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Abstract
A green approach for the biosynthesis of silver nanoparticles (AgNPs) was developed using Diplazium esculentum aqueous 
extract as green reductant. The bio-stabilized AgNPs were characterized by UV–visible spectroscopy (UV–Vis), Fourier 
transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), dynamic light scattering (DLS), and high-resolution trans-
mission electron microscopy (HRTEM). The formation of AgNPs was indicated by the colour change and the absorption 
peak at 449 nm in the UV–Vis spectrum. FTIR spectral analysis suggested the possible biomolecules associated with the 
reduction of silver ions. The crystalline and face-centered cubic (fcc) structure of AgNPs was obtained by the XRD study. 
HRTEM analysis showed that the biosynthesized AgNPs composed of quasi-spherical, hexagonal, and ellipsoidal shapes 
with an average particle size of 23.385 ± 8.349 nm. The biosynthesized AgNPs exhibited good catalytic activity up to 91% 
reduction of Methylene blue (MB), which followed a reductive pathway rather than a photocatalytic route. The catalytic 
reduction follows a pseudo-first-order reaction with a rate constant of 0.1051 min-1. The disc diffusion technique (DDT) and 
minimal inhibitory concentration (MIC) results showed significant antibacterial capability against Gram-positive (Escherichia 
coli ATCC 11,229) and Gram-negative (Staphylococcus aureus ATCC 6538) bacteria.
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Introduction

Metal nanoparticles such as gold, silver, and platinum have 
gained great attention due to their significant roles in the 
fields of catalysis, electronics, biomedical, environmental, 
and pharmaceuticals (Khan et al. 2019). Among the metal 
nanoparticles, silver nanoparticles (AgNPs) have been 
widely used due to their high catalytic, antimicrobial, and 
anti-inflammatory properties (Ebrahiminezhad et al. 2016; 
Vijilvani et al. 2020; Albukhari et al, 2019). AgNPs are 

commonly synthesized using chemical and physical meth-
ods. However, these methods are expensive and require toxic 
and hazardous chemicals, which are harmful to the environ-
ment (Ijaz et al. 2020; Yacoob et al. 2020). This situation 
leads to a growing demand for developing eco-friendly syn-
thesis to avoid the use of toxic and hazardous chemicals. In 
recent years, many types of biological materials are used in 
the biosynthesis of nanomaterials such as bacteria (Saeed 
et al. 2020), fungi (Feroze et al. 2020), algae (Aboelfetoh 
et al. 2017), and plants (Singh et al. 2016). Biosynthesis 
of metal nanoparticles using biological materials is simple, 
inexpensive, low energy, and non-toxic with high stability.

Green synthesis of AgNPs using plant extract becomes a 
better choice since the plant is safe for handling, cheap, and 
widely available, which is suitable for scalability purposes 
(Ahmed et al. 2016). The synthesis can be carried out at 
room temperature with a simple apparatus setup. It mainly 
requires these three components: (1) a metal precursor as 
a seed source such as silver nitrate, (2) a reducing agent to 
reduce Ag+ to Ag0, and (3) a stabilizing agent to prevent 
agglomeration (Singh et al. 2016). The plant extract acts 
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as both reducing and stabilizing agents; thus, more reduc-
tion on the cost and usage of hazardous chemicals could be 
achieved. Plants contain a rich source of flavonoids, phe-
nolic acids, and terpenoids that can be used for this synthesis 
(Latif et al. 2019). Several recent studies have reported the 
successful synthesis of AgNPs in the size range of 5–100 nm 
from plant extract. For example, spheroidal AgNPs with a 
size range of 5–20 nm were successfully synthesized using 
Murraya koenigii (Qais et al. 2019). Jain and Mehata (2017) 
used leaf extract of Ocimum sanctum to synthesize AgNPs 
with sizes between 10 and 20 nm. Zafar and Zafar (2019) 
reported the synthesis of spherical-shaped AgNPs with a 
diameter between 20 and 100 nm using aqueous extracts 
obtained from fruits of Phoenix dactylifera. Spherical crys-
talline AgNPs with an average particle size of 20 nm were 
successfully produced using Cestrum nocturnum extract 
(Keshari et al. 2020).

Diplazium esculentum (D. esculentum) is commonly 
known as ‘pucuk paku’ in Malaysia. It is an edible vege-
table fern in the family of Athyriaceae that is commonly 
found in Malaysia, the Philippines, and India. The flavonoid 
compounds found in this plant are procyanidin, kaempferol 
3–O–rutinoside, and quercetin 3–O–glucoside (Umi kalsom 
et al. 1994). The dominant flavonoid content is quercetin 
with 213 mg/kg dry weight (Mien and Mohamed 2001). 
Although there have been extensive studies on the biosyn-
thesis of AgNPs, it is anticiptated that different type of plant 
extract and its concentration may influence the morphology 
of the AgNPs formed. To the best of our knowledge, there 
is no available report on the use of this edible plant extract 
in the synthesis of metal nanoparticles especially AgNPs.

Metal nanoparticles are promising agents for the cata-
lytic reduction of organic dyes (Ismail et al. 2019; Kim et al. 
2021). Organic dyes are coloured molecules that are highly 
resistant to biological degradation due to their synthetic 
origin and complex chemical structure. They are used in 
numerous industries such as food, pharmacy, cosmetics, 
paints, plastics, paper, and textiles (Ali et al. 2005). The 
release of dye effluents into water sources can lead to serious 
environmental problems. Various conventional treatments 
such as coagulation, filtration, adsorption, and reverse osmo-
sis have been used for dye removal. However, it is difficult 
to eliminate these dyes from water owing to their aromatic 
structural stability (Prasad et al. 2018). Thus, the applica-
tion of AgNPs could offer an efficient yet simple method for 
dyes removal due to their relatively large surface-to-volume 
ratios.

In addition, AgNPs have been broadly used as antibac-
terial and anticancer agents for biomedical applications in 
the healthcare industry as a potential substitute for antibi-
otics (Lee and Jun 2019). The application of antibiotics is 
the most common approach to treat an infection. However, 
the rise of resistant organisms has made routine antibiotic 

prophylaxis ineffective. Furthermore, the rapid formation 
of biofilm on the implant surface by bacterium causes the 
antibiotics unable to penetrate and develop the antibacterial 
function. Thus, bactericidal activity of AgNPs without toxic-
ity to human cells gained great highlight as an antibacterial 
agent that can kill drug-resistant bacteria and prevent infec-
tions (Yun’an Qing et al. 2018).

The present study reports the synthesis of AgNPs with 
D. esculentum aqueous extract acting as the reducing and 
stabilizing agent. The performance of the green synthesized 
AgNPs was evaluated based on the catalytic reduction of 
methylene blue (MB) in the presence of sodium borohy-
dride (NaBH4). The antibacterial activities of the synthe-
sized AgNPs against Gram-negative (Escherichia coli) and 
Gram-positive (Staphylococcus aureus) bacteria were also 
investigated.

Materials and methods

Materials

Silver nitrate (AgNO3) with a purity of 99.9% was purchased 
from Sigma-Aldrich (Aldrich, Germany). Sodium borohy-
dride (NaBH4) and methylene blue were procured from 
Merck and Hudson (Merck, Germany), respectively. Fresh 
leaves of D. esculentum (pucuk paku) were obtained from a 
local market in Skudai, Johor, Malaysia.

Preparation of 2% w/v D. esculentum aqueous 
extract

The leaves of D. esculentum were cut into small pieces, 
washed thoroughly with deionized (DI) water to remove 
dust, and air-dried for several days. The air-dried D. escu-
lentum leaves were then ground into powder using an elec-
trical blender, sieved using an 850 mm sieve, and kept in an 
air-tight plastic container for further use.

The leaves powder (2.0 g) was mixed with 100 mL of DI 
water and boiled for 15 min with continuous stirring. After 
the solution was allowed to cool to room temperature, it 
was filtered using Whatman filter paper No. 1. The filtered 
extract was stored in a refrigerator at 5 ℃ until further use.

Synthesis of AgNPs by aqueous leaf extract of D. 
esculentum

In volumetric flasks (1, 2, 3, 4 and 5 mL), 1 mL of 2% (w/v) 
D. esculentum aqueous extract was added to 1 mM of 10 mL 
AgNO3 solution at room temperature. The colour change 
from light yellow to light brown indicated the formation of 
the colloidal AgNPs. The formation of AgNPs was moni-
tored using UV–Vis spectroscopy. The reaction time for the 
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formation of AgNPs was recorded until it reached saturation. 
The biosynthesized AgNPs were collected by centrifuga-
tion at 14,500 rpm for 15 min and washed with DI water 
twice to remove any excess plant extract on the surface of the 
AgNPs. The synthesis of AgNPs was optimized by varying 
the amount of leaf extract from 1 to 5 mL. The biosynthe-
sized AgNPs obtained were stored in a vacuum dessicator 
prior to any characterization.

Characterization of the biosynthesized AgNPs

The colloidal AgNPs formation progress was monitored by 
UV–Vis spectroscopy using a Shimadzu 2501 PC UV–Vis 
spectrophotometer (Shimadzu, Kyoto, Japan). The UV–Vis 
spectra of the aqueous extract and AgNO3 mixture were 
recorded at regular time intervals in a 1 cm path length 
quartz cuvette in the wavelength range from 200 to 800 nm. 
The functional groups of the phytochemicals responsible for 
the reduction and stabilization of the AgNPs were identified 
by FTIR spectroscopy. The infrared spectra were recorded 
using Perkin Elmer 1600 model Fourier Transform Infrared 
(FTIR) spectrometer (Perkin Elmer, Norwalk, CT, USA) in 
the spectral range of 4000 to 400 cm−1 using the potassium 
bromide (KBr) disc method. The crystalline nature of the 
biosynthesized AgNPs was characterized using a Bruker 
D8 Advance X-ray Diffractometer (XRD, Bruker, Ger-
many) with CuKα radiation (λ = 1.5418 Å). The samples 
were measured in the range of 2θ = 10–100°. The diffraction 
patterns were indexed from the database files to determine 
the crystalline phases and structural properties of AgNPs.

In the dynamic light scattering (DLS) measurement, the 
hydrodynamic particle sizes were analysed using a Malvern 
Zetasizer Nano ZSP (Malvern Instruments, Malvern, UK) 
operating with a He–Ne laser at a wavelength of 633 nm. 
Using the DLS principle, the average particle size dispersed 
in a liquid medium was calculated with a scattering angle 
of 173°. The standard viscosity and refractive index val-
ues used for pure water (25 °C) were 0.8872 mPa and 1.33, 
respectively.

The shape, size, and morphology of the AgNPs were 
studied using a JEOL JEM-ARM 200F HR-TEM microscope 
(JEOL, Tokyo, Japan) operated at 200 kV. Samples for TEM 
analysis were prepared by placing a small drop of sonicated 
colloidal AgNPs solution on a carbon-coated copper grid. 
The excess solution from the TEM grid was removed, and 
the grid was allowed to dry under ambient conditions before 
the analysis.

The catalytic action of biosynthesized AgNPs 
on Methylene Blue

The catalytic activity of the prepared AgNPs was assessed 
in the removal of methylene blue (MB) by NaBH4. In a 
typical assay, 10 mL of 10 ppm stock solution of MB was 
mixed with 3 mL of freshly prepared 5 mM NaBH4 solu-
tion. 3 mg of the biosynthesized AgNPs was added into 
the previously prepared mixture of MB and NaBH4. The 
mixture was continuously stirred at room temperature, and 
the reduction of MB was monitored at a regular interval of 
5 min by UV–Vis spectrophotometer. The value of absorp-
tion band maxima was recorded. A control experiment was 
also prepared in the absence of AgNPs.

Antibacterial activity assay of biosynthesized AgNPs

The antibacterial activity of the biosynthesized AgNPs 
was assessed against Gram-positive bacteria S. aureus 
(ATCC 6538) and Gram-negative bacteria E. coli (ATCC 
11,229). Agar disc diffusion technique (DDT) and mini-
mum inhibitory concentration (MIC) were used to evalu-
ate the antibacterial properties of biosynthesized AgNPs 
based on the Clinical Laboratory Standard Institute guide-
lines (CLSI, 2018). Procedures were done strictly under 
the aseptic condition to avoid contamination (Bykowski 
and Stevenson, 2020). Both assays used distilled water as 
a negative control and Kanamycin as a positive control.

The DDT procedure was performed according to the 
published protocol by Aminullah et al., (2021) with some 
modifications. The turbidity of the bacterial cell was 
adjusted to a scale of 0.5 using MacFarland standard with 
approximately 108 CFU (Colony Forming Unit)/mL cells 
concentration (CLSI, 2018). Bacterial suspensions were 
then spread onto Mueller–Hinton Agar (MHA) plates 
using sterile cotton swabs. The sterile disc (6 mm diam-
eter) was saturated with 100 µL of colloidal AgNPs at 
varying concentrations (50 µg, 100 µg, and 150 µg) before 
being placed carefully on the inoculated agar. After 24 h 
of incubation at 37 °C, the diameter of the growth inhibi-
tion zones around the disc was measured and recorded as 
mean diameter ± SD.

Minimal inhibitory concentration (MIC) was evaluated 
using the dropped plate technique (Naghili et al. 2013). 
About 50 mL of the bacterial cells in a log phase (optical 
density of 0.6 to 0.8 measured at 600 nm) was centrifuged 
at 4000 rpm at 4 ºC for 15 min (Mytilinaios et al., 2012). 
The bacterial pellets were washed twice and suspended in 
200 mL of saline solution (9.0% of NaCl). Then, 10 mL of 
the bacterial suspension was added to the different AgNPs 
concentrations between 20 to 140 µL/mL. The mixture 
was shaken at 100 rpm for 30 min. Finally, 10 µL from 
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the sample solution was pipetted accurately and dropped 
on the surface of the MHA plate, and incubated at 37 °C 
overnight. The plate was observed for the growth of the 
bacteria.

Results and discussion

Biosynthesis of AgNPs

Biosynthesis of AgNPs was performed using an aqueous 
extract of D. esculentum as the reducing and capping agent. 
The biomolecules present in the extract play an essential role 
in stabilizing the AgNPs from agglomeration. To obtain an 
optimum value of colloidal AgNPs, different amounts of 
the extract (1–5 mL) were added to a constant concentration 
of AgNO3 solution (1 mM), which acted as the metal pre-
cursor. The formation of the colloidal AgNPs was initially 
confirmed by the colour change of the solution. The reduc-
tion process from Ag(I) to the elemental Ag was observed 

based on the colour changed in the mixture of AgNO3 and 
D. esculentum aqueous extract solution from pale yellow to 
deep brown, as shown in Fig. 1. The deep brown colour of 
the reaction mixture was developed due to the excitation of 
the Surface Plasmon Resonance (SPR) vibrations in AgNPs 
(Rajeshkumar S. 2016). The formation of colloidal AgNPs 
was monitored using UV–Vis spectroscopy.

In Fig. 2a, the UV–Vis spectra show the absorbance 
of AgNO3-D. esculentum mixtures at different volumes 
of added D. esculentum extract. The SPR band of AgNPs 
centred around 450 ± 5.0 nm had increased in the absorp-
tion when the volume of the D. esculentum extract added 
increased from 1 to 2 mL, suggesting a higher yield of 
AgNPs produced. At a higher amount of D. esculentum 
extract (3 to 5 mL), the SPR bands exhibited broader absorp-
tion with lower absorbance, probably due to the aggregation 
of AgNPs (Lade and Gogle 2019). Likely, the presence of 
too many reducing agents might contribute to the secondary 
reduction process on the surface of the nuclei, thus forming 
larger particles of AgNPs entities (Borhamdin et al. 2016). 
Therefore, 2 mL of D. esculentum extract aqueous was found 
to be the optimum volume for the biosynthesis of AgNPs as 
it gave the highest yield of colloidal AgNPs.

Figure 2b indicates the SPR band of AgNPs as a func-
tion of reaction time, in which the absorption intensity was 
gradually increased with time. Figure 2c corresponds to the 
plot absorbance at l = 449 nm against the time of reaction, in 
which the reduction was almost complete within 24 h. Thus, 
the AgNPs can be synthesized within 24 h using this green 
method by employing the D. esculentum aqueous extract as 
the reducing agent. On continuous monitoring, the absorb-
ance of the colloidal AgNPs was almost constant for more 
than 48 h. This finding suggested that the AgNPs were sta-
ble and did not undergo agglomeration in 48 h. Hence, D. 

Initial colour Colour after 24h

(a) (b)

Fig. 1   Colour changes in the reaction mixture of AgNO3 and D. escu-
lentum a before and b after 24 h

0

0.2

0.4

0.6

0.8

1

1.2

1.4

300 400 500 600 700

A
bs

or
ba

nc
e

Wavelength (nm)

1ml

2ml

3ml

4ml

5ml

0

0.2

0.4

0.6

0.8

1

1.2

1.4

300 400 500 600 700

A
bs

or
ba

nc
e

Wavelength (nm)

1 h

2 h

6 h

8 h

24.5 h

25 h

32 h

48 h

449 nm

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1 h 2 h 6 h 8 h 24.5 h 25 h 32 h 48 h

A
bs

or
ba

nc
e 

at
 4

49
 n

m

Reaction time 

(c)

Ag(I)  Ag(0)
24.5 h

(b)(a)
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esculentum aqueous extract contained biomolecules that 
effectively stabilized the surface of AgNPs and prevented it 
from further growth and agglomeration.

The FTIR spectra were recorded to identify the functional 
groups of the biomolecules present in the D. esculentum 
extract, which are responsible for the surface stabilization of 
biosynthesized AgNPs (Fig. 3). The FTIR spectrum of the 
D. esculentum powder displayed a broad absorption band 
at 3393 cm−1 assigned to O–H groups stretching vibrations 
of phenols and alcohols (Ahmed et al. 2016). Meanwhile, 
weak bands around 2900 cm−1 were due to C-H asymmetric 
stretching represented alkanes in lipids (Paul et al. 2015). 
Absorption bands observed at 1645 and 1065 cm−1 were 
consistent with the presence of C = O and C–O stretching 
vibrations, respectively (Jain and Mehata 2017).

Based on a previous report, these functional groups in 
the D. esculentum powder were indicated as flavonoid com-
pounds such as procyanidin, kaempferol 3–O–rutinoside, 
and quercetin 3–O–glucoside (Paul et al. 2015). Meanwhile, 
the FTIR spectrum of the biosynthesized AgNPs showed 
similar absorption bands of OH, C = O, and C–O with 
less intensity and a small shift in the position, as shown 
in Table 1. The presence of these similar bands strongly 
suggested that the surface of the nanoparticles was capped 
with phytomolecules such as flavonoids, polyphenols, with 
functional groups such as ketone, aldehyde carboxylic acid, 
and others (Chand et al. 2020). These surface adsorbed bio-
molecules prevented the aggregation of AgNPs. Thus, the 
D. esculentum extract contained compounds with OH and 
CO groups, which have vital roles in reducing and stabiliz-
ing AgNPs.

XRD diffractogram of the biosynthesized AgNPs was 
depicted in Fig. 4. The obtained diffractogram confirmed 
the crystalline structure of biosynthesized AgNPs. The XRD 
pattern revealed five distinct diffraction peaks at 37.93˚, 
44.23˚, 64.34˚, 77.27˚, and 81.29˚corresponded to the 

lattice planes (111), (200), (220), (311), and (222), respec-
tively. The peak positions and diffraction lines intensities 
matched well with the standard reference of silver (ICDD no. 
03–065–2781) in the face-centred cubic (fcc) structure. The 
d-spacing of AgNPs measured using Bragg’s Law (2.37 Å) 
showed a good agreement with the literature value (Bhakya 
et al. 2015). The appearance of a broad amorphous peak 
between 0 to 30° indicated the existence of biomolecules 
from the D. esculentum presented on the surface of AgNPs. 
The average crystallite size of AgNPs (19.9 nm) was calcu-
lated using Debye–Scherrer determined from the width of 
the (111) plane.

The size, dispersion, and morphology of the biosynthe-
sized AgNPs were examined using HRTEM image analysis. 
The HRTEM images at different magnifications are shown 
in Fig. 5a–d. As illustrated, the AgNPs have mostly quasi-
spherical, with some in hexagonal and ellipsoidal shape. 
The lattice fringes of 0.2378  nm were measured using 
Gatan software, which corresponded to the lattice plane of 
(111) and was consistent with the literature value (Ren et al. 
2016). Meanwhile, Fig. 5e shows the particle size distri-
bution histogram of the biosynthesized AgNPs generated 
using the Image-J software. The particle size distribution 
was in the range of 6–47 nm, with an average particle size 
of 23.385 ± 8.349 nm.

The DLS particle size distribution profile of the bio-
synthesized AgNPs is shown in Fig. 6. The particle size of 
AgNPs was measured in terms of hydrodynamic diameter (a)

(b)

O-H C-H

Fig. 3   FTIR spectra of a D. esculentum leaves powder b AgNPs

Table 1   FTIR peak assignment for D. esculentum and biosynthesized 
AgNPs

Functional group Wavenumber (cm−1)

D. Esculentum leaves Biosynthesized AgNPs

O–H 3393 3398
C–H 2928, 2851 2912, 2848
C = O 1645 1621
C–O 1065 1048

(111)

(200)

Fig. 4   XRD diffraction pattern of AgNPs
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in the colloidal suspension (Baranwal et al. 2016). Based 
on the result, the calculated average particle size of the 
biosynthesized AgNPs was 52.06 nm. As expected, the 
particle size measured using DLS in solution was larger 
than the crystallite size obtained from powder XRD and 
the particle size calculated from HRTEM analysis. The 
larger size obtained from DLS analysis was due to the 

layer of surface adsorbed biomolecules and solvent mol-
ecules on AgNPs (Sanyasi et al. 2016).

Catalytic reduction of aqueous methylene blue

AgNPs catalysed reduction of dyes has been well docu-
mented (Marimuthu et al. 2020). The catalytic performance 

Fig. 5   a-c HRTEM images of 
AgNPs at different magnifica-
tions, d Lattice fringes spacing 
and e Particle size distribution 
histogram

50 nm 20 nm

10 nm 5 nm

0.2378nm

(a) (b)

(c) (d)

(e)

Fig. 6   Particle size distribution 
of AgNPs solution by DLS
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of the biosynthesized AgNPs was tested in the reduction 
reaction of methylene blue (MB) by NaBH4 in an aqueous 
solution as a model reaction. The performance was moni-
tored using UV–Vis spectrophotometry and visual inspec-
tion of the colour change of MB (Fig. 7). The initial dark 
blue aqueous MB solution typically showed a maximum 
absorption band at l = 664 nm owing to the n → π* transi-
tion (Saad et al. 2016). The catalytic reduction progress of 
MB was monitored based on the gradual decrease in the 
intensity of the absorption band at 664 nm until a colourless 
solution was obtained.

Figure 7a shows that the reduction rate of MB was sig-
nificantly slower in the absence of AgNPs catalyst, in which 
39% of reduction in 90 min was observed. In the presence 
of 3 mg of AgNPs, the reduction rate of MB increased to 
91% of reduction in 90 min (Fig. 7b). These findings sug-
gested the effective reduction of MB could be achieved in 
the presence of AgNPs at its optimal concentration. AgNPs 
were hypothesized as the active sites, acting as a mediator 
for the electron transfer step during the reduction of MB by 

NaBH4 when the biosynthesized was used for the catalysed 
reduction. Recently, AgNPs were reported as good, highly 
efficient, and stable photocatalysts under ambient tempera-
ture with visible light illumination for degrading organic 
compounds and dyes (Wang et al. 2009; Kumari et al. 2016; 
Therumagal and Jeyakumari, 2020).

The catalytic removal of aqueous MB was also conducted 
under the dark condition to ascertain the photocatalytic 
removal pathway of MB. Figure 7c shows the decolouri-
zation percentage of MB performed under dark condition 
(91%) was similar to the value obtained by the catalytic 
reduction conducted under normal laboratory fluorescent 
lightings. The comparison is clearly shown in Fig. 7d. 
Hence, it could be deduced that the catalytic removal of 
MB by AgNPs followed the reductive pathway rather than 
the photocatalytic route. Similar previous findings have been 
reported on the catalytic reduction of MB in an aqueous 
solution by AgNPs in the presence of NaBH4 as a reducing 
agent (Raza et al. 2016). The rate constant (k) was calculated 
from the plot of ln

(

A
t
∕A

0

)

 against time as shown in Fig. 7e. 

MB Time 
(min)

0

y = -0.1051x - 0.0469
R² = 0.995

-2.5

-2

-1.5

-1

-0.5

0
0 5 10 15 20

Time (min)

(e)

(a) (b) (c)

(d)

Fig. 7   UV–Vis spectra of reduction on a MB + NaBH4, b MB + NaBH4 + 3 mg AgNPs, c reduction reaction under dark condition, and d percent-
age of decolourization of aqueous MB, e Graph of ln(At A0) against time
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The result shows that the reduction reaction of MB follows 
a pseudo-first-order kinetic with an average rate constant 
(k) value of 0.1051 min-1. Thus, it can be concluded that the 
biosynthesized AgNPs can act as an effective catalyst for the 
degradation of organic dyes in waste water.

In the presence of AgNPs as the catalysts and NaBH4 as 
a reducing agent, the rapid decolourization of MB could be 
due to the fast electron transfer between NaBH4 and MB 
(Fig. 8). Specifically, NaBH4 acts as an electron donor and 
MB as the electron acceptor. The catalytic progression fol-
lows a redox mechanism, in which the AgNPs mediates the 
transfer of electrons from donor BH4

− ions to MB, which is 
the acceptor. This type of electron transfer phenomenon in 
which metal nanoparticles act as redox catalysts is known 
as the “electron relay effect” and has been similarly reported 
in the catalysed reduction of other dyes (Gupta et al. 2011).

Antibacterial assay

The antibacterial assay of the AgNPs was conducted 
against Escherichia coli (E. coli) and Staphylococcus 
aureus (S. aureus) through the disc diffusion technique 
(DDT) and minimum inhibition concentration (MIC). 
There was no formation of an inhibition zone for bacteria 
treated with D. esculentum leaf extract due to the absence 
of any antibacterial property, as shown in Fig. 9c. When 
respective bacteria were treated with increased concen-
trations of AgNPs, the sizes of the inhibition zone also 
increased, as shown in Fig. 9A, B. The inhibition zone val-
ues in Table 2 indicated that the AgNPs were more suscep-
tible to E. coli compared to S. aureus. This susceptibility 
difference between these Gram-negative bacteria is most 
likely due to their structural variations, especially in their 
cell envelope (Jiraroj et al. 2014; Salim and Malek 2016). 
As Gram-negative bacteria lack the thick outer peptidogly-
can layer presented in Gram-positive bacteria, E. coli is 
most likely to be inhibited first due to AgNPs anchorage 
and penetration to the cell wall (Mathur et al. 2018). Even 

though AgNPs are well known to possess antimicrobial 
properties, the mechanisms regarding their microbial tox-
icity are not clearly understand and reported. 

Fig. 8   Proposed mechanism for 
AgNPs catalysed reduction of 
MB by NaBH4
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Fig. 9   Antibacterial activity of AgNPs against A Staphylococcus 
aureus B Escherichia coli at different concentrations (50–150  μg/
mL). a positive control disc using Kanamycin 30  μg, b–c negative 
control using distilled water and leaf extract
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Table 3 shows the MIC value for the biosynthesized 
AgNPs and Kanamycin as a positive control. The MIC 
value for biosynthesized AgNPs from D. esculentum toward 
both bacteria was 100 μg/mL. This value was in agreement 
with the MIC values obtained from chemically synthesized 
AgNPs of 30 nm in size by Agnihotri et al. (2014). There-
fore, this study confirmed that the biosynthesized AgNPs 
exhibited good antibacterial properties comparable to the 
chemically synthesized silver nanoparticle with broad-spec-
trum activity.

The antibacterial properties projected by the DDT and 
MIC results are strongly correlated with the size, shape, 
surface charge, chemical composition and aggregation of 
the nanoparticles. Due to their strong intermolecular interac-
tion, AgNPs are prone to aggregation, which reduces their 
antibacterial efficacy (Garcia et. al., 2020). Thus, for the sig-
nificant antibacterial potency, it is critical to prevent AgNPs 
from aggregating and maintain their dispersion (Slavin et. 
al., 2017). In this study, the phytochemical compounds 
from D. esculentum acted as the capping agent to inhibit the 
aggregation of the AgNPs during synthesis.

Figure 10 depicts the antibacterial mechanism of AgNPs 
against bacterial cells. The capacity of AgNPs to kill bac-
teria is due to the release of silver ions from their sur-
face, which can destroy molecules containing sulphur and 

Table 2   Inhibition zone diameter of the samples against Gram-posi-
tive bacteria (S. aureus) and Gram-negative bacteria (E. coli) 

Diameter of disc = 14 mm. Kanamycin as a positive control, distilled 
water as a negative control

Sample (µg) Mean diameter Zone of Inhibi-
tion ± SD

S. aureus E coli

Distilled water 0 0
Leaf extract 0 0
Kanamycin (30) 17.5 ± 0.1 18 ± 0.0
AgNPs (50) 15.3 ± 0.2 16.7 ± 0.3
AgNPs (100) 16.9 ± 0.1 17.5 ± 0.2
AgNPs (150) 17.6 ± 0.2 17.8 ± 0.1

Table 3   Minimum inhibition concentration of biosynthesized AgNP 
towards S. aureus and E. coli; Kanamycin used as positive control

Bacterial strain MIC value (μg/mL)

AgNPs Kana-
mycin 
(control)

S. aureus 100 10
E. coli 100 5

Fig. 10   Proposed antibacterial mechanisms for AgNPs towards bacteria
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phosphorus, such as bacteria's DNA and proteins (Behravan 
et. al., 2019). The mode of action of AgNPs is generally 
described by simultaneous metal ion release, oxidative stress 
and non-oxidative mechanisms (Shaikh et al., 2019). Moreo-
ver, the generation of reactive oxygen species (ROS) inhibits 
the antioxidant defence system and causes mechanical dam-
age to the cell membrane.

Unlike Ag+ ions, AgNPs provide better contact with bac-
teria due to a larger surface area. AgNPs can directly interact 
with the proteins and phospholipids of the cell membrane 
by neutralization of the surface electric charge, violating 
its integrity and permeability (de Souza et al., 2019). Once 
within the cell, the AgNPs' bind to the thiol group (–SH) of 
respiratory enzyme active sites as well as subcellular orga-
nelles like mitochondria, causing the cell's homeostasis to 
be disrupted (Sooklert et al. 2019).

The AgNPs may also enter the nucleus through the cyto-
plasmic channels which finally lead to the fragmentation 
of the DNA double helix, thus disrupt their functions and 
inevitably lead to the cell’s death (Dutta et al. 2020). In fact, 
one of the important mechanisms of AgNPs killing effect 
to bacteria is by increasing the production of internal ROS. 
This is because more reactive singlet oxygen metabolites 
(OH−, O2 −, H2O2) are abundantly generated in the pres-
ence of trace metal ions (Agarwal et al. 2019). Thus, at high 
concentrations of ROS, further damage to biomolecules 
occurs, in which AgNPs exhibit concentration-dependent 
antimicrobial activity against E. coli and S. aureus. These 
multiple mechanisms greatly endorse the advantage of the 
plant biosynthesized AgNPs to inhibit bacterial growth, thus 
killing it.

AgNPs have gained in popularity as a result of their 
improved ability to kill bacterial infections at lower concen-
trations than bulk silver (Ijaz et al. 2020). They are antici-
pated to be used in a wide range of applications, including 
cosmetics, biomedical devices, paints, textiles and even 
drinking water treatment membranes due to their diverse 
characteristics and physicochemical properties. Recent 

studies regarding dye degradation and antibacterial applica-
tions are listed in Table 4. As summarised in Table 4, there is 
no report yet employing this plant from Malaysia. The com-
bination of catalytic and antibacterial properties exhibited by 
the AgNPs derived from the D. esculentum extract reported 
in this work is comparable with other plant-mediated syn-
theses AgNPs.

Conclusion

 An environmentally benign and green synthesis of AgNPs 
had been successfully developed through the reduction of 
aqueous AgNO3 using D. esculentum aqueous extract as 
reducing and stabilizing agent. . . UV–Vis spectral analyti-
cal data showed an absorption peak near 450 nm  which 
demonstrates the successful formation of AgNPs. The pres-
ence of similar functional groups of D. esculentum in the 
FTIR spectrum of AgNPs indicated the function of D. escu-
lentum as a reductant and stabilizer. HRTEM showed that 
biosynthesized AgNPs are mostly quasi-spherical with an 
average particle size of 23.385 ± 8.349 nm. The biosynthe-
sized AgNPs were successfully proven as catalytically active 
in the reduction of aqueous methylene blue in the presence 
of sodium borohydride with 91% reduction. The antibac-
terial assay shows that biosynthesized AgNPs potentiates 
excellent antibacterial activity towards a broad spectrum of 
bacteria with a dose-dependent effect.
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Table 4   Antibacterial and dye 
removal applications of AgNPs 
biosynthesized from plant 
extract

Plant extract Country Degradation of dye Bioactivity References

Diplazium esculentum Malaysia Methylene Blue Antibacterial This work
Caulerpa serrulate Egypt Congo red Antibacterial Aboelfetoh et al. 2017
Mesua Ferrea India Congo red Antimicrobial Thirumagal et al. 2020
Solanum nigrum India 4-Nitrophenol Antimicrobial Vijilvani et al. 2020
Papaya India Blue CP, yellow 3RS Antibacterial Jain et al. 2020
Albizia procera Pakistan Methylene Blue Antibacterial Rafique et al. 2019
Ficus retusa India Eriochrome blact T dye Antibacterial Singhal et al. 2017
Aspilia pluriseta Kenya Congo red Antimicrobial Nyabola et al. 2020
Mentha aquatica Iran Methylene blue, Congo 

red, Rhodamin B, methyl 
orange

Antibacterial Nouri et al. 2020
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