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Abstract: The objective of the study was to characterize silver nanoparticles (Ag-NPs) and 

their bioactivities in early tracheophytes (Pteridophyta). Aqueous leaf extract of a critically 

endangered fern, Pteris tripartita Sw., was used for one-step green synthesis of Ag-NPs. The 

biosynthesized Ag-NPs were characterized using ultraviolet-visible spectroscopy, Fourier 

transform infrared  spectroscopy, scanning electron microscopy, energy-dispersive X-ray 

spectroscopy, X-ray diffraction, and high-resolution transmission electron microscopy. 

Morphologically, the Ag-NPs showed hexagonal, spherical, and rod-shaped structures. Size 

distributions of Ag-NPs, calculated using Scherrer’s formula, showed an average size of 32 nm. 

Ag-NPs were studied for in vitro antioxidant, antimicrobial, and in vivo anti-inflammatory 

activities. Ag-NPs exhibited significant anti-inflammatory activity in carrageenan-induced paw 

volume tests performed in female Wistar albino rats. Furthermore, Ag-NPs showed significant 

antimicrobial activity against 12 different microorganisms in three different assays (disk dif-

fusion, time course growth, and minimum inhibitory concentration). This study reports that 

colloidal Ag-NPs can be synthesized by simple, nonhazardous methods, and that biosynthesized 

Ag-NPs have significant therapeutic properties.

Keywords: silver nanoparticles, Pteris tripartita, FTIR, HRTEM, antioxidant, antimicrobial

Introduction
Generally, nanoparticles (NPs) are colloidal systems with particles varying in size 

from 10 to 1,000 nm.1 At present, there are plenty of nanotechnology products com-

mercially available.2,3 While physical, chemical, and biological methods are all avail-

able for the synthesis of NPs, at present, chemical approaches are most commonly 

used. However, these chemical synthesis methods are expensive and require the use 

of toxic chemicals. Thus, synthesis of NPs from biomolecules of microbes and plants 

has become a more common method in recent years. Previous studies have identified 

biomolecules including proteins, polyphenols, flavonoids, and other phytochemicals 

that have an ability to reduce ions to nanosize and to stabilize NPs by acting as cap-

ping agents.4 Noble metal NPs with gold, silver, and platinum have been widely used 

for many years; hence, there is an urgent need to develop an ecofriendly method of 

synthesizing noble metal NPs without using toxic chemicals.

In particular, silver compounds are widely used for healing purposes owing to their 

antimicrobial properties.5,6 Historically, Alexander the Great also used silver vessels 
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to store drinking water.7 In earlier studies, microorganisms,8 

enzymes,9 fungi,10 and some plant extracts11–14 have also been 

widely used in NP biosynthesis; their use suggests the pos-

sibility of developing an ecofriendly NP synthesis method to 

replace chemical and physical methods. Gardea-Torresdey 

et al15 reported the formation of gold and silver NPs (Ag-NPs) 

by living plants for the first time. NP synthesis using plants 

has distinct advantages over microbial synthesis: this method 

is rapid, of single step, low cost, and has notable ecofriendly 

properties. Moreover, plant NP synthesis also eliminates the 

expensive and time-consuming process of maintaining cell 

cultures for large-scale NP synthesis.16 In our earlier studies, 

we assessed spore germination percentage, gametophyte 

growth, apogamous sporophyte development, phytochemical, 

in vitro antioxidant, and in vivo anti-inflammatory activity 

of Pteris tripartita Sw. extracts.17–21 Even though this plant 

has been widely discussed for its potential medicinal uses, to 

date, the biosynthesis of Ag-NPs using pteridophyte (fern) 

extracts has not been reported. Thus, the main objective of 

our present study was to biosynthesize Ag-NPs using an 

aqueous leaf extract of P. tripartita Sw., and to assess these 

extracts for antioxidant, anti-inflammatory, and antimicrobial 

properties through in vitro and in vivo assays.

Materials and methods
Collection of plant material
Mature leaves of P. tripartita Sw. without spores were col-

lected from the Nuburagangai stream of Alagar Hills (altitude: 

500–750 m) in Madurai District, Tamil Nadu, India. Voucher 

specimens were numbered, authenticated (XCH 25403), and 

deposited in St Xavier’s College Herbarium, Palayamkottai 

(Tamil Nadu, India). The plant material was washed in running 

tap water in order to remove the dust and shade-dried at room 

temperature. The dried plant material was coarsely powdered 

and stored in a plastic container for further processing.

Plant extraction
Leaf broth solution was prepared by combining 5 g of plant 

powder with 100 mL of double-distilled water in a 250 mL 

Erlenmeyer flask and boiling the mixture for 5 minutes, followed 

by filtering the reaction mixture through Whatman No 1 filter 

paper. The filtrate was stored at 4°C and used within a week (in 

order to reduce contamination of the plant aqueous extract).22

Biosynthesis of Ag-NPs
Ultraviolet-visible spectroscopy and Fourier 
transform infrared spectroscopy analysis
Silver nitrate (AgNO

3
) was purchased from Sigma-Aldrich Co. 

(St Louis, MO, USA) and a 1 M solution of AgNO
3
 was prepared.  

Two milliliters of the plant extract was mixed with 1,000 mL 

of 1 M AgNO
3
 solution and the mixture was kept at room 

temperature for 24 hours to obtain a reddish-brown suspen-

sion. Observations were made through ultraviolet-visible 

(UV–vis) spectroscopy (Model: Lambda 35; PerkinElmer 

Inc., Waltham, MA, USA). The suspension was also analyzed 

using a Fourier transform infrared (FTIR) spectrophotometer 

(Model Spectrum RX1, PerkinElmer Inc.) at a range of 4,000 

to 400 cm−1. To collect NPs, the reaction mixture was cen-

trifuged (Eppendorf 5804R (Eppendorf 5804R, Germany) 

twice at 10,000 rpm for 10 minutes each. The supernatant 

was then discarded. In order to acquire pure NPs, free of 

unwanted biological materials, the pellet was washed with 

1 mL of double-distilled water, centrifuged twice, and dried 

on a watch glass at room temperature. Finally, the Ag-NPs 

were then stored at 4°C for further studies.23

Characterization of Ag-NPs using scanning 
electron microscopy and energy-dispersive 
X-ray analysis
Scanning electron microscopy (SEM) and energy-dispersive 

X-ray analysis (EDAX) were performed using a JEOL 

JSM-6390 model at 20 kV. Thin films of the sample were 

prepared on a carbon-coated copper grid by dropping a very 

small amount of the sample on the grid, and extra moisture 

was removed using blotting paper. Finally, the sample film 

on the SEM grid was allowed to dry under a mercury lamp 

for 5 minutes prior to analysis.23

High-resolution TEM analysis
High-resolution transmission electron microscopy (HRTEM) 

is a microscopy technique in which a beam of electrons gets 

transmitted through an ultrathin specimen and interacts with 

the specimen. The sample was dispersed in double-distilled 

water and a drop of thin dispersion was placed on a “staining 

mat”. The carbon-coated copper grid was inserted such that 

the coated side was turned upward. Ten minutes later, the grid 

was removed and air dried to screen the NPs using HRTEM 

(FEI Tecnai G2 F30 S-Twin, Hillsborough, OR, USA) at 

an accelerating voltage of 80 kV. The magnified image was 

formed by using an imaging device to capture the interaction 

of electrons transmitted through the specimen.23

X-ray diffraction analysis
The Ag-NPs were drop-coated onto glass substrates to 

measure their sizes with X-ray diffraction (XRD) using 

a Shimadzu XRD-6000 instrument. After evaporation of 

water at room temperature, the dried mixture was assayed to 

confirm the presence of Ag-NPs. The X-ray diffractometer 
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operated at 40 kV voltage and 30 mA current with Cu Kα 

radiation in a θ–2θ configuration.

In vitro antioxidant activities
DPPH radical scavenging activity
Radical scavenging activity of biosynthesized Ag-NPs was 

measured by the DPPH radical scavenging method described 

by Blois.24 Ag-NPs at various concentrations were transferred 

to test tubes and their volume was adjusted to 100 μL with 

double-distilled water. Then, 5 mL of 0.1 mmol/L ethanolic 

solution of DPPH was added and each tube was shaken 

vigorously. The tubes were allowed to stand for 20 minutes 

in dark at room temperature. A negative control was prepared 

as above without Ag-NPs. The absorbance of the samples 

was measured at 517 nm using a spectrophotometer (Hitachi 

U-2000). The antioxidant capacities of the samples exposed 

to DPPH in this assay were compared with those of butylated 

hydroxyanisole, butylated hydroxytoluene, rutin, quercetin, 

and a blank. Radical scavenging activity was expressed as 

the inhibition percentage of free radicals by the samples rela-

tive to the control, and was calculated using the following 

formula: percentage of radical scavenging activity = (control 

optical density [OD] − sample OD/control OD) ×100.

Chelating activity
The chelation activity of ferrous ions by biosynthesized 

Ag-NPs was estimated by the method of Dinis et al.25 

First, Ag-NP samples (20 μL) were added to a solution of 

2 mmol/L FeCl
2
 (0.05 mL). The reaction was initiated by 

the addition of 5 mmol/L ferrozine (0.2 mL) solution. The 

mixture was shaken vigorously and left to stand at room 

temperature for 10 minutes. The absorbance of the solution 

was thereafter measured spectrophotometrically at 562 nm. 

The chelating activity of Ag-NPs was evaluated using 

ethylene diaminetetraacetic acid (EDTA) as a standard. The 

results were expressed as mg EDTA equivalent/g extract. The 

percentage of inhibition of ferrozine–Fe2+ complex forma-

tion was calculated using the following equation: [(A
0
 − A

1
)/

A
0
] ×100, where A

0
 is the absorbance of the control and A

1
 is 

the absorbance of the extract/standard.

Phosphomolybdenum assay
The antioxidant activity of Ag-NPs was evaluated by the 

phosphomolybdenum method as per Prieto et al.26 An aliquot 

of 50 μL of the sample solution (1 mM in dimethyl sulfox-

ide) was added to a 4 mL vial and combined with 1 mL of 

reagent solution (0.6 M sulfuric acid, 28 mM sodium phos-

phate, and 4 mM ammonium molybdate). The vials were 

capped and incubated in a water bath at 95°C for 90 minutes. 

After cooling to room temperature, the absorbance of the 

mixture was measured at 765 nm against a blank. The results 

were reported in ascorbic acid equivalents (AAE) per gram 

sample.

Azinobis 3-ethylbenzothiazoline-6-sulfonate 
(ABTS˙+) assay
An ABTS radical cation decolorization assay of Ag-NPs, 

performed according to the method of Re et al,27 was used 

to estimate the total antioxidant activity of the samples. 

ABTS˙+ was produced by reacting 7 mM ABTS˙+ aqueous 

solution with 2.4 mM potassium persulfate in the dark for 

12–16 hours at room temperature. The reagent solution was 

diluted in ethanol (about 1:89 v/v) and equilibrated at 30°C 

to give an absorbance of 0.7±0.02 at 734 nm. One milliliter 

of diluted ABTS˙+ solution was added to different concentra-

tions of the sample or Trolox standards (final concentration 

0–15 μM) in ethanol, and absorbance was measured at 30°C 

exactly 30 minutes after the initial mixing. Three technical 

replicates were used for each sample dilution. Absorbances 

were measured at 734 nm and these readings were plotted as 

a function of Trolox concentration. The percentage of inhibi-

tion was calculated and the results were expressed in Trolox 

equivalents. Total antioxidant activity is defined in terms of 

the concentration of Trolox that has equivalent antioxidant 

activity and is expressed in μmol/g sample.

Hydrogen peroxide scavenging activity
The ability of Ag-NPs to scavenge hydrogen peroxide (H

2
O

2
) 

was determined according to the method of Ruch et al.28 

A solution of H
2
O

2
 (2 μmol/L) was prepared in phosphate 

buffer (0.2 M, pH 7.4) and its concentration was determined 

spectrophotometrically at 230 nm with molar absorptivity of 

81 M−1/cm. An Ag-NP-suspended solution (10 μL) was added 

to 3.4 mL of phosphate buffer together with 0.6 mL of H
2
O

2
. 

An identical reaction mixture without the sample was used 

as a negative control. Absorbance of H
2
O

2
 at 230 nm was 

determined after 10 minutes against the blank solution (phos-

phate buffer). The scavenging activity (in percentage) was 

calculated according to the following formula: scavenging 

activity (%) = [(A
0
 − A

1
)/A

0
] ×100, where A

0
 is the absor-

bance of the control (reaction mixture without sample) and 

A
1
 is the absorbance of the sample/standard.

In vitro antimicrobial activity
Microbial cultures
Both bacterial and fungal strains were collected from the 

Microbial Type Culture Collection (MTCC), Institute of 

Microbial Technology, Chandigarh, India. The bacterial 
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strains included the gram-positive bacteria, Bacillus subtilis 

Ehrenberg (MTCC 441), Bacillus cereus Bizio (MTCC 

1272), and Bacillus megaterium A. deBary (MTCC 2444), as 

well as the gram-negative bacterial strains, Escherichia coli 

Escherich (MTCC 1195), Proteus vulgaris Hauser (MTCC 

1771), Serratia marcescens Bizio (MTCC 8780), Salmonella 

typhi Eberth (MTCC 733), Klebsiella pneumoniae Fried-

lander (MTCC 2405), Vibrio cholerae Pacini (MTCC 3904), 

Shigella sonnei Carl Olaf Sonne (MTCC 2957), Enterobacter 

aerogenes Bizio (MTCC 2823), and Pseudomonas aerugi-

nosa Schroeter (MTCC 2642). The fungal strains including 

Aspergillus niger van Tieghem (MTCC 2425), Aspergillus 

flavus Link ex-Gray (MTCC 3396), Fusarium oxysporum 

Schlecht (MTCC 2480), Penicillium chrysogenum Thom. 

(MTCC 2725), and Rhizopus oryzae Went & Prins. Geerl. 

(MTCC 262) were selected for antifungal assays.

Antimicrobial assays
The antimicrobial activities of biosynthesized Ag-NPs, 

AgNO
3
, and standard antibiotic (chloramphenicol) were 

examined using three different assays: a disk diffusion assay 

for both antibacterial and antifungal activities, a time-course 

growth assay, and a minimum inhibitory concentration 

(MIC) assay.

Antibacterial disk diffusion assay
Agar plates were made by pouring 20 mL of sterile nutrient 

agar liquid medium (pH 7.4±0.2) into sterile Petri plates. 

After solidification, 100 µL of suspension, containing 105 

colony forming units/mL of each bacterial sample, was 

spread over the nutrient agar plates. Sterile filter paper disks 

(6 mm in diameter) were impregnated with 5 and 10 mg/mL 

of AgNO
3
 and Ag-NP suspended solution, respectively. 

Sample-loaded disks were placed on the inoculated agar 

plates. Chloramphenicol (10 mg/mL) was used as a positive 

reference control to determine the sensitivity of each bacterial 

species to Ag-NPs. The inoculated plates were incubated at 

37°C for 24 hours. Antibacterial activity was evaluated by 

measuring zones of inhibition against the test organisms. 

Each assay contained three technical replicates.29

Antifungal disk diffusion assay
The antifungal activity of biosynthesized Ag-NPs and AgNO

3
 

was tested using disk diffusion.30 Potato dextrose agar 

plates were inoculated with fungal cultures (10 days old) by 

point inoculation. Filter paper disks (Whatman No 1, 6 mm 

diameter) were impregnated with 5 and 10 mg/mL AgNO
3
 

and Ag-NPs, respectively, and were then placed on test 

organism-seeded plates. Nystatin (10 mg/mL) was used as 

positive control. Activity was determined after 72 hours of 

incubation at 28°C. Diameters of inhibition zones were mea-

sured with a caliper and their mean values were calculated.

Time course growth assay
A time course growth assay was used to evaluate the antibac-

terial sensitivity of pathogenic bacterial strains to Ag-NPs and 

AgNO
3
 through time. One hundred microliters of overnight 

bacterial culture in nutrient broth (NA) was added to sterile 

test tubes containing 1 mL of NA containing 100 µL of 5 and 

10 mg/mL AgNO
3
 and Ag-NPs, respectively. The inoculated 

tubes were incubated at 37°C after shaking. Optical density at 

550 nm was measured using a microquant spectrophotometer 

(BioTek, USA) after 0, 1, 2, 3, and 5 hours. A decrease in 

optical density was observed in the incubated cultures, sug-

gesting a bacteriostatic effect.31 Each assay contained three 

technical replicates.

Minimum inhibitory concentration
Different concentrations of samples were tested for the MIC 

required to affect bacterial growth. Three milliliters of NA, 

0.1 mL of bacterial suspension, and AgNO
3
 and Ag-NPs 

(5 and 10 mg/mL, respectively) suspended in double-distilled 

water were added to each test tube. Tubes were incubated 

at 37°C for 24 hours. After 24 hours, turbidity in each test 

tube was measured using a spectrophotometer at 420 nm. 

This turbidity measurement was taken as an indicator of the 

bacterial density, and the relationship between this and the 

sample inhibition rate was assessed.32

In vivo anti-inflammatory activity
Animals
Female Wistar albino rats (120–150 g) were used throughout 

the experimental study, and were housed in polypropylene 

cages with sterile husk materials. The experimental animals 

were maintained under controlled environmental conditions 

at 23°C±2°C and a relative humidity of 55%±10% on a 

12-hour light/dark cycle. The experimental rats were allowed 

to acclimatize for 1 week prior to experimentation, and were 

thereafter provided with water and the standard pellet diet.

Ethics
The animal experimental protocols used in this study 

were approved by the Institutional Animal Care and Use 

Committee of Sri Krishnadevaraya University at Anantapur, 

Andhra Pradesh, India (Reg No 25/1/99/AWD) and followed 

the national guidelines of India for animal care.
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Acute toxicity
According to the Organization for Economic Cooperation 

and Department, acute oral toxicity studies were carried out 

by random sampling technique.33 Six Wistar albino adult 

female rats were then selected for the study; these were fasted 

for 12 hours with free access to water. Ag-NPs suspended 

in hydrosol were orally administered at a dose of 5 mg/kg 

for 3 days and their effects on rat mortality were observed. 

If mortality was observed in more than four of six animals, 

then the dose administered was considered as toxic dose. 

Furthermore, if mortality was observed in only one of six 

animals, then the study was repeated with a higher dose. 

The higher doses used were 25, 50, 75, and 100 mg/kg. 

General behaviors such as motor activity, tremors, convul-

sions, Straub reaction, aggressiveness, piloerection, loss 

of righting reflex, sedation, muscle relaxation, hypnosis, 

analgesia, ptosis, lacrimation, diarrhea, and skin color were 

observed for the first 1 hour and then 24 hours after drug 

administration.

Anti-inflammatory activity
The in vivo anti-inflammatory activity of biosynthesized 

Ag-NPs was evaluated in Wistar albino adult female rats 

using the standard carrageenan-induced paw edema method.34 

The animals were divided into five different groups with each 

group containing six rats. The animals were fasted overnight 

with free access to water before treatment. Group  I rats 

(positive control) received water alone. Group II (negative 

control) rats were treated with carrageenan (10  mg/kg; 

Hi-Media, Mumbai, India) to induce inflammation. Group III 

animals were treated with indomethacin (10 mg/kg) as 

the standard drug. Group IV and V rats were treated with 

50 and 100 mg/kg of biosynthesized Ag-NPs, respectively. 

Indomethacin and biosynthesized Ag-NPs were administered 

orally 30 minutes before the administration of carrageenan in 

the right hind paws of experimental rats. Finally, paw volume 

was measured using a Plethysmometer (Plethysmometer 

(Panlab, LE7500, USA) at intervals of 0, 1, 2, 3, and 24 hours 

to study the in vivo anti-inflammatory activity of Ag-NPs. 

The percentage of inhibition of paw edema was calculated 

by the following formula:

	

Percentage of inhibition
V V

V
=

−
×c t

c

100

�

where V
t
 is the increase in paw volume of rats treated with 

the sample drug and V
c
 is the increase in paw volume of the 

positive control group.

Statistical analysis
All experiments were performed with groups of six animals 

each and the results were expressed as mean ± the standard 

error of mean. All data were analyzed using Statistical Package 

for the Social Sciences 17.0 software (SPSS Inc., Chicago, IL, 

USA) with one-way analyses of variance followed by Duncan’s 

new multiple range test (DMRT), with an alpha level of 0.05.

Results and discussion
Biosynthesis of Ag-NPs
Biosynthesis of Ag-NPs from AgNO

3
 is one of the most 

widely used methods for silver colloid synthesis. The 

biosynthesized Ag-NPs were characterized using UV–vis 

spectrophotometry, FTIR, EDAX, SEM, and HRTEM. 

The ability of the plant leaf extract to reduce silver ions to 

Ag-NPs was confirmed by the reddish-brown color change 

in the reaction mixture.

UV–vis spectrum analysis
For the synthesis of Ag-NPs, the reaction mixture contained an 

aqueous leaf extract of P. tripartita Sw. and an aqueous solution 

of AgNO
3
 (1 M). This solution, which was initially colorless, 

turned reddish-brown, indicating the synthesis of Ag-NPs by 

the reduction of silver ions in solution. Their characteristic 

surface plasmon absorption was observed at 428 nm; this 

was very close to the surface plasmon resonance wavelength 

of silver (Figure 1A). The surface plasmon resonance of 

Ag-NPs depends on both the size and shape of particles, and 

several investigators have already reported the absorption of 

colloidal silver solution between 410 and 440 nm.35–40 The 

reddish-brown color change occurs due to excitation of the 

surface plasmon vibration of the metal NPs.

FTIR analysis
FTIR absorption spectra revealed the functional groups 

involved in the bioreduction of NPs. Aqueous extracts of 

P. tripartita Sw. contain numerous bioactive compounds 

including phenolics, flavonoids, terpenoids, tannins, proteins, 

and glycosides. Of these compounds, flavonoids play a vital 

role as reducing agents during NP synthesis. FTIR spectra 

were recorded for biosynthesized Ag-NPs produced from 

aqueous leaf extracts using a Spectrum 100 spectrometer 

(PerkinElmer  Inc.). Spectra were observed in the range 

of 650–4,000 cm−1 (mid-infrared). The FTIR spectrum 

of the reddish-brown suspension showed four different 

peaks at 3,416, 2,082, 1,639, and 672 cm−1, respectively 

(Figure 1B). The broad band at 3,416 cm−1 (–OH or –NH) 

showed the presence of hydrogen bonded hydroxyl (–OH) 
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group compounds. The “hydrogen region”, which ranges 

from 3,800 to 2,700 cm−1, is the highest energy region of the 

spectrum, and spectra in the range from 3,200 to 3,400 cm−1 

may indicate alcohols, carbohydrates, and phenols. A sharp 

band at 1,639.76 cm−1 showed C=O stretching bonds of the 

carbonyl group, and the absorption peak near 1,700 cm−1 

indicated the presence of aldehyde, ketone, carboxylic 

acids, and amide (I, II, III) group compounds. The carbonyl 

group of amino acid residues has the ability to strongly bind 

metals. Proteins containing these residues may form a coat 

which covers metal NPs and prevents the particles from 

forming agglomerations in solution.41 The capping ligand 

of Ag-NPs may have an aromatic compound, alkane, or 

amine.42 The wide absorption spectra at 1,635 cm−1 might 

result from the stretch vibrations of –C=C, which was also 

observed in an earlier study.43 Tian et al44 reported that 

isolated flavonoids, namely, quercetin and quercetin 3-O-

glycosides from lotus leaves, were also used in Ag-NP 

synthesis. According to Baskaran,21 high-performance liquid 

chromatography analysis of an ethanol extract of P. tripartita 

Sw. showed the presence of flavonoids, including quercetin 

and rutin. Furthermore, metabolites such as reducing sugars 

and terpenoids found in neem leaf broth are believed to be 

the surface-active molecules that stabilize NPs.11 An extract 

Figure 1 (A) UV-visible spectra and (B) FTIR spectra of Ag-NPs synthesized using Pteris tripartita Sw. leaf extract with 1 M AgNO3 solution.
Abbreviations: AgNO3, silver nitrate; Ag-NPs, silver nanoparticles; FTIR, Fourier transform infrared spectroscopy; UV, ultraviolet.
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of Capsicum annuum revealed the role played by individual 

residues within proteins in the reduction of silver ions to 

Ag-NPs.45 Moreover, secondary metabolites like alkaloids, 

flavonoids, tannins, and cardiac glycosides, which were 

all present in the extract of Tagetes erecta, may have been 

responsible for stabilizing the synthesized NPs in an earlier 

study.23 Thus, these FTIR spectra confirmed the production 

of Ag-NPs by the reduction of Ag+ ions due to the capping 

material of P. tripartita aqueous leaf extract.

EDAX analysis
EDAX spectra of Ag-NPs were recorded and are shown in 

Figure 2. EDAX spectra of Ag-NPs showed a strong signal 

for silver atoms, as well as weaker signals for O and Cl 

atoms. The bonds might be due to biomolecules of plant 

extract being bound on the surface of Ag-NPs. A similar 

result was also observed in biosynthesized Ag-NPs derived 

from Magnolia kobus broth.22 Our results agree with these 

studies, and, in the present study, Ag-NP biosynthesized from 

P. tripartita seems to be relatively chemically pure.46 EDAX 

spectra confirmed the presence of Ag-NPs as evidenced by 

strong signal energy peaks for silver atoms in the range of 

2–4  keV. By using a similar isolation protocol, Gardea-

Torresdey et al15 obtained individual spherical Ag-NPs in 

the range of 2.5–4 keV using alfalfa broth.

SEM and HRTEM analysis of Ag-NPs
Using a SEM, we observed a high density of Ag-NPs in 

solid phase; these images are given in Figure 3A and B. 

SEM data, produced at different magnifications, revealed 

biosynthesized Ag-NPs between 10 and 50 µm. HRTEM 

analysis revealed that Ag-NPs in liquid phase existed in a 

range of sizes, including 4, 10, 11, 13.4, 14, 27.5, 30, 39, 

and 43 nm. Ag-NP morphology was also variable; different 

shapes were observed, including hexagons, spheres, and rod 

shapes. HRTEM images of biosynthesized Ag-NPs are given 

in Figure 3C and D.

XRD analysis for Ag-NPs
The crystalline structure of Ag-NPs was confirmed using 

XRD. This technique is commonly used to estimate the sizes 

of NPs in the range 1–100 nm. We observed strong peaks, 

indicating a high degree of crystallinity of biosynthesized 

Ag-NPs. We observed Bragg’s angle (2θ) values of 35.1°, 

37.8°, 38.7°, and 53.4°, which correspond to values of (100), 

(101), (102), and (104) for the crystal reflection planes 

of the face-centered cubic (fcc) crystal structure of silver 

(Joint Committee on Powder Diffraction Standards data no 

87-0598) (Figure 4). A sharp, intense peak was observed at 

35.1° among 2θ values. The crystalline domain sizes of Ag-

NPs were calculated from the widths of XRD peaks using 

Scherrer’s formula: D =0.94 λ/β cos θ, where D represents the 

average crystalline domain size perpendicular to the reflect-

ing planes, λ the X-ray wavelength, β the full width at half 

maximum, and θ represents the diffraction angle. The slight 

discrepancy in particle size calculation by XRD and HRTEM 

measurements can be attributed to experimental error, due to 

the use of bulk amounts of sample in the XRD measurements. 

Silver nanocrystallite size at maximum intensity (100%) 

was estimated using Scherrer’s formula, where the crystal-

lite peak was 32 nm. The sizes of Ag-NPs synthesized from 

P. tripartita are given in Table 1. In earlier studies, the same 

pattern of diffraction was observed at 31.76°, 31.90°, 32.16°, 

32.20°, 32.21°, 38.09°, 35.10°, 37.60°, 38.06°, and 54.75° for 

biosynthesized Ag-NPs.42,47–52 In addition, the observed XRD 

patterns for Ag-NPs synthesized from Trianthema decandra 

and Sesuvium portulacastrum extracts showed three intense 

peaks ranging from 10 to 80.53,54

In vitro antioxidant activities
DPPH⋅ is a stable nitrogen-centered free radical that changes 

its color from violet to yellow upon reduction – accepting 

hydrogen or donating an electron.55 For this reason, the lowest 

IC
50

 value identifies the strongest level of antioxidant activ-

ity. In the present study, biosynthesized Ag-NPs showed 

relatively high antioxidant activity (47.90 µg/mL) (Table 2). 

In an earlier study, a water-based extract of P.  tripartita 

showed comparatively less activity (116.27 µg/mL) than 

did P. tripartita Ag-NPs.20 The IC
50

 values of standard 

Figure 2 EDAX spectrum of Ag-NPs biosynthesized using Pteris tripartita Sw. leaf 
extract.
Abbreviations: Ag-NPs, silver nanoparticles; EDAX, energy-dispersive X-ray 
analysis.
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antioxidants were found to significantly differ from those 

of biosynthesized NPs. In earlier studies, Ag-NPs exhibited 

both significant scavenging of DPPH, H
2
O

2
, and ABTS, as 

well as significant metal chelating activity.56–63

Iron is an important catalyst of lipid oxidation and a 

pro-oxidant due to its high reactivity. In the ferrous state, 

iron accelerates lipid oxidation by breaking down hydrogen 

and lipid peroxides to reactive free radicals. Ferrozine can 

quantitatively form complexes with Fe2+, and their complex 

formation is disrupted by the presence of other chelating 

agents. The measurement of specific OD values helps to 

estimate the metal chelating activity.64 The metal chelating 

effects of biosynthesized Ag-NPs are shown in Table 2. 

Biosynthesized Ag-NPs showed the highest metal chelating 

activity (61.51 µg EDTA/g). We conclude that chelating 

agents act as secondary antioxidants, which reduce the redox 

potential and stabilize the oxidized forms of metal ions.65 

In contrast, the water extract of P. tripartita displayed the 

lowest metal chelating activity (9.22 µg EDTA/g).20 The 

quantitative antioxidant capacity of biosynthesized Ag-NPs 

was measured using a phosphomolybdenum assay; this 

technique measures the reduction of Mo (VI) to Mo (V) by 

antioxidant compounds. The reducing activity is indicated 

by the formation of green phosphate/Mo (V) complex, which 

has maximal absorption at 695 nm. Biosynthesized Ag-NPs 

showed 41.94 mg AAE/g of phosphomolybdenum reduction 

activity in the present study, and the water extract had the 

lowest activity (21.26 mg AAE/g).20 It should be noted that 

Figure 3 SEM (A, B) and HRTEM (C, D) images of silver nanoparticles biosynthesized using Pteris tripartita Sw. leaf extract.
Abbreviations: HRTEM, high-resolution transmission electron microscopy; SEM, scanning electron microscopy; SEI, secondary electron image.

Figure 4 XRD pattern for Ag-NPs synthesized from Pteris tripartita aqueous leaves.
Abbreviations: Ag-NPs, silver nanoparticles; XRD, X-ray diffraction; JCPDS, Joint 
Committee on Powder Diffraction Standards.

θ 
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electron transfer occurs at different redox potentials in the 

ferrozine and phosphomolybdenum assays, and in each 

case, the reducing activity depends on the structure of the 

antioxidant under study.66

Another technique, the ABTS˙+ assay, is an excellent 

tool to determine the antioxidant activity of hydrogen-

donating antioxidants (scavenging aqueous phase radicals) 

and of chain-breaking antioxidants (scavenging lipid peroxyl 

radicals). Biosynthesized Ag-NPs showed significant anti-

oxidant activity (8,592.70 μmol Trolox/g), while the water 

extract did not (920.69 μmol Trolox/g; unpublished data). 

In an H
2
O

2
 assay, biosynthesized Ag-NPs showed 16.20% 

inhibition, whereas the water extract showed 26.18% inhibi-

tion (unpublished data). In all assays included in the present 

study, with the exception of H
2
O

2
 assay, biosynthesized 

Ag-NPs exhibited highest antioxidant activity and prove the 

discrepancy in the activities of NPs and plant extracts.

In vitro antimicrobial activity
Disk diffusion antibacterial assay
Significant inhibition of both gram-positive and gram-negative 

bacterial strains was observed. The diameter of inhibitory 

zones ranged from 7.66 to 38.33 mm for AgNO
3
 and Ag-

NPs treatments, respectively (Table 3; Figure 5). The highest 

inhibitory effect was observed in treatment with 10 mg of 

AgNO
3
 against P. aeruginosa (38.33 mm), followed by 

5 mg of AgNO
3
 (23 mm), 5 mg of Ag-NPs (24.3 mm), and 

10 mg of Ag-NPs (23 mm), respectively. Moderate inhibitory 

zones were observed with both AgNO
3
 and Ag-NP treat-

ments against bacterial strains. Of them, 5 mg of AgNO
3
 

showed inhibition zones ranging from 10.66 to 23.00 mm. 

Furthermore, treatment with 10 mg of Ag-NP showed 

inhibitory zones against P. vulgaris (19.33 mm), S. typhi 

(16.33 mm), V. cholerae (15.33 mm), S. sonnei (11.00 mm), 

K. pneumoniae (15.66 mm), E. aerogenes (11.33 mm), and 

B. megaterium (11.66 mm). The minimum inhibition zones 

were noticed against B. subtilis (9 mm), E. coli, and B. cereus 

(8.33 mm), despite the fact that Prasad et al35 reported that 

biosynthesized Ag-NPs showed antimicrobial activity against 

E. coli, K. pneumoniae, and B. cereus. Previous studies 

have also reported that Ag-NPs exhibited antibactericidal 

effects against S. aureus, Pseudomonas sp. and E. coli.67–71 

In addition, biosynthesized Ag-NPs isolated from Citrul-

lus colocynthis callus and Phyllanthus amarus extracts 

exhibited tremendous antibacterial activity against E. coli, 

P. aeruginosa, and P. vulgaris.5,52 Both the concentrations of 

Ag-NPs (5 and 10 mg/mL) did not show any inhibitory activ-

ity against S. marcescens and positive strains like B. cereus 

Table 1 Various sizes of Ag-NPs by Pteris tripartita Sw. using Scherrer’s equation

Serial 
no

2θ (°) D (ang) I FWHM (°) I (counts) Integrated I 
(counts)

Size (nm)

1 19.2806 4.59984 32 0.28250 210 650 28
2 21.3514 4.15817 40 0.28440 262 868 28
3 23.9408 3.71397 26 0.24970 169 446 32
4 29.3140 3.04428 44 0.24910 288 800 33
5 31.5173 2.83630 25 0.37910 166 691 22
6 32.4539 2.75656 21 0.26470 139 417 31
7 35.1293 2.55251 100 0.26180 662 1,944 32
8 37.8073 2.37763 24 0.36990 157 633 23
9 38.7526 2.32178 29 0.28880 192 656 29
10 53.4861 1.71182 19 0.21880 128 301 41

Abbreviations: Ag-NPs, silver nanoparticles; FWHM, full width at half maximum; S, serial number; I, intensity.

Table 2 In vitro antioxidant activities of biosynthesized Ag-NPs and standard flavonoids

Samples DPPH assay 
(µg/mL)

Metal chelating activity 
(mg EDTA/g)

Phosphomolybdenum 
assay (mg AAE/g)

ABTS˙+ assay 
(μmol Trolox/g)

H2O2 assay (%)

Ag-NPs 47.90 61.51±0.61 41.94±2.29 8,592.70±614.2 16.20±3.86
Quercetin 18.79 17.99±0.04 100.35±3.34 60,074.65±380.34 62.22±1.74
Rutin 24.71 18.13±0.04 148.77±3.34 15,403.41±235.37 57.84±5.04
BHA 25.58 – – –
BHT 45.56 – – –

Notes: All values are expressed as mean ± SE and analyzed using SPSS 17.0 software (SPSS Inc., Chicago, IL, USA) with one-way ANOVA followed by DMRT and their 
relationship was considered to be statistically significant when P,0.05. In DPPH assay, mean values calculated in Microsoft Excel 2007.
Abbreviations: AAE, ascorbic acid equivalents; ABTS, azinobis 3-ethylbenzothiazoline-6-sulfonate; Ag-NPs, silver nanoparticles; ANOVA, analysis of variance; BHA, 
butylated hydroxyanisole; BHT, butylated hydroxytoluene; DMRT, Duncan’s new multiple range test; EDTA, ethylenediaminetetraacetic acid; SE, standard error; SPSS, 
Statistical Package for the Social Sciences.
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and B. subtilis. Moreover, the Ag-NP treatment (5 mg/mL) 

exhibited an inhibition zone of 24.33 mm, while the positive 

control showed a zone of 28.66 mm against P. aeruginosa. The 

positive control, chloramphenicol, showed an inhibitory zone 

against all bacterial strains, ranging from 24.00 to 33.66 mm. 

However, significant inhibitory zones ranging from 23.00 to 

38.33 mm were observed against P. aeruginosa.

Disk diffusion antifungal assay
Table 3 summarizes the antifungal activity of Ag-NPs, 

which was again measured by the diameter of inhibition 

zones. AgNO
3
 (5 mg/mL) and Ag-NP treatments showed 

significant antifungal activities against A. niger (16.33 mm), 

A. flavus (17.66 mm), F. oxysporum (12 mm), and R. oryzae 

(12.66 mm) (Figure 6). Treatment with AgNO
3
 (5 mg/mL) 

formed an inhibitory zone of 15.66 mm against A. flavus, of 

12.00 mm against F. oxysporum, and of 13.66 mm against 

R. oryzae. Panacek et al72 reported that Ag-NPs possessed 

antifungal properties because extracellular synthesis of NP 

helps trap metal ions on the cell surface and helps reduce 

ions in the presence of enzymes. In earlier studies, Ag-NPs 

showed biological activity against fungal strains.14,35,72,73

Time course growth assay
The Ag-NPs strongly inhibited the growth of eleven different 

bacterial strains; for example, treatment with 5 mg/mL Ag-NP 

showed an OD of 0.26 against P. vulgaris, and of 0.29 OD 

against E. aerogenes (Table 4). However, treatment with 

the stronger 10 mg/mL Ag-NP showed significant inhibition 

against P. vulgaris (0.27 OD), K. pneumoniae (0.29 OD), 

E. aerogenes (0.28 OD), and B. megaterium (0.26 OD). The 

positive control (chloramphenicol) inhibited all the bacterial 

strains and showed optical density values ranging from 0.11 

to 0.46. Previous studies have found that Ag-NPs inactivate 

microbes by interacting with their enzymes, proteins, or 

DNA, and thereby inhibit cell proliferation.11

Minimum inhibitory concentration
We assessed the MIC values of AgNO

3
, Ag-NPs, and 

chloramphenicol against 12 bacterial strains by using the 

microdilution technique with 96-well microtiter plates 

(Table  4). Generally, the MIC values are interpreted as 

the lowest concentration that inhibits visible microbial 

growth and are expressed in terms of mg/mL.74 Since the 

19th century, dilute solutions of AgNO
3
 have been used to 

treat infections and burns. Most probably, the antibacterial 

activities of this solution are derived from an electrostatic 

attraction between the negatively charged cell membrane of a 

microorganism and the positively charged NPs.75

Although somewhat similar, the bioactivity of Ag-NPs 

against pathogens was found to be size- and dose-dependent, 

and also exhibited more pronounced activity against 

Table 3 Antimicrobial activity of AgNO3, biosynthesized Ag-NPs, and standard antibiotics against different pathogens

Microorganisms AgNO3

5 mg/mL
AgNO3

10 mg/mL
Ag-NPs
5 mg/mL

Ag-NPs
10 mg/mL

Standard antibiotics

Bacteria (mm) Chloramphenicol (10 mg/mL)
Bacillus cereus 7.66±0.33 9.00±0.57 – 8.33±0.33 33.66±2.18
Bacillus subtilis – – – 9.00±0.57 33.33±0.66
Bacillus megaterium 9.66±0.33 8.66±0.33 9.00±0.57 11.66±0.88 24.66±2.02
Shigella sonnei – 16.33±1.33 11.00±1.00 13.33±1.20 28.00±0.00
Vibrio cholerae 10.66±0.33 15.66±0.66 12.66±2.18 15.33±0.33 25.66±0.66
Pseudomonas aeruginosa 23.00±0.57 38.33±0.33 23.00±0.57 24.33±0.66 28.66±0.33
Klebsiella pneumoniae 15.66±0.33 16.33±0.66 14.66±0.33 15.66±0.33 24.00±0.57
Serratia marcescens 9.66±0.66 11.00±0.57 – – 31.00±2.08
Escherichia coli 11.00±0.57 7.66±0.66 10.33±0.33 8.33±0.66 26.33±0.88
Enterobacter aerogenes 9.66±0.33 11.33±0.33 10.00±0.00 11.33±0.66 26.00±1.00
Salmonella typhi 11.33±0.33 16.00±1.00 13.33±1.66 16.33±1.20 29.33±1.76
Proteus vulgaris 16.66±0.33 19.33±0.66 13.33±1.45 19.33±1.20 30.00±0.00
Fungi (mm) Nystatin (10 mg/mL)
Aspergillus niger 11.66±0.61 16.33±0.33 15.33±0.66 – 16.36±0.37
Aspergillus Flavus 15.66±0.66 17.66±1.45 13.33±0.88 15.33±0.33 14.70±0.51
Fusarium oxysporum 12.00±0.00 12.00±0.57 12.66±0.33 13.66±0.66 14.23±0.34
Penicillium chrysogenum – – 12.66±0.66 – 18.80±0.20
Rizopus oryzae 13.66±0.33 12.66±0.66 15.00±0.57 14.66±0.66 13.90±0.40

Notes: All values represented as mean ± SE of triplicate values and analyzed using SPSS 17.0 software with one-way ANOVA followed by DMRT and their relationship was 
considered to be statistically significant when P,0.05.
Abbreviations: AgNO3, silver nitrate; Ag-NPs, silver nanoparticles; ANOVA, analysis of variance; DMRT, Duncan’s new multiple range test; SE, standard error; SPSS, 
Statistical Package for the Social Sciences.
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gram-negative bacteria than gram-positive bacteria.70,76 In 

an earlier study, Ag-NPs revealed significant activity against 

pathogens.77 Treatment with 5 mg/mL AgNO
3
 showed signifi-

cant MIC values against P. aeruginosa (0.98 OD), K. pneumo-

niae (0.92 OD), E. aerogenes (0.19 OD), B. cereus (0.24 OD), 

and B. megaterium (0.18 OD). In contrast, treatment with 

10 mg/mL AgNO
3
 inhibited S. typhi (0.73 OD), P. vulgaris 

(0.60 OD), S. sonnei (0.68 OD), P. aeruginosa (0.92 OD), 

K. pneumoniae (0.72 OD), S. marcescens (0.99 OD), and 

B. cereus (0.43 OD), respectively. However, treatment with 

10 mg/mL AgNO
3
 showed a markedly lower MIC value 

against B. cereus (0.43 OD). The antibacterial activity of 

Figure 5 Antibacterial activity of AgNO3 and biosynthesized Ag-NPs.
Notes: (A) Pseudomonas aeruginosa (5 mg/mL of AgNO3), (B) Proteus vulgaris (10 mg/mL of AgNO3), (C) Klebsiella pneumoniae (10 mg/mL of AgNO3), (D) P. aeruginosa 
(5 mg/mL of Ag-NPs), (E) K. pneumoniae (5 mg/mL of Ag-NPs), (F) P. vulgaris (10 mg/mL of Ag-NPs), (G) K. pneumoniae (10 mg/mL of Ag-NPs), (H) P. aeruginosa (10 mg/mL 
of Ag-NPs).
Abbreviations: AgNO3, silver nitrate; Ag-NPs, silver nanoparticles.
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Figure 6 Antifungal activity of AgNO3 and biosynthesized Ag-NPs.
Notes: (A) Aspergillus flavus (5 mg/mL of Ag-NPs), (B) Fusarium oxysporum (5 mg/mL of Ag-NPs), (C) Penicillium chrysogenum (5 mg/mL of Ag-NPs), (D) A. flavus (5 mg/mL of 
AgNO3), (E) Rhizopus oryzae (10 mg/mL of AgNO3), (F) A. flavus (10 mg/mL of AgNO3).
Abbreviations: AgNO3, silver nitrate; Ag-NPs, silver nanoparticles.

Ag-NPs has been well documented in previous studies,52,78,79 

likely because larger specific surface area yields improved 

antimicrobial activity.80 The mode of antimicrobial action by 

Ag-NPs may be through the inhibition of microbial processes 

on the cell surface and within the cell. Previous research 

demonstrated that the Ag-NPs attach themselves to the cell 

membrane of an organism. This makes the membrane more 

permeable, leads to the dissipation of the cellular adenosine 

triphosphate pool through the proton motive force, and ulti-

mately leads to cell death.71,81

The MIC values obtained on treatment with 5 mg/mL 

Ag-NP were 0.57, 0.42, 0.60, 0.61, 0.47, 0.43, 0.52, and 

0.36 OD, respectively, against S. typhi, P. vulgaris, S. sonnei, 

V. cholerae, P. aeruginosa, K. pneumoniae, E. aerogenes, and 

B. megaterium. Treatment with 10 mg/mL Ag-NPs gave sig-

nificant MIC values for all bacterial strains: S. typhi (0.47 OD), 

B. subtilis (0.34 OD), P. vulgaris (0.36 OD), S. sonnei (0.52 

OD), V. cholerae (0.39 OD), P.  aeruginosa (0.29  OD), 

K.  pneumoniae (0.50 OD), E. coli (0.37  OD), E.  aero-

genes (0.51 OD), B. cereus (0.37 OD), and B. megaterium 
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Table 4 Antibacterial efficacy of biosynthesized Ag-NPs against different bacterial strains using time course growth assay and MIC

Samples and bacterial strains Time course growth assay (OD 550 nm)
Inhibition of bacterial growth at time intervals

MIC (OD 420 nm) 
24 hours

0 hour 1 hour 2 hours 3 hours 5 hours

Ag-NPs (5 mg/mL)
Salmonella typhi 0.23±0.01 0.28±0.01 0.29±0.01 0.30±0.01 0.48±0.04 0.57±0.02
Proteus vulgaris 0.15±0.01 0.16±0.00 0.16±0.00 0.17±0.00 0.26±0.04 0.42±0.02
Shigella sonnei 0.20±0.00 0.23±0.00 0.23±0.00 0.25±0.01 0.37±0.08 0.60±0.04
Vibrio cholerae 0.24±0.01 0.28±0.01 0.29±0.01 0.30±0.01 0.38±0.05 0.61±0.01
Pseudomonas aeruginosa 0.20±0.00 0.23±0.00 0.24±0.00 0.25±0.01 0.30±0.04 0.47±0.00
Klebsiella pneumoniae 0.17±0.03 0.20±0.05 0.20±0.05 0.22±0.06 0.40±0.08 0.43±0.16
Escherichia coli 0.18±0.00 0.20±0.00 0.20±0.00 0.20±0.00 0.35±0.02 1.40±0.10
Enterobacter aerogenes 0.15±0.01 0.17±0.00 0.18±0.00 0.18±0.00 0.29±0.04 0.52±0.06
Bacillus megaterium 0.15±0.01 0.16±0.01 0.16±0.01 0.17±0.01 0.31±0.01 0.36±0.00
Ag-NPs (10 mg/mL)
S. typhi 0.19±0.00 0.24±0.01 0.25±0.01 0.26±0.01 0.41±0.01 0.47±0.01
Bacillus subtilis 0.17±0.01 0.19±0.01 0.19±0.01 0.20±0.01 0.40±0.01 0.34±0.01
P. vulgaris 0.16±0.01 0.17±0.01 0.17±0.01 0.18±0.01 0.27±0.06 0.36±0.02
S. sonnei 0.18±0.01 0.20±0.01 0.21±0.02 0.21±0.02 0.35±0.06 0.52±0.06
V. cholerae 0.15±0.01 0.18±0.01 0.18±0.01 0.19±0.01 0.38±0.04 0.39±0.01
P. aeruginosa 0.15±0.00 0.16±0.00 0.16±0.00 0.17±0.00 0.35±0.01 0.29±0.01
K. pneumoniae 0.15±0.00 0.17±0.01 0.18±0.00 0.18±0.01 0.29±0.06 0.50±0.04
E. coli 0.17±0.00 0.18±0.00 0.19±0.00 0.19±0.00 0.36±0.01 0.37±0.00
E. aerogenes 0.16±0.01 0.18±0.01 0.19±0.00 0.19±0.00 0.28±0.04 0.51±0.06
Bacillus cereus 0.13±0.00 0.16±0.00 0.17±0.00 0.17±0.01 0.37±0.02 0.37±0.01
B. megaterium 0.13±0.00 0.14±0.00 0.15±0.00 0.15±0.00 0.26±0.04 0.34±0.00
AgNO3 (5 mg/mL)
S. typhi 0.19±0.00 0.21±0.00 0.24±0.00 0.31±0.00 0.40±0.01 1.46±0.03
P. vulgaris 0.18±0.00 0.18±0.00 0.19±0.00 0.22±0.01 0.25±0.01 1.61±0.05
V. cholerae 0.18±0.00 0.17±0.00 0.18±0.00 0.19±0.00 0.19±0.00 1.59±0.09
P. aeruginosa 0.18±0.00 0.19±0.00 0.23±0.00 0.28±0.00 0.34±0.00 0.98±0.00
K. pneumoniae 0.17±0.00 0.17±0.00 0.18±0.00 0.20±0.00 0.23±0.00 0.92±0.15
Serratia marcescens 0.27±0.04 0.22±0.01 0.23±0.01 0.26±0.02 0.33±0.03 1.84±0.11
E. coli 0.25±0.02 0.25±0.02 0.27±0.02 0.31±0.03 0.31±0.04 1.88±0.37
E. aerogenes 0.42±0.01 0.20±0.01 0.19±0.01 0.19±0.01 0.20±0.01 0.19±0.01
B. cereus 0.42±0.03 0.19±0.00 0.19±0.00 0.21±0.01 0.21±0.00 0.24±0.03
B. megaterium 0.42±0.01 0.15±0.00 0.15±0.00 0.16±0.00 0.19±0.01 0.18±0.00
AgNO3 (10 mg/mL)
S. typhi 0.31±0.01 0.36±0.00 0.36±0.00 0.40±0.00 0.48±0.00 0.73±0.04
P. vulgaris 0.26±0.00 0.29±0.00 0.30±0.00 0.35±0.00 0.44±0.01 0.60±0.02
S. sonnei 0.19±0.01 0.20±0.01 0.24±0.00 0.27±0.00 0.30±0.00 0.68±0.06
V. cholerae 0.22±0.00 0.21±0.00 0.21±0.00 0.21±0.00 0.22±0.01 1.21±0.01
P. aeruginosa 0.22±0.01 0.21±0.01 0.21±0.01 0.21±0.00 0.22±0.00 0.92±0.02
K. pneumoniae 0.23±0.01 0.24±0.01 0.30±0.01 0.33±0.02 0.35±0.02 0.72±0.04
S. marcescens 0.18±0.00 0.19±0.00 0.17±0.00 0.21±0.00 0.25±0.00 0.99±0.06
E. coli 0.38±0.05 0.44±0.05 0.51±0.04 0.50±0.04 0.56±0.01 1.67±0.26
E. aerogenes 0.36±0.02 0.39±0.01 0.42±0.01 0.46±0.00 0.51±0.00 1.84±0.01
B. cereus 0.15±0.01 0.16±0.01 0.16±0.01 0.17±0.01 0.17±0.01 0.43±0.03
B. megaterium 0.38±0.00 0.37±0.01 0.36±0.01 0.38±0.01 0.45±0.02 1.63±0.01
Chloramphenicol (10 mg/mL)
S. typhi 0.16±0.00 0.12±0.00 0.49±0.01 0.11±0.00 0.11±0.00 0.34±0.03
B. subtilis 0.16±0.01 0.14±0.00 0.38±0.01 0.13±0.00 0.13±0.00 0.25±0.03
P. vulgaris 0.14±0.00 0.14±0.00 0.13±0.00 0.34±0.00 0.45±0.01 0.89±0.01
S. sonnei 0.18±0.00 0.15±0.02 0.44±0.00 0.15±0.02 0.15±0.02 0.30±0.01
V. cholerae 0.16±0.00 0.12±0.00 0.34±0.07 0.12±0.00 0.12±0.00 0.29±0.01

(Continued)
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Table 5 In vivo anti-inflammatory activity of biosynthesized Ag-NPs

Animal 
groups

Drugs (mg/kg) 0 hour 1 hour 2 hours 3 hours 24 hours

I Normal (positive) 2.38±0.08 2.72±0.09 2.53±0.14 2.58±0.07 2.49±0.04
II Carrageenan 10 (negative) 4.33±0.38 4.75±0.46 4.94±0.44 5.24±0.31 4.79±0.38
III Indomethacin 10 2.55±0.13 (41.10%) 2.30±0.09 (51.57%) 2.53±0.13 (48.78%) 2.08±0.03 (60.30%) 1.48±0.11 (69.10%)
IV Ag-NPs 50 3.19±0.03 (26.32%) 2.91±0.19 (38.73%) 2.85±0.28 (42.30%) 2.67±0.18 (49.04%) 2.51±0.16 (47.59%)
V Ag-NPs 100 2.76±0.12 (36.25%) 2.70±0.17 (43.15%) 2.68±0.09 (45.74%) 2.57±0.10 (50.95%) 2.09±0.12 (56.36%)

Notes: All values are expressed as mean ± SE of six rats and analyzed using SPSS 17.0 software with one-way ANOVA followed by DMRT and their relationship was 
considered to be statistically significant when P,0.05.
Abbreviations: Ag-NPs, silver nanoparticles; ANOVA, analysis of variance; DMRT, Duncan’s new multiple range test; SE, standard error; SPSS, Statistical Package for the 
Social Sciences.

Table 4 (Continued)

Samples and bacterial strains Time course growth assay (OD 550 nm)
Inhibition of bacterial growth at time intervals

MIC (OD 420 nm) 
24 hours

0 hour 1 hour 2 hours 3 hours 5 hours

P. aeruginosa 0.16±0.01 0.12±0.00 0.37±0.01 0.13±0.00 0.12±0.00 0.26±0.01
K. pneumoniae 0.17±0.00 0.13±0.00 0.49±0.01 0.13±0.00 0.13±0.00 0.37±0.01
S. marcescens 0.16±0.00 0.12±0.00 0.55±0.02 0.13±0.00 0.13±0.00 0.46±0.03
E. coli 0.18±0.00 0.12±0.00 0.41±0.01 0.12±0.00 0.12±0.00 0.35±0.01
E. aerogenes 0.16±0.01 0.12±0.00 0.42±0.02 0.12±0.00 0.12±0.00 0.37±0.00
B. cereus 0.15±0.00 0.12±0.00 0.45±0.00 0.12±0.00 0.12±0.00 0.32±0.02
B. megaterium 0.17±0.00 0.13±0.00 0.49±0.01 0.14±0.00 0.14±0.00 0.44±0.03

Notes: All values are represented as mean ± SE of triplicate values and analyzed using SPSS 17.0 software with one-way ANOVA followed by DMRT and their relationship 
was considered to be statistically significant when P,0.05.
Abbreviations: AgNO3, silver nitrate; Ag-NPs, silver nanoparticles; DMRT, Duncan’s new multiple range test; MIC, minimum inhibitory concentration; SE, standard error; 
SPSS, Statistical Package for the Social Sciences; OD, optical density.

(0.34  OD). In an earlier study, Ag-NP treatment showed 

significant antibacterial activity, with MIC values of 6.25, 

11.79, and 13.02 µg/mL, against E. coli, respectively.82

Gram-negative bacterial strains have a thin peptidoglycan 

layer (2–3 nm) between the cytoplasmic membrane and the 

outer membrane, while gram-positive bacteria lack an outer 

membrane and possess a peptidoglycan layer of about 30 nm 

thickness.83 Hence, the gram-negative bacteria, E. coli, may 

have higher redox activity which may result in Ag-species 

forming cell particle aggregates.71,84 Such an inhibitory effect 

of Ag-NPs against E. coli has been previously reported.85 

Thirumurugan et al86 studied the antibacterial effects of Ag-

NPs against E. coli, S. typhi, K. pneumoniae, P. vulgaris, 

and  B. subtilis using standard disk diffusion and MIC 

methods. Moreover, Ag-NPs inhibit microbial growth by 

anchoring or penetrating bacterial cell walls and modulating 

cellular signaling by dephosphorylating the peptide substrates 

on tyrosine residues.87 Ag-NPs have also been thought to be 

involved in DNA, RNA, and protein synthesis.70,88 Earlier 

studies showed that Ag-NPs possess antimicrobial proper-

ties against E. coli,35 K. pneumoniae,89 Enterobacter sp.,90 

S. aureus,35,91 and B. subtilis.92 The positive control showed 

a great variation ranging from 0.25 to 0.89 OD; in this trial, 

chloramphenicol inhibited B. subtilis, S. sonnei, V. cholerae, 

and P. aeruginosa, with MIC values below 0.30 OD. Based 

on these results, we conclude that biosynthesized Ag-NPs 

might be used to formulate drugs to combat microbial dis-

eases and spoilage.

In vivo anti-inflammatory activity
The development of edema in the rat paws after carrageenan 

injection is due to the release of histamine, serotonin, and 

prostaglandins, causing increased blood flow to the acutely 

inflamed areas, resulting in redness of the paw.93,94 Numerous 

flavonoid components in medicinal ferns, including apigenin, 

luteolin, naringenin, and kaempferol, have been reported to 

exhibit strong antioxidant capacity. This activity results in 

clinical reactions such as reduced blood lipid levels, liver 

protection, resistance to inflammation, relaxed coronary 

arteries, and antibacterial activity.95,96 Table 5 shows a sum-

mary of the anti-inflammatory potential of biosynthesized 

Ag-NPs at doses of 50 and 100 mg/kg body weight using 

oral route administration. Both doses exhibited significant 

anti-inflammatory activities by inhibiting edema by 47.59% 

and 56.36%, respectively (Figure 7), while the ethanol extract 

(200 and 400 mg/kg) of P. tripartita showed inhibition 
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Figure 7 Percentage of inhibition of paw edema volume for anti-inflammatory 
activity.
Abbreviations: Ag-NPs, silver nanoparticles; bw, body weight.

of 62.63% and 48.64%, respectively (unpublished data). 

The anti-inflammatory activity in biosynthesized Ag-NPs is 

dose dependent, while the activity of the P. tripartita extract 

is dose independent. In previous studies, the maximum 

percentage of edema inhibition was exhibited by Ag-NPs at 

50 mg/kg body weight.58,97 Other ferns, including Equisetum 

arvense, Cyathea phalerata, and Blechnum occidentale, have 

also been shown to display anti-inflammatory and antioxidant 

activity due to the presence of secondary metabolites like 

phenolic compounds.98,99 Over the duration of this study, no 

deaths occurred in any of the experimental groups. Moreover, 

the extracts did not induce morphological variations or any 

toxic signs in the animal subjects.

Conclusion
In this study, we report a protocol for a cost-effective and 

ecofriendly method of reducing silver ions using P. tripartita 

leaf extract. We also performed characterization of the 

resulting Ag-NPs. Morphologically, the biosynthesized 

Ag-NPs were ,100 nm in size. Our data show that the 

aqueous leaf extract of P. tripartita Sw. is suitable for the 

rapid synthesis of Ag-NPs, since it possesses diverse groups 

of phytochemicals including phenols, flavonoids, tannins, 

terpenoids, reducing sugars, and proteins. Due to significant 

antioxidant, anti-inflammatory, and antimicrobial properties 

of Ag-NPs biosynthesized from P. tripartita, this extract may 

be effectively used as a natural plant-based drug. However, 

further pharmacological studies should be carried out to 

validate our in vitro results. Further studies are also needed 

to determine and characterize the chemical constituents of the 

extract, as well as to find the mechanism of action responsible 

for these properties.
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