signature [22], while AgNPs
exhibit characteristic brown colour. When HgCl2 is added to the
colloidal AgNP suspension, the presence of organic capping agents
on the surface of AgNPs promotes electrostatic–ionic attractions
between the nanoparticle surface and mercury ions [34,35]. The
mercury added, removes the stabilizing agents present on the sur-
face of the AgNPs, on reacting with the Ag core by a Redox reaction
[22], as shown in the schematic representation of the mechanism
of AgNPs acting as sensors for the detection of mercury in Fig. 3
(a). Hg2+ forms organo metallic complexes on the surface of AgNPS,
as the organic moieties in the capping render the required func-
tional groups. Flavonoids and polyphenolic compounds such as
gallic acid, catechol, pyrogallol, and their derivatives are present
in plant extracts [36,37] and are known to form complexes with
heavy metal cations [38–42]. These compounds in the plant extract
provide metal interacting multi-functional groups such as hydro-
xyl, carboxyl and hetero-aromatic rings [38,41] on the AgNP cap-
ping [33,42]. Yang et al. [43] have also reported that organic
phenolic ligands exhibit versatile coordination behaviour with dif-
ferent metal ions. These phenolic ligands in the capping of AgNPs
would provide metal ions interacting surface functionality for
developing selective colorimetric sensor for toxic metal ions [44].
Thus, the presence of organic functional groups in the capping
facilitate the binding of mercury on to the surface of silver
nanoparticles. Further, these capping agents which majorly have
antioxidant properties serve as reducing agents and reduce Hg+

ions to Hg0 [45]. Thus, these redox reactions lead to removal of
capping agents from the surface. Hg2+ gets reduced to Hg0 on the
surface of AgNPs, while oxidizing zerovalent silver (Ag0) on the
surface to Ag+ ions [22]. The size of AgNPs reduces as AgNPs react
with Hg2+ to form Ag+. Hg0 forms tiny Hg-Ag colloidal amalgams
with AgNPs, The Hg-Ag amalgam forms a coating on the surface
of AgNPs thus changing the colour of the colloidal solution. As
the AgNPs are converted to Ag+ ions by Hg2+, the colloidal solution
becomes colourless, indicating that the available Ag0 in the col-
loidal suspension has been completely oxidized by the added
quantity of mercury. Several reports pertaining to the use of AgNPs
as sensors are available wherein the surface of the synthesized
AgNPs was functionalized by addition of other molecules. In the
present research work, the AgNPs were used as synthesized with
no modification of the surface. The functionalization of the AgNP
surface occurs during the synthesis process itself by the plant
bioactive components, leading to an eco-friendly approach for
selective mercury sensing.

The plot in Fig. 3(c) is linear with the negative slope indicating a
decrease in absorbance with increase in Hg2+ content. It is one of
the crucial mandates, that a sensing element should provide linear-
ity between its input variable and the output variable for any infer-
ence or the measurement application. Fig. 3(c) shows a linearity
between the Hg2+ ion level (input variable) and the absorbance
(output variable), thus implying the suitability of AgNP based sens-
ing method for Hg2+ detection and concentration measurement.
The maximum detectable level was determined by the addition
of Hg2+ ions to the colloidal solution till the solution turned colour-
less and no SPR peak was observed, while the minimum detectable
level was determined by the maximum amount of Hg2+ ions added
to the AgNPs colloidal solution that resulted in decrease in the
intensity of SPR peak with a prominent blue shift. The maximum
and minimum detectable concentration for Hg2+ ions with 0.3 mg
of AgNPs (0.1 mg/mL) was found to be 12.75 mg/mL and 0.85 mg/
mL respectively.
4. Conclusion

A simple, benign and rapid process of biosynthesizing metallic
AgNPs using an agrowaste, T. catappa leaves under ambient condi-
tions of synthesis was successfully accomplished. The AgNPs were
monodispersed, quasi-spherical shaped and with an average size
of �11 nm, with capping agents present on their surface which
imparted stability to the AgNPs. These AgNPs exhibited significant
antibacterial activity against water borne pathogens and good
mercury sensing property. Thus, the AgNPs synthesized using
ALE exhibit promising potential as antibacterial agents and mer-
cury sensors. The antibacterial efficacy of these AgNPS may find
suitable applications in the field of water treatment, antibacterial
textile and the mercury sensing property may find application in
determination of trace mercury pollution level in various ecosys-
tems or comestibles. The overall process offers an advantage in uti-
lization of the agro-waste generated in surplus amounts for the
‘‘green” synthesis of AgNPs with negligible chemical footprint on
the environment.
Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.matlet.2017.07.
024.
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