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ABSTRACT 
 

In this work, we have investigated the uses of herbal extract of Terminalia bellerica (T.bellerica) as an efficient reducing as well 
as capping agent for reliable green synthesis of silver nanoparticles (AgNPs) at room temperature. HR-TEM results of AgNPs 
confirmed that, the nanoparticles are spherical in shape with an average diameter of ~30 ± 6 nm.  XRD shows that, AgNPs 
exhibits the face centered cubic (FCC) structure. AgNPs utilized as a nanosensor probe for detection of mercury ions (Hg2+). 
AgNPs showed a color change from brownish yellow to colorless on exposed to Hg2+ due to the redox reaction of mercury and 
silver. This sensor probe showed a lower limit of detection of 0.3 ± 0.005 µM. Selectivity of the sensor has been evaluated 
towards other environmentally heavy metal ions and found that, this sensor is highly selective to Hg2+. AgNPs loaded poly 
(vinylalcohol) (PVA) films and nanofibers were fabricated by solvent casting and electrospinning methods, respectively. AgNPs 
loaded PVA films and nanofibers were tested for anti-bacterial studies against E. coli and B. subtils. The results indicate that the 
green synthesized AgNPs possess high microbial activity towards E.coli. These AgNPs based functional materials have great 
potential for application in sensors, anti-microbial coatings, wound dressing and smart textiles. Copyright © 2016 VBRI Press. 
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Introduction  

Synthesis of silver nanoparticles (AgNPs) using bio-
resources has great interest due to the advantages of simple, 

low-cost and environmental friendly process [1-3]. In 
general, three green synthesis routes are available to 
prepare AgNPs, including bacteria, fungi and plant or 

herbal extract [4 - 6]. Recently, interest has been shown on 
the synthesis of AgNPs by green route using herbal extract 
(polyphenols) owing to its wide properties such as anti-
oxidant, anti-bacterial and anti-fungal activities. These 
properties create an ideal coating for biomedical implants. 
On the other hand, AgNPs also were widely used in various 
other potential applications like sensors, catalyst, solar cells 

and opto-electronic devices [7 - 11]. Apart from sensing 
and electronic applications, it has been known for centuries 
that silver has bactericidal properties. Silver is a safe and an 
effective bactericidal metal because it is non-toxic to 
animal cells and highly toxic to bacteria such as 
Escherichia coli (E.coli) and Staphylococcus aureus        

(S. aureus) [12]. Silver based compounds have been used in 
recent years to prevent bacterial growth in medical 
applications. Especially, colloidal silver (nanosilver) doped 
polymer fabrics and ceramic materials are used as coating 

material to prevent the growth of microorganisms [13, 14]. 
Many studies have been reported on green synthesis of 

AgNPs and their microbial activities using potential 

reductants of plant extracts like olive leaf [15], Datura 

metel [16], Ocimum sanctum [17], Adenium obesum [18], 

Iresine herbstii leaf [19] and Terminalia chebula [20]. The 
present work deals with a simple green synthesis of AgNPs 
using Terminalia bellerica (T.bellerica) as a reducing and 
stabilizing agent at room temperature. 

T. bellerica is an herbal medicine, which belongs to the 
family of Combertaceae, commonly known as bahera  
(In Hindi). T. bellerica has green color clustered oval 
leaves, foul-smelling flowers with brown color and hairy 

fruit [21, 22]. The major chemical constituents are 
polyphenols such as gallo-tannic acid, ellagic acid, gallic 
acid, flavones, chebulaginic acid, beta-sitosterol, mannitol, 
glucose, fructose and tannins. Among these, tannins are the 
main constituents of T.bellerica. These compounds are the 
responsible for various activities such as anti-oxidant,  
anti-microbial, anti-cancer and anti-hypertensive. Both 
T.bellerica and Terminalia chebula are used for control of 
cholesterol and digestive disorders, including diarrhea and 

indigestion and also been used for HIV infections [23-25].  
The fruit also possesses anti-bacterial properties and 
myocardial depressive activity. These inherent properties 
make it excellent candidate as reducing and capping agent 

for the reduction of various metal nanoparticles [24].  
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Electrospun metal nanoparticles incorporated nanofiber 
membranes have great potential for wound dressing 

applications [26]. Nanofibers were produced by 
electrospinning method. The basic setup of electrospinning 
has three components: a high power voltage supply, 
spinneret and collector. In this process, high voltage was 
given to the dispersed polymer solution with controlled 
flow rate. The charge repulsion caused between the 
polymer and the solvent molecules produce forces which 
are opposite to the surface tension and collected on the 
surface of the collector. Hence, in the surface of the 
solution electrostatic force dominates the surface tension of 
the polymer droplets and thus taylor cone forms.  
The nature and morphology of the nanofibers affected by 
many factors, including the physico-chemical properties of 
the polymer, electrical conductivity of metal nanoparticles 
and electrospinning parameters, such as solution viscosity, 
flow rate, distance between tip to collector and voltage  

[27-29]. 
Recently, Nano-composites consisting of metal 

nanoparticles with the polymer matrix in the form of 
nanofibers, thin films and hydrogels have great attention in 
biomedical fields due to different nano-structural 
dimensions (1D, 2D and 3D) and hydrophilic nature of 
polymeric network. Especially, nanosilver colloids 
incorporated with thin film and nanofiber membranes are 
explored as anti-microbial materials in various biomedical 
applications, it includes medical textiles, microbial coatings 
in medical devices, wound dressing materials and cosmetic 

products [30, 31]. To date, AgNPs have been incorporated 
into a wide variety of natural or synthetic electrospun 
nanofibers and as well thin films membranes including 
curcumin/chitosan/ poly (vinylalcohol) (PVA), 
chitosan/PVA, chitosan oligosaccharide/PVA, chitosan/ 

PVA/poly ethylene and Gum Karaya/PVA [32-35]. As 
PVA is a hydrophilic, biocompatible and biodegradable 
polymer, it is often used in biomedical devices, clothing 
and household products. Nano-composites are prepared by 
in-situ preparation method and as well adding the metal 
nanoparticles into polymer matrix. Recently, Padil et al., 

[35] reported the synthesis of AgNPs through chemical 
reduction using the mixture of Gum Karaya/PVA and they 
showed the anti-bacterial activity of AgNPs 7.9 mm for 
E.coli, 8.0 mm for P.aeruginosa and 8.0 mm for S.aureus. 

Moghaddam et al., [36] investigated the in-situ preparation 
of AgNPs using PANI/PVA composites and reported the 
anti-bacterial activity of PANI/PVA/Ag nano-composites, 
which found to be effective for S.aureus (15 mm) than 

E.coli (12 mm). Similarly, Abdelgawad et al., [26] 
prepared AgNPs using chitosan and glucose as reducing 
agent and spun with PVA polymer and showed anti-
bacterial activity against E.coli and S. aureus.   

Mercury is a second highly toxic pollutant (heavy metal 
ion) in the world and it is widely spread in the all living 
organisms. Excess consumption of mercury can cause 

severe health effects to human beings [37, 38]. There are 
several methods being used for the determination of 
mercury, it includes atomic absorption/emission/ 

fluorescence (AAS/AES/AFS) [39-41], high-performance 
liquid chromatography (HPLC) coupled with UV-vis or 

fluorescence [42], ion selective electrode (ISE), flame 

photometry [43] and inductive coupled plasma mass 

spectrometry (ICPMS) [44, 45]. However, above 
mentioned methods are more expensive, it needs high 
vaccum chamber and also time-consuming.  Hence, a 
development of simple, feasible and low-cost determination 
method for mercury is highly required. 

In this work, we have synthesized AgNPs using 
T.bellerica herbal extract at room temperature for the first 
time with less time. The prepared AgNPs used as a 
nanosensor probe for colorimetric sensing of mercury ions 
(Hg2+).  AgNPs loaded PVA films and fibers were prepared 
by solvent casting and electrospinning methods, 
respectively and they also proved their anti-bacterial 
activities. This green synthesis can be led to a quick 
manufacturing method to produce AgNPs for various 
potential applications like anti-microbial coatings in 
biomedical devices, smart textiles, chemical sensors and 
opto-electronic devices.  
 

Experimental 

Chemicals details 

Silver nitrate (98% ACS grade) was procured from Sigma 
Aldrich, Bangalore, India. T.bellerica seed was purchased 
from local market in Coimbatore, Tamilnadu, India. Poly 
(vinyl alcohol) (PVA) were purchased from Himedia. 
Average molecular weight of PVA is 1,60,000 Da. Metal 
salts such as BaCl2, MgCl2, CaCl2, CdCl2, Co(NO3)2, NiCl2, 
Cu(CH3COO)2, Zn(CH3COO)2  and HgCl2 were procured 
from Merck. Potassium chloride (KCl) was purchased from 
Rankem.  Lead chloride (PbCl2) was obtained from Loba 
Chemia.  The bacteriological media (broth) were obtained 
from Himedia.  
 

Preparation of aqueous extract of T. bellerica  

Fruits of T.bellerica were collected and cleaned thoroughly, 
dried and powdered. For the preparation of extract of 
T.bellerica , 1 g of powder was weighed accurately and 
added into 100 mL of distilled water and kept on stirring at 
85 ºC for 1 h. Finally, the hot solution was allowed to cool 
at room temperature and the extract was filtered through the 
Whattman 40 filter paper. The pure aqueous extract of 
T.bellerica was stored at 10 ºC in a refrigerator for further 
use. 
 

Biosynthesis of AgNPs using T.bellerica extract 

AgNPs was prepared by green synthesis method using 
T.bellerica as reducing and stabilizing agent. For this 
experiment, 1 mM of AgNO3 was prepared in 25 mL of 
distilled water. To this solution, 0.5 mL of freshly prepared 
aqueous extract of T.bellerica was added and kept at room 
temperature for observation and the formation of 
nanoparticles was monitored by UV-visible (UV-vis) 
absorption spectroscopy. After 5 min, the color change was 
observed from colorless to light brownish yellow color, 
indicating the formation of AgNPs as well the reduction of 
silver nitrate through the addition of T.bellerica extract. 
The obtained colloidal nanoproduct was purified by 
washing three times with water and centrifuged. The 
supernant liquid was decanted and the precipitate was 
redispersed in distilled water.  
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Nanosensing of Hg2+ using biosynthesized AgNPs 

The biosynthesized AgNPs was explored as a nanosensor 
probe for visual sensing of Hg2+. Typically, the stock 
solution of Hg2+ was prepared by calculated amount of 
mercury salts in aqueous medium.  Further dilution of 0.5 
mM of the Hg2+ was obtained by adding required amount of 
water to makeup the solutions up to 5 nM. Different 
concentrations of Hg2+ were added to AgNPs and the color 
change has been observed. In order to study the influence 
of other heavy metal ions, selectivity study was carried out 
against various other metal salts such as BaCl2, MgCl2,  

KCl, PbCl2, Co(NO3)2, NiCl2, CdCl2, Cu(CH3COO)2, 
Zn(CH3COO)2 and CaCl2 at concentration of 1 mM. All the 
samples were monitored the color change by visually and 
UV-vis spectroscopy. 
 
Preparation of AgNPs loaded PVA films  

AgNPs loaded PVA films were fabricated by solvent 
casting method. 5 wt% of PVA solution was prepared by 
weighing 5 g in 100 mL of distilled water. The previously 
prepared 1mM of AgNPs was added to the PVA solution 
and kept on stirring at 65 ºC for 2 h to get homogeneous 
solution. Finally, the obtained solution was poured onto a 
substrate and casted into a film. Then it was packed at room 
temperature for the evaporation of the solvent.  After that, 
the dried AgNPs loaded PVA films were peeled-off from 
the substrate and studied their microbial activities. 
 
Fabrication of AgNPs loaded PVA nanofibers 

PVA nanofibers and AgNPs loaded nanofibers were 
produced by electrospinning method.  PVA nanofiber was 
optimized at the concentration of 12 wt%. For AgNPs 
loaded PVA nanofiber, T.bellerica stabilized AgNPs was 
added to 12 wt% of PVA polymer solution and kept stirring 
for 4 h to get homogeneous solution. Then the mixture of 
solution was spun by electrospinning technique. In the 
electrospinning process, a high electric potential was 
applied to the mixture of AgNPs and PVA solution at the 
tip of the syringe needle. The electrospun nanofibers were 
collected in the aluminum foil which was placed at the 
distance of 15 cm from the syringe tip. A voltage of 20 kV 
was applied to a collecting target by a high voltage power 
supply. The flow rate of the polymer solution was  
0.2 mL/h. Electrospinning was continued for 2 h to form 
fiber mat.  
 
Anti-microbial activity of AgNPs 

AgNPs loaded PVA films, nanofibers and also film of 
T.bellerica were tested for anti-microbial activity by 
standard agar disc diffusion method against E.coli and 
B.subtills. 100 mL of Luria agar was prepared by dissolving 
1.3 g of Luria agar in 100 mL of distilled water. The Agar 
solution was poured in conical flask and plucked with non-
adsorbent cotton and sterilized at 120 ºC for 20 min. Then, 
the sterilized media was poured into petridishes and 
allowed to get solidify. 1 mL of the culture of bacteria was 
added on the surface and distributed evenly using L rod. 
Small holes were created on the surface of solidified media 
using a puncher. Then, prepared films and nanofibers were 
cut into 1 cm x 1 cm dimension and placed on the punched 

site. The covered petridishes were rapped well by paraffin 
film to seal them. The petriplates were kept in an incubator 
oven at 37 ºC for 24 h.  

Characterizations  

The formation of AgNPs was monitored by UV-vis 
absorption spectroscopy using a PG spectrometer, distilled 
water was used as the solvent. The functional group present 
in the extract of T.bellerica  and their responsibility in the 
synthesis of AgNPs was done by fourier transform infrared 
(FT-IR) analysis acquired with Shimandzu (Japan), IR 
Affinity spectrometer in the range of 4000-400 cm-1. The 
purification of AgNPs was done with help of Sigma 3-30 K 
high speed cooling centrifuge with the speed of 10,000 rpm 
with a temperature of 15 ºC for 15 min. The morphology 
and microstructure of biosynthesized AgNPs was examined 
by high resolution transmission electron microscope (HR-
TEM) with help of JEOL JEM-2100 model (Japan). During 
analysis of HR-TEM, crystalline nature of biosynthesized 
AgNPs was carried out by selected area electron diffraction 
(SAED) pattern. For the chemical composition of AgNPs, 
energy dispersive spectroscopy (EDS) was recorded. The 
crystal phase structure of biosynthesized AgNPs was 
studied by powder X-ray diffraction (XRD) performed with 
PW-6000 X-ray diffractometer (Shimadzu, Japan) operated 
at 40 kV and  
30 mA. For the fabrication of AgNPs loaded PVA 
nanofibers, home-made electrospinning instrument (PSG 
IAS) was used. A DM750P Leica polarizing optical 
microscope was employed for the preliminary studies of 
PVA and AgNPs loaded PVA nanofibers.  
 

 
 
Fig. 1. UV-vis spectra shows effect of time on synthesis of AgNPs using 

T.bellerica  

 

Results and discussion 

UV-vis absorption studies 

Green synthesis of AgNPs was carried out using herbal 
extract of T.bellerica. Herein, T.bellerica extract plays dual 
role in biosynthesis as reducing as well as stabilizing agent. 
The mechanism of the reaction involves the reduction of 
aqueous metal ion in the presence of T.bellerica extract. 
The formation of AgNPs was confirmed by the visible 
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color change from colorless to brownish yellow color with 
the addition of T.bellerica extract to silver nitrate solution. 
Further, it was quantitatively monitored by UV-vis 

spectroscopic studies (Fig. 1).  From the Fig. 1 it can be 
clearly seen that after 5 min, there was a change in the 
surface plasmon resonance (SPR) absorption of wavelength 
in the range of 400-500 nm. It can also be observed that, 
the intensity of the peak was gradually increases with 
increasing the reaction time, indicating the reduction of Ag+ 
to Ag0 with respect to time. This is due to the formation of 
AgNPs with the progress of the reaction because the 
intensity of the SPR is directly proportional to the density 
of the nanoparticles presented in that solution. It showed a 
distinct SPR band around 441 nm, indicating the presence 
of the AgNPs.  
 

 
 
Fig. 2. FT-IR spectra  of (a) T.bellerica  extract (b) T.bellerica  reduced 
AgNPs(c) pure PVA film (d) AgNPs loaded PVA film and (e) AgNPs 
loaded PVA fiber.  

 
FT-IR studies 

In order to identify the stabilization of T.bellerica on the 
surface of AgNPs, FT-IR analysis was examined for 
T.bellerica extract and AgNPs. Also, we taken the FT-IR 
spectra for AgNPs loaded PVA films and nanofibers.  
FT-IR analysis of T.bellerica extract shows strong bands at 
3414, 2917, 2846, 1753, 1327 and 1020 cm-1. The bands 
observed at 3414 and 1753 cm-1 correspond to –OH and –
C=O stretching modes, respectively. The bands at 1327 and 
1020 cm-1 were due to the presence of –C–O stretching  
and –C–O–C stretching modes, respectively. The aromatic 
–CH was observed as doublet at 2917 and 2846 cm-1.  
Likewise,  FT-IR  spectrum of AgNPs shows  strong IR 

bands at 3428, 1710 and 1040 cm-1  which  is characteristic  
nature of –OH, –C=O and –C–O–C stretching modes, 
respectively. From these IR results, confirms the 
stabilization of biomolecules through the coordination of 
carbonyl group and oxidized polyphenol onto the surface of 
the AgNPs. FT-IR spectra of PVA film, AgNPs loaded 

PVA films and nanofibers were shown in Fig. 2. It shows 
significant bands at 3315, 2917, 2854, 1427 and 1087 cm-1 
which indicate the presence of -OH group from inter and 
intra molecular hydrogen bonds, -CH from alkyl groups,  

-C-O-C group and -CH2 group, respectively [46]. Also 
AgNPs loaded films and fiber shows same vibration bands 
with more intense peak. These results were suggested that 
there was no interaction between the PVA and AgNPs in 
addition to that they are physical bound to each other. 
 

 
 
Fig. 3. HR-TEM images of AgNPs at various magnifications (a) TEM 
image of AgNPs at 100 nm (b) Histogram of statistics relating to the 

mean diameter of the AgNPs coresponding to image of (a), (c) TEM 
image of AgNPs at 20 nm (d) TEM image of single AgNPs at 20 nm  
(e) HR-TEM image of AgNPs at 5 nm and (f) FFT image of AgNPs 
coresponding to image of (e). 

 
HR-TEM analysis 

Fig. 3 depicts the HR-TEM images of biosynthesized 
AgNPs at various magnifications. For HR-TEM analysis, 
samples were diluted with distilled water and a drop of 
solution was deposited on a carbon coated copper grid. The 
sample was dried in a hot plate, before loading the sample 
into the samples holder. HR-TEM results, indicates that all 
the AgNPs are well separated and there is no agglomeration 
was observed. It shows spherical shape nanoparticles 
having the diameter in the range of 10-60 nm. The statistics 
of the mean diameter distribution of AgNPs was given as in 

Fig. 3(b). It shows the mean diameter of ~ 30 ± 6 nm, 

which was calculated using image J software. Fig. 3(e) 
illustrated the HR-TEM image of AgNPs at 5 nm 
magnifications, it shows the clear lattice friges that 
confirms the highly crytalline nature of AgNPs. Further, the 
fast fourier transform (FFT) image was clearly 

demonstrated the crystalline nature of Ag atom (Fig. 3(f)). 
In order to study the detailed crystal structure of AgNPs, 

we further performed the SAED and EDS during the 
analysis of HR-TEM (not given). It exhibited the concentric 
ring with spot patterns, which are corresponds to the 
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amorphous and crystalline nature of extract and AgNPs, 
respectively. It revealed that, the nanoparticles have a 
lattice d spacing of 2.377˚A, 1.451˚A and 1.232˚A 
corresponding to the (1 1 1), (2 2 0) and (3 1 1) planes, 
respectively. All the planes are matching with the d-spacing 
of (1 1 1), (2 2 0) and (3 1 1) plane of face centered cubic 
(FCC) of Ag structure from JCPDS 65-2871. Likewise, the 
EDS of the AgNPs matrix showed the more intense peak 
observed at 3 Kev for silver atom and confirmed the 
presence of Ag in the prepared AgNPs. 
 
XRD analysis 

In order to study the crystalline phase structure of 
biosynthesized AgNPs, XRD analysis was carried out.  
The XRD spectrum of biosynthesized AgNPs was depicted 

in Fig. 4. The diffraction peaks observed at 2 theta values  
38.08º, 44.91º, 64.61º and 77.4 º assigned to (1 1 1),  
(2 0 0), (2 2 0) and (3 1 1) of lattice plane FCC of silver.  
The more intense diffraction peak was observed at 38.08º 
corresponds to the nano-crystalline of silver and also the 
nanoparticles was grown in the plane of (1 1 1) facets. All 
the peaks were matches with JCPDS file no 89-3722. 
 

 
 
Fig. 4. Powder XRD spectrum of AgNPs. 

 
Colorimetric sensing of Hg2+ using biosythesized AgNPs 
Selectivity studies 
 

The tolerance of biogenic stabilized AgNPs for Hg2+ over 
other environmtal metal cations were investigated by 
adding different metal cations to the AgNPs solution and 

color change has been monitored. Fig. 5(a) dipicts the 
photographic image of biogenic stabilized AgNPs in the 
presence of other different metal ions. From the 
photographic image, it is cleary seen that, there was no 
evident color change for any other transition metal cations, 
except for Hg2+. When Hg2+ was added to the AgNPs, a 
siginificant color change from yellowish brown to colorless 
was observed due to the redox reaction of silver and 
mercury and leds to the aggregation of AgNPs. This color 
change also evidenced by UV-vis spectroscopy by 
measuring the SPR band absorption of AgNPs. The UV-vis 
spectra of AgNPs in the presence of different metal cations 

were shown in Fig. 5(b). Addition of transition metals to 
AgNPs, red shifted the SPR absorption peak with 
broadening was observed. Where as for Hg2+, the SPR band 
absorption of AgNPs was blue shifted and peak was 
completely disappered (441 nm). The tolerance of 
selectivity bar chart of AgNPs for Hg2+ was given in       

Fig. 5(c). It shows the high selectivity of change in the 
absorption peak. From the selectivtiy results we confirmed 
that, the nanosensor could be able to dectect Hg2+ highly 
specifically. 
 

 
 

Fig. 5. Selectivity studies: (a) Photographic image showing the selectivity 
of Hg2+ against the different metal cations in the presence of AgNPs,  

(b) The UV-vis spectra of AgNPs in the presence of different metal 
cations (c) Bar chart diagram for selectivity of Hg2+ against different 
metal cations; A-is absorbance of AgNPs in the presence of metal cations 
and A0-is absorbance of AgNPs at 441 nm. 

 
Sensitivity studies 

In order to find out the sensing range of chemosensor, 
sensitivtiy studies were carried out. For this experiments,  
1 mM  of mercury salt solution was prepared and AgNPs 
was diluted with distilled water, separately. Further, 
dilution of  0.5 mM of mercury solution was attained by 
adding calculated amount of distilled water to makeup the 
solution upto 5 nM. Then, 1.5 mL of AgNPs was  mixed 
with 1 mL of different concentrations (5 nM, 50 nM,  
0.5 µM, 5 µM, 50 µM, 0.5 mM) of Hg2+ solution and fi 
nal concentration of Hg2+ was found to be 2 nM, 20 nM, 
0.2 µM, 2 µM, 20 µM and 0.2 mM. When Hg2+ added to 
AgNPs, a significant color change from brownish yellow to 
colorless was observed due to the redox reaction between 
silver and mercury with the standard potential of 0.8 V 

(Ag+/Ag0) and 0.85 V (Hg2+/Hg0), respectively [47]. The 
photographic image of AgNPs in the presence of different 

concentrations of Hg2+ was depicted in Fig. 6(a).  From the 
image, it was clearly seen that, the AgNPs exhibited the 
sensitivity range upto 2 µM. Further, it was proved using 
UV-vis spectroscopy by measuring the SPR intensity of 
AgNPs. The UV-vis spectra of AgNPs in the presence of 
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different concentrations of Hg2+ was given in Fig. 6(b).   

It was clearly seen from the Fig. 6(b), the absorbance 
intensity of AgNPs was gradually decreased when increaing 
the concentration of Hg2+ upto 0.5 mM. However, in the 
case 0.5 mM to 5 µM of Hg2+, there was considerable shift 
in the SPR peak was obsereved and also the peak was 
completely disappered. This color change from brownish 
yellow to colorless and change in the SPR intensity of the 
AgNPs indicate the redox reaction was occurred between 
silver and mercury and this led to the aggregation followed 
by the formation of silver and mercury amalgam (Ag/Hg). 
The absorbance values of AgNPs versus the concentration 

of Hg2+ was plotted, which was shown in Fig. 6(c). It shows 
a linear relationship (y= -0.044x + 0.7682, R2 = 0.9987) 
between the SPR absorbance of AgNPs at 441nm and Hg2+ 
at concentration from 0.2 mM to 2 µM. The LOD of this 
sensor system was calculated from the theoretical calcution 
and found to be 0.3 ±0.005 µM. 
 

 
 
Fig. 6. Sentivity studies: (a) Photographic image of AgNPs in the 
presence of different concentrations of Hg2+; a-5 nm, b-50 nM, c-0.5 µM, 
d-5 µM, e-50 µM, f-0.5 mM, (b)  The UV–vis absorption spectra for 
response of AgNPs upon addition of different concentrations of Hg2+ and 
(c) Plot of A-absorbance of AgNPs in the presence of Hg2+ at 441 nm; A0-
absorbance of AgNPs at 441 nm. 

  
After sensing of Hg2+, HR-TEM analysis was carried out 

in order to the confirm the redox reaction as well as the 
aggregation of AgNPs.  Hence, the particle size of the 
AgNPs was increased from 36 nm to 86 nm due to the 
induced particles aggregation of AgNPs ( not given here 
(see supporting files)). Similarly, EDS spectrum was 
recordered during the HR-TEM analysis to confirm the 
presensce of mercury in the AgNPs. The EDS spectrum 
shows the peak for silver and mercury, which indicates after 
the detection, silver and mercury was present (not given 
here (see supporting files)) in the solution.  

 

AgNPs loaded PVA films and nanofibers 

PVA films and AgNPs loaded PVA films were fabricated 
by solvent casting method which shows over 95 % of 
transparency (FT-IR) and good flexibility. Similarly, PVA 
and AgNPs loaded PVA fiber mat was optimized at the 
concentration of 12 wt % of PVA solution (see supporting 
files) by electrospinning method. The diameter of the PVA 
and AgNPs loaded PVA nanofibers were measured from 
optical microscope images which shows an average 
diameter of 522 nm and 444 nm, respectively. From this 
analysis, we observed that the diameter of AgNPs loaded 
PVA nanofibers were reduced to 444 nm due to the 

increased electrical conductivity of AgNPs [30]. In addition 
to that, the identification and surface morphology of AgNPs 
loaded PVA fiber was studied by HR-TEM analysis.  From 
the HR-TEM results, it was clearly seen that the nanofibers 

are smooth and continuous without beads (Fig. 7(c, d). 
AgNPs observed as dark spots embedded on the surface of 
the fiber matrix. It shows a diameter of 40 nm dispersed 
over the PVA nanofiber with an average diameter of ~141 
± 0.03 nm. 
 

 
 
Fig. 7. Optical microscope and HR-TEM images of PVA and AgNPs 
loaded PVA nanofiber (a) optical microscope image of PVA nanofiber 
optimized at 12 wt% of polymer solution (b) optical image of AgNPs 
loaded PVA nanofiber was optimized the with same concentration. (c) 
TEM image of AgNPs loaded PVA fiber at 5 µm, inset: single nanofiber 
of AgNPs. The dark spot represented the embedding of AgNPs into the 
PVA fiber matrix and (d) histogram shows the distribution of fiber 
diameter. 

 
Anti-microbial activity of PVA films and nanofibers of 
T.bellerica stabilized AgNPs 
 
Anti-microbial activity of AgNPs incorporated PVA films 
and nanofibers and also T.bellerica of films against to 
B.subtils and E.coli was studied. The fabricated AgNPs 
loaded PVA films, nanofibers and T. bellerica of films 
were showed zone of inhibition of 20, 20 and 16 mm, 
respectively towards B.subtillis. Similarly, the AgNPs 
loaded films, nanofibers and T.bellerica films were displays 
zone of inhibition of 20, 22 and 18 mm against E.coli, 
respectively. From the anti-bacterial activity, it was found 
that the T.bellerica stabilized AgNPs loaded PVA films and 
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nanofibers exhibits efficient anti-bacterial activity than the 
T.bellerica. Compared to films and nanofibers, nanofibers 
were showed higher zone of inhibition because of high 
surface area and porosity nature of the fibers. 

 

Conclusion  

In this work, green synthesis of AgNPs was effectively 
achieved using T.bellerica aqueous extract as reducing and 
stabilizing agent at room temperature, for the first time. 
HR-TEM results showed spherical shaped nanoparticles 
with an average diameter of 30 ± 6 nm. The prepared 
AgNPs exhibited good sensing property towards Hg2+ with 
the limit of detection of 0.3 ± 0.005 µM. AgNPs loaded 
films and nanofibers were subjected to anti-microbial 
studies which showed the excellent microbial activity for 
AgNPs loaded nanofibers than the films against the E.coli. 
Compared to physical and chemical methods, this protocol 
is very simple, low-cost, non-toxic and eco-friendly. The 
AgNPs were free from toxic impurities and could be 
explored for various applications such as bio-medical 
coatings, sensors, textile industry and food packing.  
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Supporting information 
 

Green synthesis of AgNPs was effectively achieved using 
T.bellerica aqueous extract as reducing and stabilizing 
agent at room temperature, for the first time. HR-TEM 
results showed that spherical shaped nanoparticles with an 
average diameter of 30 ± 6 nm. AgNPs exhibited good 
sensor property towards Hg2+. AgNPs loaded films and 
nanofibers were subjected to antimicrobial studies, which 
showed the excellent microbial activity for AgNPs loaded 
nanofibers than the films with against the E.coli. 
 

 
 
Scheme (a) UV-vis spectrum of T.bellerica stabilized AgNPs and their 
TEM image (b) Colorimetric sensing of mercury (c) Microbial activity of 
AgNPs 

 

 
 

Fig. S1. HR-TEM images of AgNPs in the presence of Hg2+ (a) TEM 
image of AgNPs in the presence of Hg2+ at 100 nm (b) TEM image of 
agglomerated AgNPs containing Hg2+ at 50 nm (c) EDS spectrum of 
AgNPs in the AgNPs in the presence of Hg2+. 
 

 
 

Fig. S2. Fabricated films and nanofibers (a) pure PVA film (b) AgNPs 
loaded PVA film (c) pure PVA fiber membrane and (d) AgNPs loaded 
PVA fiber membrane 


