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Abstract The development of antibiotic resistance in pathogenic bacterial strains has drawn atten-

tion to the quest for new natural antibacterial drugs. Therefore, in the present study, extracts of

Rumex hastatus leaves were obtained in methanol and water, and R. hastatus-based silver nanopar-

ticles (AgNPs) were synthesized. Structural and functional properties of synthesized silver nanopar-

ticles were determined by UV–vis spectroscopy, XRD, FTIR and SEM. The synthesized AgNPs

and crude extracts were tested to check their antibacterial potential against human pathogenic bac-

terial strains of Staphylococcus aureus, Staphylococcus haemoliticus, Bacillus cereus, Escherichia coli,

Salmonella typhi and Pseudomonas aeruginosa in well diffusion and broth dilution methods. The

present investigation has revealed for the first time that the broth dilution method was found more

reproducible than that of the well diffusion method even at lower concentrations of AgNPs and

crude extracts. UV– Vis spectroscopic analysis of AgNPs revealed a peak at 367 nm. XRD pattern

showed a face-centered cubical to the spherical structure of AgNP crystals. FTIR analysis revealed

that flavonoids and terpenoids are responsible for the reduction of AgNO3 to Ag+. SEM analysis

determined the spherical structure and 51 nm average diameter of nanoparticles. The antibacterial
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activity of R. hastatus-based (AgNPs) was found to be significantly higher than aqueous plant

extract and silver nitrate alone. Bacterial growth was inhibited by R. hastatus-based AgNPs in a

dose-dependent manner. To our knowledge, silver nanoparticles (AgNPs) of R. hastatus were syn-

thesized and characterized for the first time in this study and, based on the findings of current

research work R. hastatus extract-based silver nanoparticles are suggested to be used as an antibac-

terial drug instead of synthetic drugs for the treatment of various human diseases/infections caused

by the tested bacterial strains.

� 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Treatment with medicinal plants is as old as mankind and is utilized by

different communities since ancient times to prevent a variety of dis-

eases (Petrovska 2012, Ogbuewu et al., 2011, Lulekal et al., 2013).

World Health Organization (WHO) declared that about 65–80 % of

the world’s population in developing nations predominantly depends

on plants for their primary health care due to their socio-economic

issues as they could not afford modern medical facilities (Calixto

2005, Kayani et al., 2014, Ahmed et al., 2015, Roope et al., 2019,

Dildora Ergashevna and Honbuvi Khakimovna 2022).

Rumex hastatus is a herbaceous plant; it is distributed in Pakistan,

China and Afghanistan. It can be used as a flavoring agent as leaves of

R. hastatus have a pleasant acidic taste and are hence used in chutneys

and pickles. R. hastatus is used as a medicine too because of its thera-

peutic abilities. It is used as a laxative and tonic to cure rheumatism,

piles, skin diseases, and blood pressure while as herbal medicine to pre-

vent sexually transmitted diseases like AIDS (Sahreen et al., 2011).

High phenolic and flavonoid content of methanolic extracts of R. has-

tatus leaves is directly associated with high DPPH scavenging activity

i.e., it has increased antioxidant potential (Sulaiman and Balachandran

2012). Leaves and shoots are refrigerant and diuretic (Hameed and

Dastagir 2009) while roots against dysentery, diuretic, wounds, neo-

plasm, jaundice etc (Shakuntala et al., 2011). Juice of R. hastatus can

be used to treat tonsillitis, sore throat and blood pressure (Ahmed

et al., 2015). Various studies on R. hastatus have also shown anti-

angiogenic activity, anti-tumor activity and anti-cholinesterase proper-

ties (Ahmed et al., 2016).

Silver nanoparticles have broad spectrum use in the field of

biomedical sciences for their antimicrobial activity (Valli and

Vaseeharan 2012, Li et al., 2013, De Ghosh et al., 2014, Ibrahim

2015, Khan et al., 2022, Göks�en Tosun et al., 2022), healing of burned

patients (Singh et al., 2014, Jadhav et al., 2016, Martı́nez-Higuera

et al., 2021), anticancerous activity (Kaplan et al., 2022, Ijaz et al.,

2022), wastewater treatment ((Mehwish, 2021 #135)Khan, 2022

#134), DNA sequencing (Zhang et al., 2023) and targeted drug delivery

(Prasad et al., 2011, Prasad and Swamy 2013, Jain et al., 2021, Gulia

et al., 2022). In the modern age surgical instruments, food covering

sheets and canes of food items are coated with nanoparticles to avoid

them from pathogens (Sharma et al., 2009, Prasad et al., 2011, Prasad

et al., 2012, Shimpi et al., 2022, Rezić 2022). Nanomaterials are useful

in many techniques such as molecular imaging, fluorescence imaging

and multimodal imaging (Habeeb Rahuman et al., 2022). Silver

nanoparticles are extensively used in biological studies as they are

cost-effective compared to physical and chemical processes, eco-

friendly, more efficient against microbes, and safe to use

(Savithramma et al., 2011, Alharbi et al., 2022, Chakravarty et al.,

2022). Products involving the use of silver nanoparticles are US

FDA, US EPA, Korea’s Testing, SIAA of Japan and Research Insti-

tute for Chemical Industry and FITI Testing and Research Institute

approved, which are some major accredited bodies. The plant products

exhibit remarkable reducing potential to synthesize silver nanoparti-

cles, the only nontoxic and ecofriendly way of nanoparticle synthesis

in the field of nanotechnology (Ijaz et al., 2022, Kaplan et al., 2021).
Selected gram-positive and gram-negative bacteria including Sta-

phylococcus aureus, Staphylococcus haemoliticus, Bacillus cereus,

Escherichia coli, Salmonella typhi and Pseudomonas aeruginosa are

the causative agents of different infectious diseases like urinary tract

infection, typhoid fever, food poisoning, diarrhea, gastrointestinal

infections, rheumatic heart diseases, oral infections and respiratory

infections (Gellatly and Hancock 2013, Marzano et al., 2003, Croxen

et al., 2013, Kotiranta et al., 2000, Gunn and Davis 1988).

Published literature has revealed that R. hastatus has not been stud-

ied for its antimicrobial activities using green silver nanoparticles.

Therefore, the present study is focused on the synthesis of green silver

nanoparticles using an aqueous extract of total R. hastatus as well as

different parts of R. hastatus to estimate their antimicrobial potential.

2. Materials and methods

2.1. Collection and identification of plant material

R. hastatus was collected in April 2018 from 34.1688� N,

73.2215� E, Abbottabad. Plant material was identified by Dr.
Arshad Mahmood Abbasi, Department of Environmental
Sciences, COMSATS University Islamabad, Abbottabad

Campus. A voucher specimen (CUHA-92) of R. hastatus was
also deposited at the Herbarium of Pakistan Museum of Nat-
ural History Islamabad. Collected leaves of the R. hastatus

were washed with tap water to remove the dust and other
superficial contamination and subsequently dried in shade
for 15 days. Dried leaves were ground into fine powder to pre-

pare aqueous extracts using two types of maceration, which
are described below.

2.2. Extract preparation

A simple maceration process (Bennour et al., 2020) was carried
out to obtain methanolic leaf extracts of R. hastatus. In this
process, 50 g of ground leaves were soacked in 300 mL metha-

nol. The mixture was kept on shaking at 1000 rpm for 3 days.
The sample was filtered with whatmann No. 1 filter paper, then
concentrated at reduced pressure at 30–40 �C using a rotary

evaporator to determine antibacterial activity.

2.3. Biochemical analysis

2.3.1. Determination of total phenolic and flavonoid content

The total phenolic content of R. hastatus leaves was deter-
mined by the Folin-Ciocalteu method (Martins et al., 2021).

The absorbance was recorded at 765 nm by using a double
beam BMS (UV-1602) spectrophotometer. The average result
of total phenolic content was presented as gallic acid

equivalent (GAE) mg/g of dry weight. Total flavonoid content

http://creativecommons.org/licenses/by-nc-nd/4.0/
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was determined by AlCl3 (Aluminum chloride) colorimetric
method (Chen and Zhou 2022). The absorbance was measured
at 510 nm and results were calculated as quercetin equivalent

QE mg /g of dry weight.

2.3.2. Free radical scavenging activity of plant crude extract

Free radical scavenging activity of R. hastatus leaves extract

was measured using 1, 1- diphenyl-2-picryl hydrazyl (DPPH)
according to the modified method described by (Adebayo
et al., 2010). UV–vis spectrophotometer was used to measure

the absorbance of the solution at 517 nm. Percent DPPH inhi-
bition was calculated by following formula:

%DPPHInhibition ¼ ABlank � ASample

ABlank

� 100

Where A indicates Absorbance.

2.4. Antibacterial activity

2.4.1. Sample preparation

300 mg of R. hastatus crude extract was dissolved in 1 mL of

dimethyl sulphoxide (DMSO). This stock solution was used
to assess the antibacterial potential of R. hastatus against
disease-causing pathogens. Streptomycin was diluted as

1 mg/ml in double distilled water for a comparative study.

2.4.2. Test Organisms: Bacterial strains and inoculum

preparation

Six bacterial strains were used to test the efficiency of R. has-
tatus extracts. Staphylococcus aureus (KX262679), Staphylo-
coccus haemoliticus (KX262673) and Bacillus cereus

(KX262674) as gram-positive bacteria and Escherichia coli
(ATCC 10536), Salmonella typhi (ATCC 6539) and Pseu-
domonas aeruginosa (ATCC 9027) that belong to the category

of gram-negative bacteria. Microbial strains were collected
from the Institute of Environmental Science and Engineering,
National University of Science and Technology, Islamabad

and Ayub Medical Complex, Abbottabad. These strains were
grown in nutrient broth and then cultured on nutrient agar
to maintain them at a 37 �C incubator overnight. The next
day each bacterial colony was mixed in 3 mL distilled water,

vortexed and optical density was made equal to 0.5 using a
spectrophotometer on 600 nm wavelength.

2.4.3. Agar well diffusion method

The antibiotic activity of R. hastatus was assessed using the
agar well diffusion method (Sen and Batra 2012, Chauhan
et al., 2017). Agar plates were made by using autoclaved nutri-

ent media (as per the manufacturer’s instructions). DMSO was
used as negative-control and streptomycin (1 mg/ml) was used
as positive-control. The zone of inhibition was measured in

millimeters for antibacterial activity.

2.4.4. Broth dilution method

Antibacterial activity of R. hastatus was also tested using mod-

ified broth dilution method (Wiegand et al., 2007). Briefly, bac-
terial colonies were suspended in 0.9 % saline solution and
optical density was set to 0.5 at 600 nm using nanodrop (Coli-

bri Spectrophotometer) to get 107–108 colony forming units
(CFU). Bacterial suspensions were further diluted to get 103
– 104 CFU/ml, and 495 ml of this suspension was poured in
Eppendorf tubes. An aliquot of 5 ml extract of R. hastatus or
DMSO or streptomycin was added to them. Eppendorf tubes

containing mixture of bacterial suspension and test extract/-
controls were vortexed and incubated at shaking incubator
for 30 min at 37 �C. After incubation, 100 ml of mixture was

further spread on agar plates (two replicates) and again incu-
bated at 37 �C for 10 h. Number of live bacteria was deter-
mined by counting the number of bacterial colonies on each

plate, equal to colony forming unit (CFU). Growth inhibition
was presented as % inhibition by using following formula:

% Inhibition ¼ CFU in control� CFU in test

CFU in control
� 100

2.5. Synthesis of silver nanoparticles

Plant based synthesis of silver nanoparticles (AgNPs) was car-

ried out according to the method described by (Chung et al.,
2016). Shortly, 4 % aqueous extract of R. hastatus leaves
was prepared and kept in a water bath at 50–55 �C for 15–
20 min. Crude extract was filtered with Whatmann No. 1 filter

paper and stored in refrigerator at 4 �C. Afterwards, 1 mL of
crude leaf extract was added to 9 mL sterile distilled water and
the 10 mL from this extract was added to 90 mL of 0.1 mM

AgNO3 solution and incubated at 37 �C for 24 h. AgNPs were
reduced to silver ions; changing their color from light yellow to
dark brown that showed the synthesis of green silver nanopar-

ticles. Sample was then transferred to a round bottom flask for
continuous stirring and heating at 100 �C for 15 min. After
heating, the solution was centrifuged for 15 min at 6000 rpm

and the resulting nanoparticles mixture was collected after dis-
carding the supernatant. These nanoparticles were dried at
room temperature for 2–3 days.

2.5.1. Characterization of AgNPs

Bio reduction of silver ions and synthesis of AgNPs was moni-
tored by using BMS (UV-1602) UV–Visible spectrophotometer
(Rashid et al., 2019). Crystalline structure of synthesizedAgNPs

was determined and confirmed using X-ray diffraction (BRU-
KER D8 X-ray diffractometer). Average crystallite size of syn-
thesized AgNPs was calculated using Scherrer’s formula

(Patterson, 1993). Morphological and chemical analyses of syn-
thesized AgNPs were carried out using FTIR and JEOL 7001F
FEG-SEM (REEQ/711/CTM/2005) equipped with EDX

detector.

2.5.2. Antibacterial activity of AgNPs

Antibacterial potential of synthesized AgNPs was assessed by

agar well diffusion method (as described earlier). Wells were
loaded with five different concentrations of synthesized AgNPs
i.e., 1, 2, 3, 4 and 5 mg/ml. AgNO3 (1 mM), plant extract were

used to assess individual antibiotic activity, standard antibiotic
(streptomycin 1 mg/ml) as a positive control and H2O was
used as negative control. After 24 h incubation, zone of inhibi-

tion was recorded.

2.6. Statistical analysis

The data were demonstrated as mean and standard deviation

of three separate experiments with five replicates. One way



Table 2 Antibiotic activity of crude extract of R. hastatus

leaves using well diffusion method.

Strains Zone of inhibition (Average ± S.D) mm

R. hastatus

(Crude extract)

Streptomycin

(Positive control)

DMSO

(Negative

control)

Pseudomonas

aeruginosa

12.1 ± 1Ab 23.9 ± 1Aa 0 ± 0c

Salmonella

typhi

11.8 ± 1Ab 20.8 ± 1Ba 0 ± 0c

Escherichia coli 12.0 ± 2Ab 19.4 ± 1Ca 0 ± 0c

Staphylococcus

aureus

12.2 ± 2Ab 22.6 ± 1Aa 0 ± 0c

Staphylococcus

haemolyticus

0 ± 0Bb 23.1 ± 1Aa 0 ± 0b

Bacillus cereus 11.2 ± 1Ab 22.7 ± 1Aa 0 ± 0c

Different small letters in superscript revealed the significant dif-

ference (P < 0.05) among the zone of inhibition of bacteria with

crude leaf extract of R. hastatus, positive and negative controls.

Different capital letters represent the significant difference

(P < 0.05) among all tested strains.

Table 3 Antibiotic activity of crude extract of R. hastatus

leaves using broth dilution method.

Strains % Inhibition (Average ± S.D)

R. hastatus

(Crude

extract)

Streptomycin

(Positive

control)

DMSO

(Negative

control)

Pseudomonas

aeruginosa

99 ± 1Aa 80 ± 3Bb 0 ± 0c

Salmonella

typhi

98 ± 0Aa 19 ± 4Cb 0 ± 0c

Escherichia coli 86 ± 0Aa 72 ± 4Bb 0 ± 0c

Staphylococcus

aureus

74 ± 4Bb 95 ± 1Aa 0 ± 0c

Staphylococcus

haemolyticus

44 ± 12Bb 44 ± 4Ca 0 ± 0c

Bacillus cereus 82 ± 1Ab 97 ± 5Aa 0 ± 0c

Different letters in superscript revealed the significant difference

(P < 0.05) among % inhibition of bacteria with crude leaf extract

of R. hastatus, positive and negative controls. Different capital

letters represent the significant difference (P < 0.05) among all

tested strains within a treatment.
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ANOVA with Tukey’s HSD post hoc test was used to find the
significant difference between control and test sample and the
difference between bacterial growth inhibition when treated

with different concentration of synthesized AgNPs. This statis-
tical analysis was carried out using SPSS IBM statistics 23
software.

3. Results

3.1. Phenolic and flavonoid content of Rumex hastatus

Crude extract of the leaves showed higher concentration (105.

05 ± 2.13) mg of GAE/g of total phenolic content. Total fla-
vonoid content of crude extract (Table 1) was determined from
the calibration curve (R2 = 0.9902), was (110 ± 29) mg QE/g.

3.2. DPPH scavenging activity of Rumex hastatus extract

Crude extract exhibited 88 % DPPH scavenging activity at a
concentration of 2000 mg plant extract as presented in Table 1.

3.3 Growth Inhibition of Pathogenic Strains by Well Diffu-
sion. In well diffusion method all bacterial strains were suscep-
tible towards crude extracts of R. hastatus leaves except S.

haemolyticus (Table 2). Leaves of R. hastatus showed zone of
inhibition ranged from 10 to 15 mm against E. coli, S. aureus,
P. aeruginosa, B. cereus and S. typhi. Significant difference

(P < 0.05) was observed between growth inhibition of patho-
genic strains with crude leaf extract of R. hastatus and syn-
thetic drug, streptomycin (Positive control), completely

inhibited the growth of all tested strains at a concentration
1 mg/ml as shown in Table 2.

3.3. % Inhibition of pathogenic strains by broth dilution method

While testing through broth dilution method, all tested strains
were found to be sensitive towards crude extracts of R. hasta-
tus leaves. However, the CFU inhibition activity was highest

against P. aeruginosa, S. typhi, B. cereus and E. coli ranging
from 82 to 99 % that was significantly higher (P < 0.05) than
streptomycin. S. aureus and S. haemolyticus were significantly

(P < 0.05) less susceptible 44–74 % towards crude extract of
R. hastatus leaves compared with positive control (Table 3).
Growth of P. aurigonosa was completely inhibited (99 ± 1)

% and S. haemolyticus was least inhibited (44 ± 12) % by
crude extract of R. hastatus leaves.

3.4. UV – Visible Spectrum of AgNPs with respect to Time

Aqueous plant extract when mixed with AgNO3, silver ion
started to reduce by the plant extract which was observed by
Table 1 Total phenolic and flavonoid content of methanolic

extract of R. hastatus leaves.

Parameters Methanol extract

Total phenolicb 105.05 ± 2.13

Total flavonoida 110.2 ± 29.2

DPPH scavenging activityc 88.05 ± 0.15

a mg of GAE / g of TPC; b mg of QE / g of TFC; c % Inhibition.
the change in color of the reaction mixture. The color of the
extract changed from milky to light brown during the first

hour and turned to dark brown after 5 h of incubation after
which no color change was observed. UV–Visible spectra of
the reaction mixture after regular time intervals are shown in

Fig. 1, that showed a specific peak at 367 nm.

3.5. XRD analysis of AgNPs

X-ray differation pattern of AgNPs synthesized by the reduc-
tion of Ag ions with aqueous leaf extract of R. hastatus
revealed five characteristic peaks in whole spectrum of 2h val-



Fig. 1 UV– Visible spectrum of synthesized silver nanoparticles

at different time intervals.

Fig. 3 FTIR spectrum of freeze dried sample of R. hastatus

based AgNPs.
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ues ranging from 10 to 80. According to Scherrer’s formula

average crystallite size of synthesized AgNPs is 85 nm ranging
from 36 to 100 nm. In XRD pattern five Bragg’s reflections at
29.70�, 32.83�,39.14�, 53.84�and 62.04�(Fig. 2) were recorded, cor-
responding to 11, 200, 311 and 220 for silver respectively.

3.6. FTIR analysis of synthesized AgNPs

FTIR spectrum of synthesized AgNPs was carried out to iden-
tify the presence of possible functional groups within the bio-
molecules that bind to the surface of silver for its bioreduction.

The prominent peaks at infrared spectrum detected in R. has-
tatus based AgNPs were compared with standard values to
identify functional groups. FTIR spectrum showed stretching
frequencies at five different regions i.e. 3215, 2364, 1580,

1290 and 800 cm�1 as shown in Fig. 3.

3.7. SEM & EDS analysis of AgNPs

SEM analysis of R. hastatus based AgNPs revealed that all
nanoparticles were spherical in shape. The average size of
Fig. 2 XRD pattern of AgNPs indicating the facets of crystalline

silver after bio-reduction.
synthesized AgNPs was 51 nm in 500 nm area of SEM image,
evident in Fig. 4A. Energy dispersive X-ray spectroscopy
(EDS) analysis was carried out to confirm the presence of sil-

ver metal in the synthesized nanoparticles. Sharp peak at 3
KeV demonstrated the existence of elemental silver in the
nanoparticles as shown in Fig. 4B.

3.8. Antibacterial activity of Rumex hastatus based AgNPs

Aquous extract of R. hastatus was found to have no antibacte-

rial potential against all tested strains. Increasing trend of zone
of inhibition in all tested strains was detected as the concentra-
tion of AgNPs increased, as revealed in the Fig. 5A-F. P. aur-
igonosa was found to be more suceptible at all AgNPs

concentrations,with zone of inhibition ranging from 19.4 to
25.3 mm, when compared with other pathogenic strains as
shown in Fig. 5A. Significantly (P < 0.05)greater zone of inhi-

bition was observed at 5 mg/ml in comparison with controls
(AgNO3 and streptomycin) and lower concentrations of
AgNPs. Inhibition zone of AgNPs was observed to be slightly

more than that of AgNO3 and aqueous leaf extract of R. has-
tatus.S. typhi, E. coli, S. aureus, S. haemolyticus and B. cereus
have shown slightly increasing zone of inhibition as the con-
centration of AgNPs increases (Fig. 5B-F). Except E. coliand

B. cereus,all other bacteria were significantly (P < 0.05) inhib-
ited by AgNPs as compared to AgNO3 (Fig. 5C & F).

4. Discussion

Pathogenic bacteria are causing lot of diseases in human
beings particularly in developing countries and Plants and

their extracts have been used to inhibit these pathogens from
centuries (Yadav et al., 2017). The pathogenic bacteria used
in this study are causing different diseases in humans

(Gellatly and Hancock 2013, Marzano et al., 2003, Croxen
et al., 2013, Ashebir and Ashenafi 2007). Current research
work has revealed that crude extract of R. hastatus leaves

was rich in total phenolic content which was supported by
(Sahreen et al., 2011). Reported literature about



Fig. 4 (A) SEM image and particle size of R. hastatus based AgNPs (B) EDS spectrum of R. hastatus based AgNPs.
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anti-angiogenic, anti-tumor and anti-cholinesterase properties
(Ahmed et al., 2016) of R. hastatus might be due to the high

phenolic content. Similarly, total flavonoids content was also
found high in crude leaf extract which asserted the leaves of
study plant a good food material and drug for the treatment

of pathogenic diseases (Ahmad et al., 2015, Baba and Malik
2015). High phenolic and flavonoid content of crude extracts
of R. hastatus leaves is directly associated with high DPPH
scavenging activity i.e., increased antioxidant potential

(Sulaiman and Balachandran 2012). DPPH scavenging activity
was observed as 88 % in methanolic extract that is considered
very good for health (Sahreen et al., 2011). Thus R. hastatus

can be used to treat numerous diseases including several neu-
rodegenerative diseases (Sahreen et al., 2014).

Present study has revealed that crude extract of R. hastatus

leaf strongly inhibited the growth of tested strains in broth
dilution method as compared to well diffusion method. Broth
dilution method got advantage over the diffusion techniques

due to its reproducibility; sensitivity and direct interaction of
pathogens with plant extract (Balouiri et al., 2016). Using
broth dilution method, number of viable cells have been
observed (Albabtain et al., 2017) that’s why % inhibition

was observed to be high in tested strains which showed inverse
pattern with well diffusion method. This might be due to the
fact that plant extract directly interacts with pathogenic bacte-

ria in broth dilution method while in well diffusion method
plant extract interact with bacteria via diffusion. Overall
results of antibacterial activity using both antibacterial assays

have revealed that gram negative bacteria were more sensitive
to R. hastatus leaf extracts compared to gram positive bacteria.
This is due to the resistance caused by thick peptidoglycan

layer in cell wall of gram positive bacteria (Pazos-Ortiz et al.,
2017). Current study has revealed that methanolic extract of
R. hastatus leaf has immense ability to inhibit the growth of
applied bacterial strains. (Hussain et al., 2010) and Hussain

etal., 2010 also predicted the similar trend of antibacterial
activity of R. hastatus leaves against human pathogenic bacte-
ria (Hazrat et al., 2013, Hussain et al., 2010). Literature has
shown that medicinal plant extracts attribute to the inhibition

of essential macromolecules synthesis which modify the phys-
iological factors of the bacterial cell and cause death of bacte-
ria (Saritha et al., 2015). Due to detergent like properties, plant

extract can cause the disruption of membrane potential, fol-
lowed by leakage of cellular matrix (Pieme et al., 2014, Chi-
Chen et al., 2012).

Silver ion and silver compounds are toxic to microorgan-

isms and they usually have large surface area (Sökmen et al.,
2017). Plant extracts act as reducing agent for the synthesis
of silver nanoparticles (green synthesis of nanoparticles), more

valuable than other biological processes (Valli and Vaseeharan
2012). The mechanism involve in the synthesis of AgNPs is the
interaction of silver ions with secondary metabolites to get

reduce by them, lead to formation of silver nuclei (Chung
et al., 2016). In current research, we have successfully synthe-
sized AgNPs using aqueous leaf extract of R. hastatus. Synthe-

sis of AgNPs was asserted by the development of dark brown
color (Imtiaz et al., 2017) from milky solution owing to the
surface plasmon resonance (SPR) with absorption maxima at
367 nm. A number of previous studies reported the absorption

maxima for AgNPs ranged from 350 nm to 490 nm (Ahmed
et al., 2016, Solgi 2014, Rajeshkumar and Bharath 2017,
Sarkar and Paul 2017). In XRD peaks of sythesized AgNPs

were recorded at five Bragg’s reflections i.e. 29.70�, 32.83�,
39.14�, 53.84�and 62.04�which indicated the spherical structure
of AgNPs (Ahmed et al., 2016, Solgi 2014, Rajeshkumar and

Bharath 2017, Sarkar and Paul 2017). The average crystalline
size of AgNPs 85 nm in our study is in association with
reported data (Jyoti et al., 2016, Marimuthu et al., 2011,

Tareq et al., 2017). Presented X-ray diffraction pattern clearly
indicates that AgNPs, synthesized by R. hastatus leaf extract,
are crystalline in nature.

FTIR spectrum showed stretching frequencies at five differ-

ent regions. The band at 3215 cm�1 attribute to OAH stretching
vibration to carboxylic acid (Sonker et al., 2017,



Fig. 5 Zone of inhibition induced by R. hastatus based AgNPs at 1–5 mg / ml compared with, aqueous leaf extract, AgNO3,

streptomycin and water against A) P. aeruginosa; B) S. typhi; C) E. coli; D) S. aureus; E) S. haemoliticus and F) B. cereus. Different letters

on the bars revealed the significant difference (P < 0.05) between the zone of inhibition of bacteria at different concentrations of AgNPs

and positive and negative controls.
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Vijayaraghavan et al., 2012). The peak located at 2364 cm�1

assign to C‚O or NAH stretching vibrations (Marimuthu
et al., 2011). The peak at 1580 cm�1 can be corresponding to
C‚C stretching vibration (Marimuthu et al., 2011,

Amooaghaie et al., 2015). The peak at 1290 cm�1 is known to
be associated with CAO stretching vibration (da Silva Ferreira
et al., 2017). The peak at 800 cm�1 corresponds toCACl stretch-
ing to alkyl halides (Geethalakshmi and Sarada 2010). Overall,

FTIR analysis indicated that biomolecules (flavonoids and ter-
penoids) are the major components that are responsible for cap-
ping and stabilization of AgNPs (Gnanajobitha et al., 2013)

synthesized by R. hastatus leaf extract.
Surface topography and morphology of R. hastatus based

AgNPs was examined using Scanning Electron Microscope

(SEM). All synthesized nanoparticles were spherical to semi
spherical in shape. Fig. 4 showed the presence of some larger
particles which may be generated due to the agglomeration
of smaller particles during preparation of sample in drying
process (Amooaghaie et al., 2015, Rajesh et al., 2017).The

average size of the synthesized silver nanoparticles was
51 nm and ranged from 46 to 60 nm. The size of the R. hastatus
based AgNPs met with the size of AgNPs synthesized by (Vijay

Kumar et al., 2014) from Madhuca longifolia, Cardiospermum
helicacabum, Phoenix sylvestris L. and Thymus kotschyanus.
The size of the crystals differed from the average particle size,
as the size of the crystals indicated the size of the repeating unit

cells in a crystal lattice, whereas the particle size revealed the
physical dimension of an individual particle (Kouhbanani
et al., 2019). EDS analysis of synthesized AgNPs revealed

the strong signals of metallic silver in the synthesized AgNPs
(Patil et al., 2018, Mitra et al., 2012, Qidwai et al., 2018,
Hamelian et al., 2018) along with small percentage of Nitrogen

and Oxygen showed the material synthesized from biological
route (Oves et al., 2022, Naveed et al., 2022).

Antibacterial activity of synthesized silver nanoparticles was
carried out by well diffusion method at five different concentra-
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tions i.e 1–5 mg/ml, which showed direct proportion between
synthesized AgNPs concentration and related antibiotic activ-
ity. This research work elaborated the synergistic antibiotic

activity of AgNPs that is higher than the individual antibacterial
activity of AgNO3 and plant extract which is in association with
(da SilvaFerreira et al., 2017,Raja et al., 2017). The actualmode

of action behind the antibacterial activity of AgNPs is still a
topic of debate. Different studies proposed different mecha-
nisms of antibacterial activity of AgNPs. A study revealed that

antibiotic activity of AgNPs is due to the interaction of posi-
tively charged AgNPs and negatively charged bacterial cell
(Malabadi et al., 2015, Pallela et al., 2018,Cao et al., 2001)which
enhance the permeability of bacterial cell and ultimately cause

death of bacteria (Cao et al., 2001, Wright et al., 1999, Eby
et al., 2009). Literature also reported that all bactericidal activity
of AgNPs attributed to the positively charged silver ion interac-

tion with nucleic acid specifically with nucleoside to replace
phosphate group, development of resulting silver containing
compounds have observed bactericidal potential (Sondi and

Salopek-Sondi 2004, Ahmed et al., 2016). A proteomic study
proposed that AgNPs, after being oxidized by reacting with bio-
molecules (Ankanna et al., 2010), have greater affinity for mem-

brane enzymes and disrupt the binding activity of enzyme to its
substrate. These enzymes maintain the trans-membrane energy
generation and transportation of ions (Wigginton et al., 2010).
Synthesis of cell wall was also inhibited by the disruption of

trans-membrane proteins function due to AgNPs interaction
which leads the cell towards death by ATP leakage (Park
et al., 2011).

5. Conclusion

The results of the present research have clinched that R. hastatus based

AgNPs could be synthesized, characterized and used against patho-

genic bacterial strains successfully as compared to crude leaf extracts

of R. hastatus. On the bases of this research, the methanolic plant

extracts contains high phenolic, flavonoid contents and antioxidant

activity as compared to hexane extract and it could be used along with

AgNPs for efficient therapeutic management of infectious pathogens.
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