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Abstract: The present study reports the green synthesis of silver nanoparticles (AgNPs) from 

silver precursor using a plant biomaterial, Cassia roxburghii DC., aqueous extract. The AgNPs 

were synthesized from the shade-dried leaf extract and assessed for their stability; they elucidated 

characteristics under UV–visible spectroscopy, X-ray diffraction, Fourier transform infrared spec-

troscopy, high-resolution transmission electron microscopy, and energy dispersive X-ray spectros-

copy. The synthesized AgNPs exhibited a maximum absorption at 430 nm, and the X-ray diffraction 

patterns showed that they were crystal in nature. Fourier transform infrared spectroscopy analysis 

confirmed the conversion of Ag+ ions to AgNPs due to the reduction by capping material of plant 

extract. The HR-TEM analysis revealed that they are spherical ranging from 10 nm to 30 nm. The 

spot EDAX analysis showed the presence of silver atoms. In addition, AgNPs were evaluated for 

their antibacterial activity against six different pathogenic bacteria: three Gram-positive bacteria, 

Bacillus subtilis, Staphylococcus aureus, and Micrococcus luteus, and three Gram-negative bac-

teria, Pseudomonas aeruginosa, Escherichia coli, and Enterobacter aerogenes. They were highly 

sensitive to AgNPs, whereas less sensitive to AgNO
3
. Furthermore, the green synthesized AgNPs 

were immobilized on cotton fabrics and screened for antibacterial activity. The immobilized AgNPs 

on cotton cloth showed high antibacterial activity. Therefore, they could be a feasible alternative 

source in treating wounds or may help in replacing pharmaceutical band-aids.

Keywords: bioreduction, stability, immobilization, cotton cloth, minimum inhibitory 

concentration

Introduction
Nanomaterials are at the leading edge of the rapidly developing field in nanotechnology. 

Their unique size makes them superior and indispensible in many areas of human activ-

ity. Nanotechnology encompasses the production and application of physical, chemical, 

and biological systems at scales ranging from individual atoms or molecules to submi-

cron dimensions, as well as the integration of the resulting nanostructures into larger 

systems. Science and technology research in nanotechnology promises breakthroughs 

in areas such as materials and manufacturing, nanoelectronics, medicine and health 

care, energy, biotechnology, and information technology. Nanoparticles are usually 

referred to as the particles with a maximum size of 100 nm. Nanoparticles exhibit new 

properties when compared to larger particles of the bulk material. The novel properties 

are derived due to the variations in specific characteristics, such as size, distribution, 

and morphology of particles. The nanoparticles have a wide range of applications, 

such as in combating microbes, drug delivery, catalysis,1 water purification,2 treatment 
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of environmental waste,3 food industry,4,5 textile industry,6,7 

biolabeling, and treatment of cancer.

Generally, metal nanoparticles can be prepared and 

stabilized by physical and chemical methods. The chemical 

approaches, such as chemical reduction, electrochemical 

techniques, lithography, and photochemical reduction, are 

most widely used.8,9 Though they have the control over the 

size and shape of the nanoparticles, they pose some threats 

when they are being used in the medical applications. 

Moreover, they are expensive, need high pressure, energy, 

and temperature, and need use of some toxic chemicals for 

the stabilization of nanoparticles, leading to adverse effects 

when they are being applied in the medical and pharmaceuti-

cal applications;10 hence, there is an increasing need for the 

development of an eco-friendly process for the synthesis 

of nanoparticles. Plants have attracted more attention than 

the bacteria and fungi as they are easily available and do 

not require the maintenance of highly aseptic conditions.11 

Among the noble metal nanoparticles, silver nanoparticles 

(AgNPs) are considered to be of great importance because of 

their high antiviral,12 antibacterial, and antifungal properties13 

and good electrical conductivity, chemical stability, and 

catalytic activity.

Though there is a widespread use of AgNPs in the 

medical, cosmetics, and pharmaceutical industries, there is 

a threat, as to the release of nanoparticles into the environ-

ment and their interaction with the biotic components of the 

ecosystem.14 Different sizes and shapes of the nanoparticles 

could pose a threat to human and environmental health.15 

Hence, proper knowledge of the engineered nanomateri-

als, their mode of interaction, uptake, accumulation, and 

impact on the biosystems at various levels is inevitable to 

implement proper control to avoid nanopollution turning 

out to be a serious ecological concern.16,17 Recently, it has 

been shown that different sizes of AgNPs (20–80 nm) were 

toxic to thale cress (Arabidopsis thaliana) seedlings and 

they caused stunted growth even at very low concentration. 

Hence, it is assumed that the toxicity induced by the AgNPs 

on the plant system might be due to the presence of the toxic 

compounds present on the surface of the nanoparticles.18,19 

Cassia roxburghii DC. is a graceful tree with spreading, 

drooping branches appearing to be overweighted by its 

wealth of clustering orange–red blossoms. C. roxburghii is 

native to Sri Lanka and Southern India. Cassia species are 

widely used in folk medicine for their laxative, purgative 

uses, and for treating skin diseases, such as ring worm, 

scabies, eczema, and wounds. C. roxburghii had been 

used in ethnomedicine for various liver disorders for its 

hepatoprotective activity.20 It is also being used in in vivo 

wound healing.21 In the present study, AgNPs were synthe-

sized from C. roxburghii. They were characterized using 

high-resolution transmission electron microscopy, energy 

dispersive X-ray (EDX) spectroscopy, Fourier transform 

infrared spectroscopy (FTIR), and X-ray diffraction (XRD) 

analysis. The antibacterial activity of AgNPs and AgNPs 

coated on cotton fabric was investigated against six differ-

ent pathogenic bacteria.

Materials and methods
All the analytical grade chemicals were purchased from 

Sigma-Aldrich Co. (St Louis, MO, USA). Silver nitrate was 

purchased from HiMedia Laboratories (Mumbai, India). The 

bacteria were obtained from the Culture Collection Facility 

at the Centre for Advanced Studies in Botany, University of 

Madras, Chennai.

Collection of plant materials
The healthy leaves of C. roxburghii were collected in and 

around Guindy campus, University of Madras, Chennai, dur-

ing January 2012. They were washed twice with tap water 

and then rinsed with distilled water, removing dust particles 

from their surface. Then the leaves were shade dried for 

3 days at room temperature.

Preparation of the plant extract
The air-dried leaves were ground to coarse powder using a 

blender; 4.0 g of the dried leaf powder sample was taken and 

mixed with 100 mL of glass distilled water. This mixture was 

kept at 55°C for 15 minutes in a water bath and cooled to 

room temperature and filtered through Whatman No 1 filter 

paper. This aqueous extract was refrigerated and used for 

further experiments.

Synthesis of AgNPs
A total of 1 mL of the C. roxburghii leaf aqueous extract 

was added to 9 mL of 1 mM solution of silver nitrate in 

a 15 mL test tube. The reaction was performed in dark at 

room temperature overnight to minimize photoactivation 

of silver nitrate. The aqueous leaf extracts of C. roxburghii 

and AgNO
3 
solution were used as control. After the desired 

reaction period, the solution containing the AgNPs was 

centrifuged at 15,000 rpm for 10 minutes. The pellet was 

collected and redispersed in glass-distilled water, removing 

any interactive biological molecules. This was repeated thrice 

to ensure better separation of the AgNPs and was used for 

characterization studies.
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Characterization of AgNPs
UV–visible spectroscopy
The formation of dark brown color during the synthesis 

was confirmed as the formation of AgNPs. The reduction 

of the pure AgNPs was recorded under UV–visible spectro

scopy using Hitachi U-2900 UV–visible spectrophotometer 

between 300 nm and 700 nm. The UV–visible spectra of 

the plant leaf extract and silver nitrate solution were also 

recorded.

Stability of AgNPs
Time
The stability of AgNPs from C. roxburghii was recorded 

between 300  nm and 700  nm at different time intervals 

such as 0 hour, 6 hours, 12 hours, 18 hours, and 24 hours 

to 2 months. The absorbance of the solutions was measured 

using Hitachi U-2900 UV–visible spectrophotometer.

HR-TEM and EDX
A drop of AgNPs was placed on carbon-coated copper grids 

and allowed to stand for 2 minutes, and the excess solution 

was removed using a blotting paper allowed to dry at room 

temperature. High-resolution transmission electron micro

scopy observations were made on a FEI-TECNAI G2 T-30, 

S-Twin instrument. EDX analyses of different elements were 

recorded with the above instrument.

XRD studies
The lyophilized AgNPs coated on XRD grid were subjected 

to XRD analysis under SEIFERT JSO-DEBYEFLEX 2002 

model operated at 40 kV and a current of 30 mA with Cu⋅Kα 

radiation of wavelength 1.5406 Å. The XRD pattern was 

scanned in the 2θ range from 30° to 70° with a step size of 

0.04°/s.

Fourier transform infrared spectroscopy
FTIR spectra of the aqueous leaf extract and AgNPs samples 

were analyzed by FTIR spectroscopy (Hitachi Ltd., Tokyo, 

Japan). The FTIR analysis was performed with KBr pellets 

and recorded in the range of 400–4,000 cm−1. The various 

modes of vibrations were identified and assigned to determine 

the different functional groups present in the samples.

Antibacterial efficiency of biosynthesized 
AgNPs
The synthesized AgNPs obtained from the leaf extract 

of C. roxburghii was tested for its antibacterial potent 

against Gram-positive bacteria, such as Bacillus subtilis, 

Staphylococcus aureus, and Micrococcus luteus, and 

Gram-negative bacteria, such as Pseudomonas aeruginosa, 

Escherichia coli, and Enterobacter aerogenes. The antibacte-

rial activities of the sample were determined by following the 

agar plate well diffusion method21 using 30 mL of Mueller 

Hinton agar medium in sterilized Petri plates. The agar plates 

were seeded with freshly prepared different pathogens. Agar 

wells with diameter of 6 mm were made with the help of a 

sterile stainless steel cork borer. The wells were labeled as 

A, B, C, and D. The wells A and B were loaded with 40 µL 

of the biosynthesized AgNPs and AgNO
3
 (1 mM); C well 

was loaded with 40 µL containing 10 µg of the streptomy-

cin. The D well was loaded with 40 µL of the aqueous leaf 

extract of C. roxburghii. The plates were incubated at 37°C 

for 24 hours, and the zone of inhibition (ZOI; mm) appearing 

around the wells was recorded.

Minimum inhibitory concentration
The microbial activity of AgNPs was recorded by the deter-

mination of minimum inhibitory concentration (MIC). The 

selected six different bacterial suspensions were prepared 

and seeded on the agar medium. Then 10 µL, 20 µL, 30 µL, 

and 40 µL of AgNPs were loaded to the respective wells. 

All the plates were incubated at 37°C for 24 hours, and the 

MIC concentration was recorded.

Antimicrobial activity of AgNPs loaded  
on cotton fabrics and SEM studies
The respective MIC concentration of AgNPs of the patho-

gens was added on the pre-sterilized white cotton cloth of 

1 cm2 under aseptic condition and tested against the six dif-

ferent pathogenic bacteria. The cloth was then placed in a 

sterile container and kept at 50°C for overnight to evaporate 

the water content. Then the pathogens, such as B. subtilis,  

S. aureus, M. luteus, P. aeruginosa, E. coli, and E. aerogenes, 

were seeded uniformly on the respective plates and placed 

on the cotton cloth impregnated with AgNPs. The plates 

were then incubated at 37°C for 24 hours, and the ZOI was 

recorded. Concurrently, the cotton cloth impregnated with 

AgNPs was also observed under scanning electron micro

scopy Hitachi S-3400N.

Results and discussion
UV–visible spectroscopy
C. roxburghii leaf (Figure 1) aqueous extract added with 

silver nitrate at 1  mM showed a change in color from 

pale yellow to dark brown (Figure 2). This was due to 

the excitation of surface plasmon resonance (SPR) by 
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becomes sharper. The reaction had started within 6 hours, 

and the SPR showed a peak at 420 nm. Thereafter, there was 

a shift in the peak from 426 nm at 12 hours and 428 nm at 

18 hours. The reaction ended at 24 hours with an absorp-

tion peak at 430 nm, and the two-month old sample also 

exhibited a peak at 430 nm (Table 1).24 The sharper peak 

indicated the formation of monodisperse nanoparticles from 

the extract of C. roxburghii. These results showed that there 

is no alteration in the peak even after 2 months of incubation, 

thus indicating the higher stability of biosynthesized AgNPs 

of C. roxburghii (Figure 4).

HR-TEM and EDAX analysis
Morphology and particle size of AgNPs were characterized 

using HR-TEM. The HR-TEM images of AgNPs synthesized 

with the leaf extract of C. roxburghii are shown in Figure 5A 

and B. The particles are predominantly spherical in shape 

with a diameter ranging from 10 nm to 30 nm. The EDAX 

(Figure 5C) spectrum shows a single signal for silver, indi-

cating that the synthesized AgNPs were free from impurity. 

The strong signal of the Ag atoms indicated the crystalline 

Figure 1 C. roxburghii plant leaves.
Abbreviation: C. roxburghii, Cassia roxburghii.

Figure 2 Optical photographs of synthesized AgNPs from C. roxburghii.
Abbreviations: AgNPs, silver nanoparticles; C. R., C. roxburghii; B, blank; T, test;  
C. roxburghii, Cassia roxburghii.

AgNPs.22 AgNPs have free electrons, which give rise to 

SPR absorption band, due to the combined vibration of 

electrons of metal nanoparticles in resonance with the light 

wave.23 The reduction of AgNPs in the aqueous solution of 

silver complex during the reaction with the leaf extract of 

C. roxburghii was confirmed by the UV–visible spectra. 

Absorption spectra of AgNPs at 430  nm after 24  hours 

of incubation sharpening of peak indicated that the par-

ticles are found monodispersed. The AgNO
3
 solution and 

C. roxburghii leaf aqueous extract alone did not show any 

peak between 300 nm and 700 nm (Figure 3).

Stability of silver nanoparticles
Time
AgNPs synthesis was also evaluated under UV–visible 

spectroscopy at different durations (0  hour–2  months) in 

order to study the stability of the formed nanoparticles. 

It was recorded that with increased contact time, the peak 

Figure 3 UV–visible spectrum of the AgNPs synthesized from C. roxburghii.
Abbreviations: AgNPs, silver nanoparticles; C. roxburghii, Cassia roxburghii; AgNO3, 
silver nitrate.

Table 1 Stability of AgNPs

Serial no Hours Wavelength (nm)

1 0 hrs 000
2 6 hrs 420
3 12 hrs 426
4 18 hrs 428
5 24 hrs 430
6 5th day 430
7 15th day 430
8 1 month 430
9 2 months 430

Abbreviations: AgNPs, silver nanoparticles; hrs, hours.
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Figure 4 UV–visible spectrum of the AgNPs at different time durations.
Abbreviations: AgNPs, silver nanoparticles; hrs, hours.

Figure 5 High-resolution transmission electron spectroscopy images of (A) AgNPs (scale bar 20 nm) and (B) magnified AgNPs (scale bar 10 nm). (C) Energy dispersive 
X-ray spectrum of AgNPs.
Abbreviations: AgNPs, silver nanoparticles; EDX, energy dispersive X-ray.

property. The presence of O peaks along with the Ag signals 

suggested that the AgNPs are capped by phytoconstituents 

through oxygen atom.

XRD analysis
The XRD patterns of AgNPs synthesized from the leaf 

aqueous extract of C. roxburghii were assigned to a face-cen-

tered cubic25 (Figure 6). The Bragg reflections with 2θ values 

of 38.1°, 44.3° and 64.4° corresponded to the (111), (202), 

and (220) sets of lattice planes, and they may be indexed 

as the band for face-centered cubic structures of silver.26 

The XRD pattern, thus, clearly illustrated that the AgNPs 

synthesized by the present green method are crystalline in 

nature.
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Fourier transform infrared spectroscopy
The FTIR spectrum explains the interaction of AgNPs with 

leaf biomolecules of C. roxburghii. It showed the broad-

band at 3,422 cm‑1 due to the stretching vibrations of –N-H 

and –O-H groups, while an absorption band at 2,920 cm‑1 due 

to –C-H group. An absorption band appeared at 1,616 cm‑1 

due to the stretching vibration of C=C, while an absorption 

band at 1,376 cm‑1 is due to the presence of C-N-like amine 

or C-O-like phenol groups. The two absorptions recorded at 

1,246 cm‑1 and 1,096 cm‑1 are due to the presence of C-N 

(aliphatic amine) stretching vibration. The two weak bands 

at 825 cm‑1 and 618 cm‑1 are due to the out-of-plane bend-

ing vibrations of –O-H and C-H groups, respectively. The 

FTIR results confirmed the presence of –NH, –OH, C=C, and 

CH groups, which indicated that the plant extract contain-

ing the hydroxyl and amine groups substituted flavonoids  

(Figure 7A). The FTIR spectrum of the extract-AgNPs 

(Figure 7B) also exhibited similar FTIR spectral values, but 

the stretching vibration band at 1,377 cm−1 corresponds to the 

C–N stretching vibrations peak was blend, which is amine 

group peak.27 The peaks recorded at 1,376 cm−1 of the aque-

ous extract of C. roxburghii expressed in AgNPs indicated 

that the amino groups are partially utilized for the encap-

sulation and stabilization of AgNPs. Further, it is observed 

that the flavonoids28 act as a reducing agent, which reduces 

Ag+ to Ag0 and the amino group as a stabilizing agent in the 

green synthesis of AgNPs. Thus, the FTIR study reveals the 

multifunctionality of the aqueous extract of C. roxburghii 

where reduction and stabilization occur simultaneously.

Antibacterial activity of AgNPs and MIC
Biosynthesized AgNPs were studied for their antibacterial 

activity against three different Gram-negative and three 

Gram-positive pathogenic bacteria by following standard 

method, and ZOI was recorded.29 Among the pathogens, 

P. aeruginosa was highly sensitive to the biologically 

synthesized nanoparticles, 21 mm ZOI; followed by M. luteus 

of 19 mm; E. aerogenes of 18 mm; B. subtilis of 17 mm;  

E. coli of 16 mm; and S. aureus of 12 mm. AgNO
3 
alone 

showed least activity. The aqueous extract of C. roxburghii did 

not show any inhibitory activity against the tested pathogens, 

whereas streptomycin showed high antibacterial activity than 

synthesized AgNPs (Figure 8, Table 2). The MIC of 7.2 µg/mL  

against P. aeruginosa was followed by 8.8 µg/mL against M. 

luteus. However, the MIC toward S. aureus was only 12.4 µg/mL  

(Table 3). Modern times have witnessed many potential bio-

medical applications of nanobiotechnology. Nanoparticles, 

for instance, have immense applications in the early diag-

nosis and management of diseases, including those caused 

by emerging multidrug-resistant pathogens. AgNPs have 

found wide usage in various industries, and they are known to 

inhibit a number of microorganisms. AgNPs are extensively 

used in the pharmaceutical and medical industries as they 

have shown inhibitory activities against various microorgan-

isms. They have also been used in balms, topical ointments 

to avert infections following burn wounds.30,31 AgNPs can 

easily reach the nuclear content of bacteria, and as they are 

present in the greatest surface area, therefore, the contact 

with bacteria is the greatest.32 This could be the reason why 

they showed high antibacterial activity.33,34

Antimicrobial activity of AgNPs loaded  
on cotton fabrics and SEM studies
The AgNPs impregnated on cotton fabrics were tested 

against three different Gram-positive bacteria and three 

Gram-negative bacteria, and ZOI was recorded. The 

cotton fabrics without AgNPs (Figure 9A) with AgNPs 

observed under SEM revealed the distribution of AgNPs in  

Figure 9B and C. The efficacy of fabrics with AgNPs against 

pathogens is given in Figure 10B.35 The cotton fabrics without 

AgNPs did not show any antibacterial activity (Figure 10A). 

AgNPs-immobilized cotton cloth could find wide application 

in various fields. In hospitals, it could be used by medical 

practitioners as self-sterilizing coat or apron material since 

the practitioners are constantly exposed to pathogenic organ-

isms, which are potent causes of series side effects. The 

cotton cloth immobilized with AgNPs can also be used as an 

antiseptic bandage material for wound dressing.36 Lee et al 

reported the antibacterial effect of the AgNPs-immobilized 

cloth material against Gram-positive, Gram-negative, and 

antibiotic-resistant bacteria.36 Skin-irritation tests of the 

AgNPs-immobilized cloth material on guinea pigs revealed 
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Figure 6 X-ray diffraction pattern of AgNPs synthesized from C. roxburghii.
Abbreviations: AgNPs, silver nanoparticles; C. roxburghii, Cassia roxburghii.
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Figure 7 Fourier transform infrared spectrum of (A) C. roxburghii leaf aqueous extract and (B) AgNPs.
Abbreviations: AgNPs, silver nanoparticles; C. roxburghii, Cassia roxburghii.

no side effects.36 Interaction of AgNPs with human fibroblasts 

affected their fission, but it was not toxic.37 Though AgNPs 

are reported to cause no big health problems when adminis-

tered into the body, argyria is always a problem, irrespective 

of the nanosize of silver.38 In daily life, AgNPs-impregnated 

clothing may find a good applicability in underwear and 

socks.36 However, further studies are required to verify if 

the bacteria develop resistance toward the nanoparticles and 

associated cytotoxicity39 of nanoparticles toward human cells 

before proposing their therapeutic use.
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Figure 8 Antibacterial activity of AgNPs synthesized from C. roxburghii.
Notes: (A) biologically synthesized AgNPs, (B) silver nitrate, (C) streptomycin, (D) plant leaf aqueous extract.
Abbreviations: AgNPs, silver nanoparticles; C. roxburghii, Cassia roxburghii.

×

× ×

Figure 9 SEM images of the cotton fabric.
Notes: (A) Without AgNPs (control) (scale bar 100 µm). (B) Containing AgNPs (scale bar 500 µm). (C) Containing AgNPs (scale bar 100 µm).
Abbreviations: SEM, scanning electron microscope; AgNPs, silver nanoparticles.
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Table 2 Antibacterial activity of the AgNPs

Name of the organism Zone inhibition (mm in diameter)

AgNPs C. roxburghii aqueous extract Positive control (streptomycin) AgNO3

Bacillus subtilis 17 – 23 8
Micrococcus luteus 19 – 25 9
Staphylococcus aureus 12 – 18 8
Pseudomonas aeruginosa 21 – 26 16
Enterobacter aerogenes 18 – 21 12
Escherichia coli 16 – 22 8

Abbreviations: AgNPs, silver nanoparticles; AgNO3, silver nitrate; C. roxburghii, Cassia roxburghii.

Table 3 Minimum inhibition concentration of AgNPs

Bacteria Zone of inhibition (mm) MIC (µg/mL)

Bacillus subtilis 17 9.2
Micrococcus luteus 19 8.8
Staphylococcus aureus 12 12.4
Pseudomonas aeruginosa 21 7.2
Enterobacter aerogenes 18 8.3
Escherichia coli 16 9.8

Abbreviations: AgNPs, silver nanoparticles; MIC, minimum inhibitory concentration.

Figure 10 Antibacterial activity of AgNPs coated on cotton fabric.
Notes: (A) Without loaded AgNPs (control). (B) AgNPs loaded on cotton fabric (test).
Abbreviations: AgNPs, silver nanoparticles; C. roxburghii, Cassia roxburghii.
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Conclusion
AgNPs were green synthesized using the leaf biomolecules 

of C. roxburghii. We demonstrated the possibility of using 

biologically synthesized AgNPs and their incorporation 

in cotton materials. The cotton fabrics incorporated with 

the AgNPs exhibited antibacterial activity against both 

Gram-positive and Gram-negative bacteria. Considering 

the observation from UV–visible absorption, stability, 

XRD, HR-TEM of the C. roxburghii synthesized AgNPs, 

the impregnated AgNPs on cotton fabric could play a vital 

role in biomedical application since it is pollutant free and 

eco-friendly.
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