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Abstract: The antibacterial properties of nanoparticles (NPs) can be significantly enhanced by 

increasing the wettability or solubility of NPs in aqueous medium. In this study, we investigated 

the effects of the stabilizing agent on the solubility of silver NPs and its subsequent effect on 

their antimicrobial activities. Silver NPs were prepared using an aqueous solution of Pulicaria 

glutinosa plant extract as bioreductant. The solution also acts as a capping ligand. During this 

study, the antimicrobial activities of silver NPs, as well as the plant extract alone, were tested 

against Escherichia coli, Pseudomonas aeruginosa, Staphylococcus aureus, and Micrococcus 

luteus. Silver NPs were prepared with various concentrations of the plant extract to study its 

effect on antimicrobial activity. Interestingly, various concentrations of P. glutinosa extract did 

not show any effect on the growth of tested bacteria; however, a significant effect on the anti-

microbial property of plant extract capped silver NPs (Ag-NPs-PE) was observed. For instance, 

the half maximal inhibitory concentration values were found to decrease (from 4% to 21%) with 

the increasing concentrations of plant extract used for the synthesis of Ag-NPs-PE. These results 

clearly indicate that the addition of P. glutinosa extracts enhances the solubility of Ag-NPs-PE 

and, hence, increases their toxicity against the tested microorganisms.
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Introduction
Among the greatest health challenges in recent times, and one of the most seri-

ous concerns, is the emergence of antibiotic-resistant bacteria that have developed 

resistance against many conventional antibacterial agents.1–4 This has prompted the 

advancement of alternative strategies, including the application of nanoparticles (NPs) 

as antimicrobial agents.5 Because of their high surface-to-volume ratio and unique 

physical and chemical properties, which are different from their bulk properties, NPs 

have demonstrated excellent antimicrobial activity.6–9 Several types of nanomaterials 

and their composites, including copper, zinc, titanium, gold, and silver, have been 

applied as antimicrobial agents.10–13 Despite some genuine concern regarding their 

toxicity,14 silver NPs exhibit excellent antimicrobial activity against bacteria, viruses, 

and other eukaryotic microorganisms.15–18 

Numerous studies have attempted to explain the mechanisms by which silver NPs 

exert their antibacterial activities.19–21 In general, the surface area of the NPs and their 

ability to effectively release silver ions is the key to their antibacterial activity. The 

extremely large surface area of NPs facilitates better contact with microorganisms, 

because of which NPs get easily attached to the cell membrane and also penetrate inside 

the bacteria.22 The release of ionic silver inactivates vital bacterial enzymes, inhibits 
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DNA replication, and also damages the bacterial cytoplasmic 

membranes, which ultimately causes cell death.19

Previous studies have suggested that the size,23  

morphology,24 surface charge,25 and surface coating26 of the 

silver NPs play critical roles in determining their antibacte-

rial activities. Furthermore, the bactericidal properties of the 

silver NPs also depend on their stability and solubility in the 

growth medium, which renders greater retention time for the 

interaction between bacteria and NPs.27,28 In general, the sta-

bilization of NPs is achieved via surface functionalization of 

the NPs, using various capping agents that bind to the surface 

of the NPs and inhibit their aggregation by enhancing their 

stability and water solubility.29 Moreover, it has also been 

suggested that the antibacterial activity of the silver NPs can 

be significantly enhanced by the proper choice and control of 

stabilizing agents.30 However, the effect of stabilizing agents 

on the antimicrobial activities of the silver NPs, such as the 

nature of the stabilizing ligands, their concentration, and 

many other factors, has been rarely studied.30 

Several methods were applied for the preparation of sil-

ver NPs, and most of them involve the chemical reduction 

of silver salts.31,32 Usually, in such methods, stabilization 

of NPs is carried out via additional capping agents, such as 

water-soluble polymers, oligosaccharides, polysaccharides, 

sodium dodecyl sulfate, cyclodextrin, and so on.30,33 However, 

such chemical methods imply toxic chemicals, hazardous 

conditions, and costly apparatus in comparison to the green 

synthesis of silver NPs involving biocompatible ingredients 

under the physiological conditions of temperature and pres-

sure. Moreover, the biologically active molecules involved 

in the synthesis of NPs, especially phytomolecules, that are 

present in the plant extract (PE) often act as functionalizing 

ligands, thereby limiting the use of any external capping 

agents.34 Therefore, the demand for the green synthesis of 

silver NPs has been ever increasing.35,36

In our previous studies, we demonstrated a facile 

and ecofriendly synthesis of silver NPs using an aque-

ous solution of Pulicaria glutinosa PE as a bioreductant 

(Figure 1).37 Detailed investigations of the effect of con-

centration of the reductant (PE) on the morphology and 

kinetics of reaction revealed that the concentration of the 

PE exerts a significant effect on the size and dispersion of 

NPs, and at higher concentration of PE, fewer aggregated 

NPs were formed. Furthermore, it has been confirmed, 

via different characterization techniques, that the PE 

not only acts as a bioreductant but also functionalizes 

the NPs surfaces, acting as a capping ligand to stabilize 

them in the solvent.

Pulicaria glutinosa
plant

Plant extract

Plant extract residue

T=90ºC, t=2 hours

Aq soln

Diluted
solution of 
plant extract

Silver nitrate
solution

Ag
NPs

Ag
NPs

Ag
NPs

Figure 1 Schematic illustration of the green synthesis of Ag-nanoparticles-plant extract using aqueous extract of Pulicaria glutinosa plant.
Abbreviations: T, temperature; t, time; NPs, nanoparticles; Aq, aqueous; soln, solution.
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In our continued research on Saudi Arabian plants for 

the development of valuable products with potential eco-

nomic value,37–39  in the present study, we investigated the 

effect of P. glutinosa PEs on the antimicrobial activities of 

the silver NPs. The silver NPs (Ag-NPs-PE) were synthe-

sized using different concentrations of PE as bioreductant. 

Antibacterial activities of capped silver NPs against Gram-

negative (Escherichia coli, Pseudomonas aeruginosa) and 

Gram-positive (Staphylococcus aureus, Micrococcus luteus) 

bacteria were determined.

Materials
The whole plant of wild-growing P. glutinosa was collected 

from the hilly area of Al-Hair, central Saudi Arabia, in 

March 2011. Identification of plant material was confirmed 

by a plant taxonomist from the Herbarium Division, College 

of Science, King Saud University, Riyadh, Saudi Arabia. 

A voucher specimen has been deposited in our laboratory, 

as well as in the herbarium division of King Saud Univer-

sity (voucher specimen no. KSU-21598). Silver nitrate 

(AgNO
3
;  99.8%) was purchased from Sigma-Aldrich Co. 

(St Louis, MO, USA).

Preparation of PEs
The aerial parts from freshly collected plant material of 

P. glutinosa were chopped into small pieces. Chopped 

fresh aerial parts (245.0 g) were soaked in deionized water 

(2,500 mL) and refluxed for 3 hours. The aqueous solution 

obtained after reflux was filtered and dried at 50°C under 

reduced pressure in a rotary evaporator to give 17.2 g of dark 

brownish color powder; 0.1 g/mL of this powdery extract 

was used for the synthesis of silver NPs.

Synthesis of silver NPs
In a typical experiment, the reaction mixture was pre-

pared by adding 1.0 mL of the PEs to 99.0 mL of 1.0 mM 

AgNO
3 
(169.87 mg) solution in a 250 mL round-bottom flask, 

which was mounted with a cooling condenser and magnetic 

stirring bar. The mixture was allowed to stir for 2.0 hours 

at 90°C (immediate color change was observed from light 

yellow to dark brown; thereafter, no further color change 

was observed, even after 2.0 hours). Afterward, the mixture 

was allowed to cool down, followed by centrifugation. The 

black powder obtained was washed with distilled water and 

then dried overnight in an oven at 80°C.

To elucidate the effect of concentration of PE, various 

experiments were carried out by mixing 1.0, 2.5, 5.0, 7.5, 

and  10.0  mL aqueous solutions of PE and  1.0  mmol of 

AgNO
3 
(169.87 mg) in a respective amount of milli-Q water 

to make a total volume of 100 mL.

Characterization of NPs
Ultraviolet (UV)/visual spectroscopy
A Perkin Elmer lambda 35 (Waltham, MA, USA) UV-visual 

spectrophotometer was used to conduct optical measure-

ments. The analysis was performed in quartz cuvettes, 

using distilled water as a reference solvent. The samples 

for the UV measurements of crude mixture were prepared 

by diluting 1.0 mL mixture (collected at the end of reac-

tion) in 9.0 mL water, sonicated for 15 minutes. The UV 

samples were prepared by diluting 2.0 mL stock solution of  

Ag-NPs-PE in  8.0  mL water. The stock solutions were 

prepared by dispersing 5.0 mg Ag-NPs-PE in 5.0 mL water, 

followed by 1.0 hour sonication.

Transmission electron microscopy
Transmission electron microscopy was performed on a 

JEM  1101  (JEOL, Tokyo, Japan) transmission electron 

microscope. The samples for transmission electron micros-

copy were prepared by placing a drop of primary sample 

on a copper grid, which was then dried for 6.0 hours in an 

oven at 80°C.

Fourier transform infrared spectrometry
Fourier transform infrared spectrometry spectra were mea-

sured on a Perkin-Elmer 1000 Fourier transforms infrared 

spectrometer. To remove any free biomass residue or 

unbound extract from the surfaces of NPs, Ag-NPs-PE were 

repeatedly washed with distilled water; subsequently, the 

product was centrifuged at 16,330 rcf for 30 minutes and 

dried. The purified Ag-NPs-PE were mixed with KBr powder 

and pressed into a pellet for measurement. Background cor-

rection was made using a reference blank KBr pellet.

Bacterial strains
E. coli, P. aeruginosa, M. luteus, and S. aureus were grown 

on autoclaved Luria broth, nutrient broth, Mueller-Hinton 

broth, and brain heart infusion broth, respectively. Strains were 

maintained on agar plates of their respective medium and were 

stored at −80°C in 20% glycerol for long-term preservation.

Antimicrobial activity of Ag-NPs-PE 
employing optical density
The effect of PE capped Ag-NPs-PE, and that of the PE 

alone, on the growth of E. coli, P. aeruginosa, S. aureus, and 

M. luteus was determined by measuring the optical density 
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(OD) of treated and untreated bacterium. Cells of E. coli, 

P. aeruginosa, M. luteus, and S. aureus from advanced loga-

rithmic growth phase were inoculated (20.0 μL) in 200 μL 

autoclaved Luria broth, nutrient broth, Mueller-Hinton broth, 

and brain heart infusion broth. Ag-NPs-PE prepared with dif-

ferent concentrations of PE (ie, 1.0, 2.5, 5.0, 7.5, and 10.0 mL) 

were added to the wells in triplicate to a final concentration 

of 50, 100, 200, 300, and 500 μg/mL. Effects of PE were tested 

by adding the same concentration of PE (50, 100, 200, 300, 

and  500  μg/mL) to culture media. Microtiter plates were 

incubated at 37°C on a rotary shaker at 140 rpm for 8.0 hours. 

Absorbance was measured at 600 nm using an enzyme-linked 

immunosorbent assay reader (Multiskan Ascent, Labsystems, 

Helsinki, Finland) at hourly intervals.

Change in OD of a sample measured at a wavelength 

of 600 nm (OD
600

) was calculated by subtracting the OD
600

  

at 0 hours from the OD
600

 at a given time. Results presented are 

the mean ± standard error of three independent experiments 

each. P-values were calculated using an unpaired Student’s t 

test of GraphPad software (GraphPad Software, Inc., La Jolla, 

CA, USA). P-values considered significant for different tests 

are mentioned in the Figure captions.

Half maximal inhibitory 
concentration values of Ag-NPs-PE
Half maximal inhibitory concentration (IC

50
)  values of 

Ag-NPs-PE against E. coli, P. aeruginosa, S. aureus, and 

M. luteus were determined as follows: Cells of the tested 

organism were grown to logarithmic phase in the suitable 

medium, as described earlier. Aliquots of 500 μL from these 

cultures of E. coli, P. aeruginosa, S. aureus, and M. luteus 

were inoculated in 5 mL autoclaved Luria broth, nutrient 

broth, Mueller-Hinton broth, and brain heart infusion broth, 

respectively. Ag-NPs-PE prepared with 1.0, 2.5, and 7.5 mL 

PE were added to final concentrations of 15, 30, and 60 μg/mL. 

Tubes were incubated overnight in a rotary shaker at 37°C. 

After incubation, appropriate dilutions of samples adjusted 

with various concentrations of Ag-NPs-PE and unadjusted 

samples were made in autoclaved phosphate-buffered saline 

(pH, 7.0). An aliquot of 100 μL from the appropriate dilu-

tion was spread on an agar plate of the respective medium, 

and plates were incubated at 37°C for 48 hours. After incu-

bation, colony-forming units were determined and plotted 

using Sigma plot (Systat Software Inc, London, UK). Values 

presented are mean and standard deviation of three values. 

IC
50

 values were also calculated using Sigma plot.

Results and discussion
P. glutinosa PE was used for the synthesis of silver NPs 

under facile conditions (Figure 1).37  It was observed that 

on the addition of PE into the aqueous solution of AgNO
3
, 

the color of the solution gradually changed from light 

yellow to dark brown, indicating the formation of silver 

NPs (Figure 2B).37 The formation of the as-prepared Ag-

NPs-PE was initially monitored by UV-visual analysis. 

Typically, Ag-NPs-PE exhibit absorption under a visible 

range of 380–450 nm, depending on the shape and size of 

the NPs.40 Figure 2 shows the absorption spectrum of Ag-

NPs-PE that were prepared at 90°C (Figure 2A).

In our earlier studies, the detailed investigation of 

the effect of concentration of the P. glutinosa PE on the 

synthesis of Ag-NPs-PE was evaluated using UV/visual 

spectroscopy.37  During the analysis, it was observed that 

the concentration of the PE exerts a significant effect on 

300
0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

400 500 600 700 800
Wavelength (nm)

A
bs

or
ba

nc
e

459 nm

90ºC

BA

i ii
Plant extract
solution

Figure 2 (A) Ultraviolet-visual absorption spectrum of Ag-nanoparticles-plant extract prepared at 90°C. (B) Digital photograph of the aqueous solutions of (i) AgNO3 

solution without addition of plant extract. (ii) AgNO3 with the addition of plant extract and pure plant extract solution with 0.1 g/mL concentration. i and ii were recorded 
after 72 hours.
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the size and distribution of NPs. The quantity of the PE 

was varied from 1.0 to 10.0 mL, keeping other conditions 

constant (using 1.0 mmol AgNO
3
), at 90°C. With increasing 

concentration of the PE, both the position and shape of the 

surface plasmon resonance bands varied.

Initially, as the quantity of the PE is varied from  

1.0 to 5.0 mL, it was found that the surface plasmon reso-

nance bands were blue shifted from 455 to 422 nm, with a 

simultaneous increase in the absorption coefficient, whereas 

with further increase in the concentration (up to 10 mL), the 

bands became sharper and shifted to longer wavelength (ie, 

from 422–459 nm; Figure 3A). The sharpness of the absorp-

tion band with the increase of PE concentration is attributed 

to the better stabilization of NPs surfaces. The NPs were 

stabilized by the binding of organic compounds present in 

the PEs, which also act as surface-functionalizing ligands to 

the surfaces of the NPs.37 It has been suggested that at the 

higher concentration of PE, a greater number of functional 

ligands may bind to the surfaces of the NPs and provide 

better stabilization to the NPs. This was also reflected by the 

color change of the diluted solution of pure Ag-NPs-PE from 

light brown to dark brown with an increasing concentration 

of PE (Figure 3B).

The transmission electron microscopy images of the 

as-prepared silver NPs revealed the spherical morphology 

of NPs, with a size range of 40–60 nm, in which few NPs 

were agglomerated (Figure 4A–D). These results also sug-

gest that the agglomeration of NPs decreases when increas-

ing the concentration of the PE, which is also evident in the 

UV results.37

Furthermore, the dual role of the PE, both as a bio-

reductant and as a capping agent, has also been confirmed by 

the Fourier transform infrared spectrometry analysis of the 

as-prepared Ag-NPs-PE (Figure 5). The similarities between 

both spectra, with some marginal shifts in peak position, 

clearly suggest the presence of residual PE in the sample as 

capping agent to the Ag-NPs-PE. The detailed analysis of the 

spectra of PEs strongly suggested the presence of flavonoids 

and polyphenols, apart from other phytochemicals, which 

were mainly responsible for the formation of Ag-NPs-PE 

by reducing AgNO
3
.37 

Antimicrobial activity
The silver NPs synthesized using P. glutinosa extract (Ag-

NPs-PE) were evaluated for their antimicrobial activity 

against E. coli, P. aeruginosa, S. aureus, and M. luteus, using 

two different methods.

Evaluation of antimicrobial activity  
of Ag-NPs-PE employing OD
Preliminary results on growth inhibition were obtained 

by determining the OD
600 

of bacteria grown with various 

concentrations of Ag-NPs-PE (50–500  μg/mL). Initially, 

we measured the antibacterial activity of PE against four 

bacterial strains, as shown in Figure  6A–D, which illus-

trates PE antibacterial activity against both Gram-negative 

and Gram-positive bacteria. It is clear from the Figures that 

the extracts from P. glutinosa do not inhibit the growth of 

the tested bacteria, even at the highest tested concentration 

(50–500 μg/mL). Therefore, it can be concluded from the 

data presented in Figure 6 that the extract of P. glutinosa 

does not have toxicity of its own.

Gram-negative bacterial strains
Thereafter, the antibacterial activity of PE capped silver NPs 

prepared with various concentrations was measured against 

300
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Figure 3 Ultraviolet-visual absorption spectra of Ag-nanoparticles-plant extract prepared at 90°C for 2 hours (A), using various concentrations of plant extract keeping the 
amount of AgNO3 constant (ie, 1.0 mmol). (B) The diluted solutions of pure Ag-nanoparticles-plant extract (obtained after final workup).
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Figure 4 (A–C) Transmission electron microscope images of the green synthesized silver nanoparticles at different scales. (D) Overview of the size range and distribution 
of the silver NPs.
Note: With increasing concentration, less agglomeration was observed.
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Figure 5 Fourier-transform infrared spectra of pure green synthesized silver 
nanoparticles (Ag-nanoparticles-plant extract) (line A) and Pulicaria glutinosa plant 
extract (line B).
Note: The similarities between the spectra strongly suggest the presence of plant 
extract residue in the Ag-nanoparticles-plant extract as a capping or stabilizing 
agent.

E. coli. The effect of various concentrations of capped Ag-

NPs-PE (50–500 μg/mL), prepared with 1.0, 2.5, 5.0, 7.5, 

and  10.0  mL PE on the growth of E. coli, is shown in 

Figure  7A–F. Similarly, the antibacterial activities of PE 

capped silver NPs have also been measured against other 

bacterial strains, including P. aeruginosa, M. luteus, and 

S. aureus, for which the Figures are provided in the supple-

mentary information (Figures S1, S2, and S3, respectively). 

From the results presented in Figure 7 and Figures S1–S3,  

it was observed that a concentration of 50 μg/mL was optimal 

to determine the effect of the addition of PE on the antimicro-

bial property of Ag-NPs-PE. Figure 8 summarizes the effect 

of the PE concentration (1.0, 2.5, 5.0, 7.5, and 10.0 mL) on 

the antimicrobial activity of 50 μg/mL Ag-NPs-PE against 

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

The results presented in Figure  7  suggest that as the 

concentration of PE used for the synthesis of Ag-NPs-PE 

increased from  1.0  to  7.5  mL, the growth of E. coli in 
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Figure 6 Antibacterial activity of Pulicaria glutinosa plant extract against both Gram-negative ([A] Escherichia coli [B] Pseudomonas aeruginosa) and Gram-positive ([C] 
Micrococcus luteus and [D] Staphylococcus aureus) bacteria.
Note: The plant extracts do not show any antibacterial activity against the tested strains.
Abbreviation: PE, plant extract.

terms of OD
600

 values decreased from 22% to 61%, and a 

similar decrease in OD
600

 from 20% to 60% was observed 

for P. aeruginosa (Figure S1). This can be attributed to the 

better stabilization of NPs and their surface functionaliza-

tion, with phytomolecules present in the PE. When the PE 

concentration used for the synthesis of Ag-NPs-PE was 

increased further from  7.5  to  10.0  mL, the antimicrobial 

activity of the Ag-NPs-PE decreased sharply against both 

the bacteria (ie, E. coli and P. aeruginosa compared with 

the values obtained at 7.5 mL; Figure 7 and Figure S1). This 

decrease in activity can be ascribed to the agglomeration 

of NPs, leading to the formation of large-size NPs, which 

ultimately reduces the surface area of the NPs, thus result-

ing in poor interaction of the NPs with the bacterial cell, 

because of which, the antibacterial activity of the NPs was 

decreased significantly.

Gram-positive bacterial strains
In addition to Gram-negative bacteria, the antimicrobial 

activity of the capped Ag-NPs-PE was also tested against 

Gram-positive bacterial strains such as M. luteus and 

S. aureus. Notably, slight growth inhibition was observed in 

the case of M. luteus, whereas almost no growth inhibition 

was observed in cases of S. aureus. As shown in Figures S2  

and S3, the growth of M. luteus was slightly inhibited 

at 50 μg/mL, and at higher concentrations of Ag-NPs-PE, it 

was found to be highly toxic, as was observed in the case of 

Gram-negative bacterial strains (E. coli and P. aeruginosa). 

On observation, Figure S2F appears to be similar to 

Figure 7F and Figure S1F in terms of percentage growth  

inhibition, but in terms of the OD
600

 values obtained for 

M. luteus, the growth inhibition is not significant. In the 

case of S. aureus, nil to negligible growth inhibition was 

exhibited by the Ag-NPs-PE at tested concentrations, as 

shown in Figure S3A–F.

Figure  8A–D summarizes the effect of the concentra-

tion of PE (1.0, 2.5, 5.0, 7.5, and 10.0 mL) used to synthe-

size 50 μg/mL Ag-NPs-PE on the growth of four organisms 

tested. From the results, it is evident that the PEs obtained 

from P. glutinosa do not exhibit any antimicrobial activity 

against Gram-positive and Gram-negative bacterial strains 

tested in this study, up to a concentration of 500 μg/mL. 

Although, the toxicity/antimicrobial activity of Ag-NPs-PE 

(50 μg/mL) increased with increasing concentration of plant 

extracts used in their preparation, which can be a result of the 

increased solubility of the Ag-NPs-PE. Moreover, the anti-

microbial activity of Ag-NPs-PE was observed only against 

Gram-negative bacteria, namely, E. coli and P. aeruginosa, 
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Figure 7 Effect of various concentrations of capped Ag-nanoparticles (NPs)-plant extract (PE; 50–500 μg/mL) prepared with (A) 1.0 mL, (B) 2.5 mL, (C) 5.0 mL, (D) 7.5 mL, 
and (E) 10.0 mL Pulicaria glutinosa extract on the growth of Escherichia coli (the activity is presented in terms of change in optical density of a sample measured at a wavelength 
of 600 nm). (F) Percentage inhibition on growth of Escherichia coli resulting from the capped Ag-NPs-PE (50 μg/mL), prepared with different concentrations of plant extract.

whereas almost no effect was observed against the tested 

Gram-positive bacterial strains M. luteus and S. aureus.

Evaluation of antimicrobial activity  
of Ag-NPs-PE employing colony forming  
unit  (CFU) count methods (determination  
of IC50 value)
Gram-negative bacterial strains
Growth inhibition of bacterial strains with different con-

centrations of Ag-NPs-PE was checked as detailed in 

Materials, using the CFU method. Figure  9  shows the 

effect of synthesized Ag-NPs-PE on the growth of E. coli 

(Figure  9A) and P. aeruginosa (Figure  9B) in terms of 

CFU counts. When a comparison was drawn between Ag-

NPs-PE prepared with 7.5 mL and 1.0 mL PE, which were 

added to the medium to a final concentration of 15 μg/mL, 

it was observed that there was a  20% decrease in CFU 

counts of E. coli in the plate with  7.5  mL PE compared 

with the plate with 1.0 mL. This effect was more promi-

nent when Ag-NPs-PE were added to a final concentration 
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of  60  μg/mL, where the CFU counts decreased by  42%. 

The IC
50

 value of Ag-NPs-PE synthesized with 1.0 mL of 

PE against E. coli was found to be 53 μg/mL, whereas the 

IC
50

 of Ag-NPs-PE synthesized with 2.5 and 7.5 mL was 

found to be 47 and 43 μg/mL, respectively. From the val-

ues obtained by these investigations, it can be said that the 

IC
50

 value decreases by 10% with the increase in use of PE 

concentration from 1.0 to 7.5 mL for the green synthesis of 

silver NPs. A similar trend was obtained for P. aeruginosa 

(Figure 9B). CFU counts decreased by a maximum of 24% 

when Ag-NPs-PE synthesized with 7.5 mL were added to 

a final concentration of 60 μg/mL compared with the same 

concentration of silver-NPs-PE synthesized with 1.0 mL PE. 

The IC
50

 value of Ag-NPs-PE synthesized with 1.0 mL PE 

against P. aeruginosa was found to be 42 μg/mL, and there 

was a decrease in the IC
50

 values to 37 and 33 μg/mL when 

the concentration of PE used for the synthesis of Ag-NPs-PE 

increased to 2.5 and 7.5 mL, respectively.

Gram-positive bacterial strains
The evaluation of antimicrobial activity of the synthesized 

Ag-NPs-PE was also carried out against Gram-positive 

bacterial strain M. luteus (Figure  10A). It was observed 

that the CFU counts decreased by only  4% when  15  μg/

mL Ag-NPs-PE synthesized with  7.5  mL PE was added 

to the medium compared with the Ag-NPs-PE prepared 

with 1.0 mL PE. A maximum 9% decrease was observed 

when the Ag-NPs-PE prepared with 7.5 mL plant extract were 

added to a final concentration of 60 μg/mL compared with the 

same concentration of Ag-NPs-PE prepared with 1.0 mL PE. 

The IC
50

 values of Ag-NPs-PE prepared with 1.0 and 2.5 mL 

PE were found to be 95 μg/mL in both cases, whereas the 

IC
50

 value of Ag-NPs-PE prepared with 7.5 mL PE showed 

a slight decrease to 76 μg/mL.

The Ag-NPs-PE were tested for their antibacterial prop-

erty against another Gram-positive bacterial strain, S. aureus. 

Observations in the CFU counts revealed that with Ag-NPs-PE 

prepared with 7.5 mL PE there is a maximum decrease of 3% 

compared with the same concentration of Ag-NPs-PE pre-

pared with 1.0 mL PE (Figure 10B). The IC
50

 value of Ag-

NPs-PE prepared with 1.0 mL PE was found to be 82 μg/mL, 

whereas for those synthesized with 2.5 and 7.5 mL, it was 

found to be 79 and 78 μg/mL, respectively.

It can be elucidated from the data presented here that by 

employing both the OD and CFU counts, the methods deliv-

ered similar results of antibacterial activity trends against 

the bacterial strains tested. The concentration at which the 

effect of PE was clearly visible was 50 μg/mL of Ag-NPs-PE. 

Moreover, the effect was less visible at a concentration 

of 100 μg/mL and higher in OD-based experiments because 

the initial OD of NPs alone is higher at these concentrations. 

However, the toxicity of Ag-NPs-PE on different organ-

isms was in the following order: E. coli  P. aeruginosa  

M. luteus  S. aureus. IC
50

 values calculated using the plate 

count method of synthesized Ag-NPs-PE against Gram-pos-

itive bacteria were almost two times those of Gram-negative 

bacteria, which is similar to the results obtained from the 

OD experiments. Hence it can be stated that the synthesized 

Ag-NPs-PE are much more effective against Gram-negative 

bacteria than Gram-positive bacteria.

Notably, the antimicrobial activity of Ag-NPs-PE against 

E. coli has been widely reported; however, the reports on 
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Figure 10 Colony-forming units of Gram-positive bacteria Micrococcus luteus (A) and Staphylococcus aureus (B) obtained after treatment with various concentrations  
of Ag-nanoparticles (NPs)-plant extract (PE; 0, 15, 30, and 60 μg/mL) synthesized with 1.0 mL (blue line), 2.5 mL (red line), and 7.5 mL (black line) of PE.
Note: Values presented are mean and standard deviation of three values.
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the antimicrobial activity against S. aureus are variable, 

with some claiming excellent activities of Ag-NPs-PE 

against S. aureus, whereas others reported nil or negligible 

activity against the same bacterial strain.41,42 This could 

be a result of the different shapes of Ag-NPs-PE yielding 

from different synthetic procedures.20,43  For instance, the 

study carried out by Pal et al demonstrates that the anti-

microbial activity of silver NPs against bacterial strains 

is shape-dependent.24 Similar findings were reported by  

Premanathan et al regarding the toxicity of ZnO NPs against 

Gram-positive bacteria, which suggests that the shape-

selective activity of NPs against bacterial strains can be 

found for other NPs too.44

Conclusion
Here we have clearly and successfully demonstrated that 

the green approach to the synthesis of silver NPs employing 

PE of P. glutinosa led to the formation of silver NPs with  

increased solubility and enhanced antimicrobial activity. 

Although the PE of P. glutinosa does not possess antibacterial 

activity of its own, it has significant effects on the antimicro-

bial property of silver NPs. It can be concluded that the PE of 

P. glutinosa facilitates and controls the stabilization and size 

of the silver NPs, because of which, the interaction between 

NPs and bacterial cell wall increases significantly, resulting in 

enhanced antibacterial activity of PE capped silver NPs (Ag-

NPs-PE). Furthermore, the enhanced antibacterial activity of 

PE capped silver NPs have been confirmed with two different 

methods, including OD and CFU counts’ methods, and the 

results of both methods have consistently suggested higher 

toxicity to Gram-positive bacteria than to Gram-negative 

bacteria. Therefore, green synthesis of NPs will help in 

developing ecofriendly and cheap antimicrobial agents as an 

alternate to conventionally used antimicrobial agents. Further 

research in this area therefore is highly warranted.
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Figure S1 Effect of various concentrations of capped Ag-nanoparticles (NPs)-plant extract (PE; 50–500 μg/mL) prepared with (A) 1.0 mL, (B) 2.5 mL, (C) 5.0 mL, (D) 7.5 mL,  
and (E) 10.0 mL Pulicaria glutinosa extract on the growth of Pseudomonas aeruginosa (the activity is presented in terms of change in optical density of a sample measured at a 
wavelength of 600 nm). (F) Percentage growth inhibition of P. aeruginosa resulting from the capped Ag-NPs-PE (50 μg/mL) prepared with different concentrations of PE.
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Figure S2 Effect of various concentrations of capped Ag-nanoparticles (NPs)-plant extract (PE; 50–500 μg/mL) prepared with (A) 1.0 mL, (B) 2.5 mL, (C) 5.0 mL, (D) 7.5 mL,  
and (E) 10.0 mL Pulicaria glutinosa extract on the growth of Micrococcus luteus (the activity is presented in terms of change in optical density of a sample measured at a 
wavelength of 600 nm). (F) Percentage growth inhibition of M. luteus resulting from the capped Ag-NPs-PE (50 μg/mL) prepared with different concentrations of PE.
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Figure S3 Effect of various concentrations of capped Ag-nanoparticles (NPs)-plant extract (PE; 50–500 μg/mL) prepared with (A) 1.0 mL, (B) 2.5 mL, (C) 5.0 mL, (D) 7.5 mL,  
and (E) 10.0 mL Pulicaria glutinosa extract on the growth of Staphylococcus aureus (the activity is presented in terms of change in optical density of a sample measured at a 
wavelength of 600 nm). (F) Percentage inhibition of S. aureus growth resulting from the capped Ag-NPs-PE (50 μg/mL) prepared with different concentrations of PE.
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