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Abstract
Green synthesis of silver nanoparticles (AgNPs) has been considered as a cost-effective and eco-friendly approach to 
generate a large volume of functionalized nanoparticles. In this work, AgNPs has been synthesized by reducing silver 
nitrate using an aqueous leaf extract of Leucas aspera (a medicinal plant found in Indian sub-continent) under ambient 
conditions. The UV/Vis peak at 428 nm confirmed the formation of AgNPs. FTIR (4500–750 cm−1) analysis revealed the 
presence of bioactive functional groups coated over synthesized AgNPs. Furthermore, HR-TEM analysis of synthesized 
AgNPs confirmed the formation of nanostructures. The shape of the AgNPs was found to be spherical with sizes ranging 
from 20 to 40 nm. In addition, Face Centered Cubic structure of AgNPs was confirmed by XRD analysis. The antimicrobial 
effect of synthesized AgNPs was also studied in bacterial strains such as Escherichia coli (E. coli) and Bacillus subtilis (B. 
subtilis). The Minimal Inhibitory Concentration of AgNPs was found to be 30 µg/ml and 15 µg/ml for B. Subtilis and E. 
coli, respectively. In this study, we have also explored the synergistic effect of AgNPs conjugated with antibiotics such as 
Ampicillin and Kanamycin, results confirmed an increased antimicrobial activity against E. coli and B. subtilis. Finally, we 
have performed catalytic degradation of recalcitrant textile dyes using AgNPs and found that AgNPs were suitable for 
degradation of Optilan Red and Lanasyn Blue dyes.

Keywords Green synthesis · Characterization · Antibacterial · Synergistic effect · Catalytic degradation

Abbreviations
AgNPs  Silver nanoparticles
HR-TEM  High resolution Transmission Electron 

Microscopy
FTIR  Fourier Transform Infrared Spectroscopy
MIC  Minimum Inhibitory Concentration
ZOI  Zone of Inhibition
XRD  X Ray Diffraction analysis

1 Introduction

The green synthesized nanostructured materials have 
been critically acclaimed due to their unique physi-
ochemical properties. In addition, green synthesis takes 
the advantage of biological systems such as plants [1], 
bacteria [2], yeast [3], fungi [4], and human cells [5]. Such 
biological systems possess an inherent ability to reduce 
inorganic metal ions into metal nanoparticles [6]. Further-
more, the green synthesis of nanoparticles are considered 
to be both cost-effective and eco-friendly in nature owing 
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to little or no release of harmful chemicals to the environ-
ment [7]. Therefore, in this study we took the advantage 
of aqueous leaf extracts of medicinal plant Leucas aspera 
(widespread throughout the Indian sub-continent from 
the northern Himalayas down to Ceylon also few parts of 
China and Bangladesh) to reduce silver nitrate into silver 
nanoparticles (AgNPs).

In this study we utilized L. aspera as a biological system 
of choice due to its ubiquitous in India and posses an anti-
pyretic, anti-venom, antimicrobials, insecticide properties 
[8]. Previous studies on aqueous leaf extract of L. aspera 
have demonstrated the antibacterial effect of L. aspera 
extracts against Vibrio cholerae, Escherichia coli, Salmonella 
typhi, Klebsiella aerogenes, Staphylococcus aureus, Proteus 
vulgaris, and Pseudomonas pyocyanea [9]. Considering the 
antimicrobial potential of aqueous extract, in this study we 
synthesized AgNPs using L. aspera leaf extract as reduc-
ing and stabilizing agent and evaluated its antimicrobial 
activity.

The AgNPs can be functionalized using commercially 
available antibiotics such as glycosaminoglycans, making 
AgNPs a potent antimicrobial compound [10]. Recent stud-
ies on AgNPs conjugated with antibiotics demonstrates 
their ability to kill Gram-positive (S. aureus) and Gram-
negative (E. coli) strain [11]. However, such conjugation 
method lacks precision and the precise molar concentra-
tion of antibiotics present on conjugated AgNPs was very 
difficult to regulate. In this study, we propose the use of 
AgNPs in combination with known concentration (20 µg/
ml) of antibiotics such as Ampicillin and Kanamycin. Such 
synergistic approach increased the antimicrobial activity 
of AgNPs [12].

Besides being an antimicrobial compound, studies 
in the past demonstrates that green synthesized AgNPs 
also posses catalytic properties. For instance, green syn-
thesized Zinc oxide (ZnO) nanoparticles using Artocarpus 
heterophyllus leaf extract possess the ability to degrade 
Rose Bengal dye from aqueous solution [13]. In addition, 
AgNPs synthesized using an aqueous solution of Amaran-
thus gangeticus were tested for their ability to degrade 
Congo red dye [14]. However, catalytic degradation of 
toxic textile dyes using AgNPs synthesized from L. aspera 
leaf extracts have not been reported till date. Therefore, 
in this study we explored the possibility of using green 
synthesized AgNPs in degrading recalcitrant textile dyes. 
Our results suggest that AgNPs were suitable for degrada-
tion of Optilan Red and Lanasyn Blue dyes. In essence, this 
study demonstrates the use of green synthesized AgNPs 
as a potent catalytic and antimicrobial agent.

2  Materials and methods

2.1  Methods

Silver nitrate  (AgNO3), Mueller–Hinton agar (MHA), Luria 
Broth, Kanamycin, Ampicillin were of analytical grade and 
purchased from Hi Media Pvt Ltd, India. Gram-negative E. 
coli (MTCC 443) and Gram-positive B. subtilis (MTCC 121) 
were obtained from MTCC, Chandigarh, India and used for 
antimicrobial studies.

2.2  Preparation of Leucas aspera extract

The leaf extract was prepared using the methods 
described in earlier publications [12]. The whole plant was 
collected from Sathyamangalam (southern part of India) 
forest area and used in this study. The collected plant 
sample was cleaned with deionized water to remove all 
dirt and allowed to shade dry to remove excess moisture 
content. The aqueous extract of L. aspera was prepared 
by heating 10 g of dried leaf sample in 100 mL of distilled 
water at 70 °C. The crude extract obtained was filtered 
through Whatman No. 1 filter paper. The leaf extracts were 
then sealed and stored at 4 °C for further analysis.

2.3  Green synthesis of silver nanoparticles

Green synthesis of nanoparticles was achieved using the 
methods described in previous publications with minor 
modification [1]. Green synthesis of AgNPs involves the 
reduction and stabilization of 0.1 M silver nitrate solution 
using L. aspera aqueous extract. Here, the plant extract 
functioned as a capping and reducing agent. Fifty millilit-
ers of aqueous leaf extract added dropwise to 100 mL of 
1 mM aqueous silver nitrate solution in Erlenmeyer flask 
with constant stirring at 500 rpm. The formation of AgNPs 
was identified by observing the color change from green 
to dark brown. The purification of AgNPs was performed 
by centrifugation at 15,000 rpm. The precipitate obtained 
was washed with ethanol three times to remove impurities 
and dried in an oven at 70 °C for 3–4 h. The synthesized 
AgNPs was stored in a brown bottle for characterization 
purpose.

2.4  Characterization of silver nanoparticles

The synthesized silver nanoparticles (AgNPs) were char-
acterized by using UV/Vis spectroscopy, Fourier Transform 
Infrared Spectroscopy (FTIR), High-resolution Transmission 
Electron Microscopy (HRTEM) and X-Ray Diffraction (XRD). 
The Reduction of  AgNO3 into AgNPs with the addition of 
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aqueous plant extract was identified by the formation of 
surface Plasmon resonance peak (~ 400 nm) using UV/Vis 
spectroscopy. The FTIR (at 4500–750 cm−1) analysis was 
performed for identification of various bioactive functional 
groups present in aqueous plant extract and coated over 
synthesized AgNPs during reduction and stabilization pro-
cess. The XRD analysis was performed to determine the 
structure, phase purity, lattice parameters of synthesized 
AgNPs. HRTEM was performed to determine the size, mor-
phology, and agglomeration of AgNPs.

2.5  Antibacterial activity of the synthesized AgNPs 
from Leucas aspera

The antibacterial activity of the synthesized AgNPs was 
determined by well diffusion method against E. coli (MTCC 
443) and B. subtilis (MTCC 121). The strains were cultivated 
in Luria broth at 37  °C for 18  h and used for bacterial 
studies.

2.6  Well diffusion assay

The well diffusion is a standard method for antibacterial 
evaluation of metal nanoparticles [15]. The bacterial sub-
cultures were standardized to 0.5 McFarland standard and 
seeded to MHA agar under the biosafety hood. Four wells 
each of 6 mm was made on MHA agar using a sterile gel 
puncture syringe and labeled. The aqueous solution of 
AgNPs of different concentrations (50, 75 and 100 µg/ml) 
was prepared and loaded into each well and penicillin was 
used as the positive control. The Zone of Inhibition (ZOI) 
was measured from MHC agar plates after 24 h at 37 °C. 
The experiments were performed in triplicates and the 
percentage of inhibition was calculated using the formula.

2.7  Minimum inhibitory concentration 
of synthesized AgNPs

The Minimum Inhibitory Concentration (MIC) assay was 
performed as described in the earlier publications [16] 
with slight modifications. Top layer agar plates contain-
ing lawns of E. coli (MTCC 443) and B. subtilis (MTCC 121) 
were prepared by mixing 5 mL of LB broth containing 0.8% 

(1)
Inhibition percentage (%)

=
((

ZOIAgNPs − ZOIcontrol
)

× 100
)/

ZOIcontrol

agar and 1 mL of overnight cultures. The mixture was then 
poured onto LB agar plates and allowed to solidify for 
15 min and 10 µL of this serially diluted AgNPs was then 
added to the top layer of agar plates containing lawns of 
the appropriate strain. The plates were incubated over-
night for 18 h at 37 °C and colonies were observed to 
determine the MIC.

2.8  Synergistic effect with antibiotics

To evaluate the synergistic effect of the obtained AgNPs 
with antibiotics, the bacterial cultures were standardized 
to 0.5 McFarland standard and seeded to MHA agar under 
the biosafety hood. The 20 µg/ml stock solution of both 
AgNPs and antibiotics were prepared, mixed well and 10 µl 
of AgNPs-antibiotics mixtures were loaded to the respec-
tive wells and antibiotics were used as a controls. Incubate 
the loaded MHC agar plates at 37 °C for 24 h and meas-
ured the ZOI. The experiments were performed triplicates 
and Mean inhibition zone diameter was calculated. The 
Synergistic effect of antibiotic with AgNPs addition was 
calculated as follows

where a is ZOI of Antibiotics alone and b is ZOI of Antibiot-
ics and AgNPs combination.

2.9  Dye degradation study

The catalytic of dye degradation activity of the synthesized 
AgNPs were performed as described in the previous pub-
lication [17] with minor modification. A 500 µL of AgNPs 
(in varying concentrations of 62.5, 125 and 250 µg/mL) 
were prepared and added to 2.5 mL of dye solution (50 µg/
mL) and incubated for 45 min at 35 °C. Further, the sample 
was centrifuged was centrifuged at 15,000 rpm to remove 
AgNPs. The dye solution was diluted 20 fold and measured 
for absorbance at corresponding λmax. The degradation of 
dye was observed by decreasing in absorbance value due 
to decolourisation of dye solution. The dye degradation 
percentage was calculated as described [18],

(2)Increase in fold percentage (%) =
b − a

a
× 100

(3)Increase in fold area (sq.mm) =
b2 − a2

a2

(4)Degradation percentage =
Initial absorbance of the dye − Final absorbance of the dye

Initial absorbance of the dye
× 100
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3  Results and discussion

3.1  Green synthesis and characterization of AgNPs

The Biogenic reduction of silver nitrate with L. aspera leaf 
extract results in the formation of AgNPs, which was con-
firmed by the appearance of dark brown color after over-
night incubation. The color change acts as the preliminary 
steps to predict the formation of nanoparticles [19].

3.2  UV–Vis spectroscopy and FTIR analysis

The reduction of  AgNO3 into silver nanoparticle with the 
addition of aqueous plant extract was identified by the 
formation of surface plasmon resonance peak at 428 nm 
using UV–Vis spectroscopy. Figure 1 shows the UV–Vis 
spectrum of AgNPs synthesized using L. aspera aque-
ous extract showing surface plasmon resonance peak 
at 428 nm that confirms the presence of AgNPs. Studies 
on green synthesis of AgNPs suggest that the biogenic 
reduction of  AgNO3 with plant extracts was due to vari-
ous bioactive functional groups present in aqueous plant 
extract [20], which coated over synthesized AgNPs during 
reduction and stabilization process.

The FTIR spectroscopy was performed for both leaf 
extract and synthesized nanoparticles and illustrated in 
Fig. 2. The FTIR spectrum of L. aspera leaf extract and syn-
thesized AgNPs shows a shift in peaks at range 3420–3371 
(due to N–H stretching, amides), 1635–1650 (due to C=O 
stretching, amides) and 1000–1320 cm−1 (characteristic of a 
C–O stretch, Carboxylic acids). Apart from that synthesized 
AgNPs shows peaks at 1826, 1521, 1247 cm−1 related to C=O 
stretching, N–O stretching of aromatic nitro compounds and 

C–N stretching aromatic amine respectively. The surface of 
AgNPs contains functional groups corresponding to amides, 
nitro compounds and carboxylic acid. The polyphenols and 
proteins present in the L. aspera could act as both reducing 
and encapsulated agents and aids the reduction of  AgNO3 
to AgNPs. The opto-electric spectrum analysis using UV/
Vis spectroscopy and FTIR spectroscopy only explains the 
formation and surface functional groups of the synthesized 
AgNPs.

3.3  HR‑TEM analysis

HR-TEM was performed to investigate the size and mor-
phology of the AgNPs. Samples were prepared as per the 
protocol and coated over the copper grids and the particle 
size was evaluated using Fiji software. Figure 3 shows HRTEM 
micrographs of synthesized AgNPs which confirms the for-
mation of nanostructures. The Silver nanoparticles produced 
by the green synthesis method shows uniformity in the 
shape as most are spherical in shape and the image shows 
that the particles produced are monodispersed (Fig. 3a). The 
magnified image (Fig. 3b) clearly shows the fringes which 
shows the orderly arrangement of the atoms in the nanopar-
ticles. The shape of the most AgNPs was found to be spheri-
cal and the particle size ranges from 20 to 40 nm.

3.4  XRD analysis

The XRD pattern of dried AgNPs was shown in Fig. 4. The 
XRD shows peaks at 39°, 44.5°, 65°, 77° and 82° which cor-
respond to {1,1,1},{2,0,0},{2,2,0},{3,1,1} and {2,2,2} crys-
talline planes which confirms the face centered cubic 
crystalline (according to standard Joint Committee for 
Powder Diffraction Set, # 89-3722) structure of synthesized 
AgNPs and the sharpness of peaks indicates the particles 
are in the nano range. The other smaller peaks visible in 
the graph are due to the unreacted silver nitrate in the 

Fig. 1  UV–Vis spectra of AgNPs synthesized using Leucas aspera 
aqueous extract showing surface plasmon resonance peak at 
428 nm

Fig. 2  FTIR spectra of Leucas aspera aqueous extract and green syn-
thesized AgNPs
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solution of the nanoparticles. The broadness of the peaks 
indicates the small size of the particles synthesized [21].

3.5  The antibacterial and synergistic effect 
of AgNPs

The synthesized AgNPs shows antibacterial activity against 
E. coli (MTCC 443) and B. subtilis (MTCC 121). A varying 
concentrations of synthesized AgNPs were diluted and 
tested for antibacterial activity against the aforemen-
tioned strains and antibacterial activity was evaluated 
based on the ZOI. It is found that the ZOI increases with 

increases in AgNPs concentration. The AgNPs of differ-
ent concentrations (50, 75 and 100 µg/ml) were prepared 
and added into the wells on MHA plate containing bac-
terial culture and ZOI was measured after the incubation 
period of 24 h and results were illustrated in Fig. 5. Table 1 
shows the effect of varying concentrations of AgNPs on 
E. coli and B. subtilis. The ZOI was found to be 23.3 ± 0.58, 
24 ± 1 and 26.3 ± 0.58 mm against Gram-Negative E. coli 
for AgNPs concentrations of 50, 75 and 100 µg/mL respec-
tively. For Gram-Positive B. subtilis, the ZOI was found to 
be 15.30 ± 1.15, 18 ± 1, 23 ± 1 for the same AgNPs concen-
tration range. The Inhibition percentage was calculated 
using Eq. (1). The MIC for L. aspera capped AgNPs was esti-
mated to be 30 µg/ml and 15 µg/ml for B. Subtilis and E. 
coli, respectively. The results for top layer agar plates assay 

Fig. 3  HRTEM micrograph images of AgNPs synthesized using leaf 
extract of Leucas aspera showing the spherical shaped particle of 
size ranges from 20 to 40  nm. a Diameter of five spherical AgNPs 

were measured and b fringes in AgNPs indicating orderly arrange-
ment of the atoms, scale bar 5 nm

Fig. 4  XRD pattern of AgNPs synthesized using Leucas aspera leaf 
extract

Fig. 5  Antibacterial activity of AgNPs synthesized using Leucas 
aspera leaf extract
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was given in Fig. 6. Table 2 shows the synergistic effect of 
AgNPs with common antibiotics such as Ampicillin and 
Kanamycin against E. coli and B. subtilis. To quantify the 
synergistic effect of AgNPs, the increase in ZOI was esti-
mated in terms of area and percentage using the Eqs. (2) 
and (3). Ampicillin shows maximum synergistic effect with 
AgNPs against both E. coli and B. subtilis than the Kana-
mycin (Table 2). Figure 7 shows the synergistic effect of 
AgNPs with Amplicillin and Kanamycin on E. coli and B. 
subtilis. The synthesized AgNPs shows maximum antibac-
terial activity against the gram-negative bacteria, owing 
to the difference in cell membrane architecture. The cell 
membrane of gram-negative bacteria composed of thin 
peptidoglycan layer and a thin exterior layer of liposac-
charides which has negative electrostatic charges that 
attract and assists diffusion of positively charged AgNPs 
inside the cell wall. But Gram-positive bacteria have a 
thick peptidoglycan layer composed of teichoic acids and 
shows resistant to AgNPs. The antibiotics contain various 

functionally active groups, which may react with the nano-
particle by chelation or binding of antibiotics and nano-
particles through van der Waals interaction that results in 
antibiotics-AgNPs complex. The AgNPs acts as the drug 
delivery vehicle that facilitates the antibiotics to reach cell 
interior and increase the possibility of drug-target inter-
action. The AgNPs facilitates the targeted delivery of the 
hydrophilic drug through the hydrophobic bacterial mem-
brane architecture. In addition, the surface of green syn-
thesized AgNPs contains functional groups corresponding 
to amides, nitro compounds, a carboxylic acid which also 
contributes antibacterial activity.

3.6  Catalytic dye degradation property of AgNPs

In this work, the dye degradation properties of L. aspera 
caped silver nanoparticles were tested for textile dyes 
Optilan Red and Lanasyn Blue. The absorbance maximum 

Table 1  Effect of different 
concentration of Leucas aspera 
leaf extract reduced AgNPs 
on Escherichia coli and Bacillus 
subtilis 

a The inhibition percentage was calculated with respect to Ampicillin (as control)

Concentration of AgNPs (µg/ml) Escherichia coli Bacillus subtilis

50 75 100 50 75 100

Zone of inhibition (mm) 23.3 ± 0.58 24 ± 1 26.3 ± 0.58 15.30 ± 1.15 18 ± 1 23 ± 1
Inhibition percentage (%)a 94.16 100 100 27.5 50 91.6

Fig. 6  Minimum inhibitory concentration of AgNPs synthesized 
using Leucas aspera leaf extract for a B. Subtilis and b E. Coli 

Table 2  Synergistic effect of Leucas aspera leaf extract reduced AgNPs with common antibiotics on Escherichia coli and Bacillus subtilis 

Bacterial strains Commercial anti-
biotics

Mean zone of inhibition 
(mm) with antibiotics

Mean zone of inhibition (mm) 
AgNPs with antibiotics

Increase in fold 
area  (mm2)

Increase in 
percentage 
(%)

Escherichia coli Kanamycin 9 13 1.086 44.44
Ampicillin 12 18 1.25 50

Bacillus subtilis Kanamycin 14 16 0.306 14.28
Ampicillin 12 15 0.56 25

Fig. 7  Synergistic antibacterial activity of AgNPs synthesized using 
Leucas aspera leaf extract with common antibiotics
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(λmax) of Optilan Red and Lanasyn Blue dyes were found 
to be 246 nm, 626 nm using UV–Vis spectroscopy analy-
sis. The dye degradation reactions were conducted in test 
tubes for 45 min at 35 °C with addition of varying concen-
tration of green synthesized AgNPs and degree of decol-
ourization was observed using UV–Vis spectrophotometer 
[22]. The dye degradation percentage of Lanasyn Blue was 
found to be 9.6%, 14.75% for AgNPs concentrations of 
62.5, 125 µg/mL respectively. Figure 8 shows the Overlay 
UV spectra for degradation of Lanasyn Blue in presence 
of varying concentration of L. aspera leaf extract capped 
AgNPs. For Optilan Red dye, the degradation percentage 
was found to be 18.89, 20.80, 29.19% for the AgNPs con-
centrations of 62.5, 125, 250 and 125 µg/mL, respectively. 
Figure 9 illustrates the Overlay UV spectra for Optilan Red 
dye degradation in presence of varying concentration of 
L. aspera leaf extract capped AgNPs.

4  Conclusion

This study demonstrates the potential of AgNPs produced 
from L. aspera as an active catalytic and antimicrobial 
agent. Our green sythesis approach takes advantage of 
leaf extract from medicinal plant (L. aspera) that eliminates 
the need for toxic chemical reducing agents. The green 
synthesized AgNPs used in this study also posses dye deg-
radation properties. In addition, the synergitic approach 

of combining AgNPs with antibiotics further enhances 
the antimicrobial propertis of green synthesized AgNPs. 
In summary, this study could possibly pave a way for large 
scale green synthesis of AgNPs that posses dual (antimi-
crobial and dye degradation) properties.
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