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a b s t r a c t

Silver nanoparticles play a significant role in biomedical sciences due to their unique properties allowing

for their use as an effective sensing and remediation platform Herein, the green synthesis of silver nanos-

tructures (Ag NSs), prepared via aqueous extract of waste Brassica oleracea leaves in the presence of silver

nitrate solution (10-4 M), is reported. The Ag NSs are fully characterized and their efficacy with respect to

4-nitrophenol reduction, glucose sensing, and microbes is determined. Visually, the color of silver nitrate

containing solution altered from colorless to yellowish, then reddish grey, confirming the formation of Ag

NSs. HRTEM and SEAD studies revealed the Ag NSs to have different morphologies (triangular, rod-

shaped, hexagonal, etc., within a size range of 20–40 nm) with face-centered cubic (fcc) crystal structure.

The Ag NSs possess high efficacy for nitrophenol reduction (<11 min and degradation efficiency of 98.2%),

glucose sensing (LOD: 5.83 lM), and antimicrobial activity (E. coli and B. subtilis with clearance zones of

18.3 and 14 mm, respectively). Thus, the current study alludes towards the development of a cost-

effective, sustainable, and efficient three-in-one platform for biomedical and environmental applications.

� 2022 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

In the past few decades, unprecedented interest and substantial

research efforts have been made towards metallic nanoparticles,

especially silver and gold, due to their exceptional chemical, bio-

logical, and physical properties (Bansal et al., 2007; Singh et al.,

2020b; Tehri et al., 2022; Zhu et al., 2021). Specifically, silver

nanoparticles (Ag NPs) gotten a lot of interest as antimicrobic

agents in healthcare, cosmetics, food storage, textile coatings,

and environmental remediation, such as, catalytic reduction of pol-

lutant dyes (Baker et al., 2021; Dubey et al., 2010; Moradi et al.,

2020; Rani et al., 2020; Singh et al., 2020a; Singh et al., 2018).

4-NP is widely used in pharmaceutical and agrochemical indus-

tries as a synthetic intermediate to many medicines, pesticides,

and herbicides. However, the unregulated release of 4-NP when

mixed with water is detrimental to freshwater bodies. 4-NP causes

headaches, drowsiness, blood disorders, etc., and is a breakdown

product from other pesticides, such as, parathion and fluoridifen.

In 2002, Pal and Esumi first reported the ability of metal NPs to

effectively reduce 4-NP to 4-AP in the existence of sodium borohy-

dride. Thereafter, numerous researchers have used their study as a

standard process to examine the catalytic potency of metal NPs, for

example, Au NPs (Clarance et al., 2020; Khan et al., 2020), Ag NPs

(Singh et al., 2017), Pd NPs (Nasrollahzadeh et al., 2015), Pt NPs
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(Fahmy et al., 2020; Syed and Ahmad, 2012), and Ni NPs

(Chaudhary et al., 2019).

Diabetes is a non-communicable disease and is identified as a

global major health concern within the United Nations Sustainable

Development Goals (SGD 3, Target 3.4). Amongst the most impor-

tant clinical indicators of human health is blood glucose levels (Gao

et al., 2017; Haleem et al., 2021; Huang et al., 2021). Glucose levels

in the urine, on the other hand, are a good pre-screening signal for

people with high blood sugar. The urine test is positive when the

glucose concentration in the urine exceeds 500–1000 mg/L (Duc

et al., 2018). A plethora of methods has been developed for glucose

detection, such as spectrophotometry (Dong et al., 2021; Hwang

et al., 2018; Journal, 2012), electrochemistry (Reghunath et al.,

2021; Yoo and Lee, 2010; Yusan et al., 2018), chemiluminescence

(Gao et al., 2021; Li et al., 2017), fluorometry (Han et al., 2019;

Moschou et al., 2004; Yu et al., 2022), and surface-enhanced Raman

spectroscopy (Cui et al., 2022; Sun, 2021). Despite these, the colori-

metric method has attracted significant attention for detection due

to its simplicity, lower cost, practicality, and portability (Li et al.,

2013). These glucose sensors are dependent upon enzymes and

chromogenic agents. The enzymatic oxidation of glucose produces

gluconic acid and hydrogen peroxide. Although, natural enzymes

have some limitations, for instance, the high cost of preparation,

instability, purification, and storage.

Recently, several nanomaterials, namely: Fe3O4 (Ren et al.,

2018; Sanaeifar et al., 2017), ZnFe2O4 (Shahnavaz et al., 2014; Su

et al., 2012) magnetic nanoparticles, nitrogen-doped graphene

quantum dots (Ji et al., 2016; Liu et al., 2020; Wu et al., 2020),

C60 carboxy fullerenes (Dugan et al., 1997; Wei and Wang,

2008), graphite-like carbon nitrides (Wang et al., 2017), and CuS

nanoparticles (Kim et al., 2017), have been reported to detect glu-

cose using the colorimetric method.

Due to unique properties such as strong light absorption and

scattering, high extinction coefficient (1 � 108 to 1 � 1010 M�1-

cm�1), localised SPR, detection of metals rather than dyes, low

cost-effectiveness, eco-friendliness, colorimetricity, and conve-

nient bare detection, Ag NPs have a lot of potential in fundamental

research and industrial applications (Syed and Ahmad, 2013; Syed

et al., 2021). To date, various morphologies of silver nanostructures

have been prepared (such as triangular, hexagonal, nanorods,

nanoflowers, and nanowires). These morphologies offer interesting

features (high surface area, high reactivity, and high adsorption

potency in contrast to spherical ones, which play an influential role

in many applications, including catalysis, antimicrobial activity.

Thus, it is evident that AgNPs can be employed in diverse applica-

tions such as biomedical (e.g., glucose sensing and antimicrobial

activity) and environmental (catalytic degradation of 4-NP).

Further, NPs have various synthesis methods, which involve

biological, physical, and chemical processes. The use of expensive

and dangerous chemicals, as well as the requirement of reactive

reaction conditions, limits the applicability of these procedures.

However, the green synthesis of NPs offers excellent advantages

in contrast to previous ones, such as environmental friendliness,

sustainability, and cost-effectiveness (Jadoun et al., 2021; Naikoo

et al., 2021; Oves et al., 2022; Panda et al., 2020; Rana et al.,

2020; Singh et al., 2019, 2018, 2017; Vanlalveni et al., 2021). To

prepare NPs, these methods use a biological constituent, such as

phytochemicals found in leaf extracts, as a reducing and capping

agent.

In lieu of above discussion, herein, we report the green synthe-

sis silver nanostructures (Ag NSs) using the aqueous extract from

waste Brassica oleracea leaves as a three-in-one material for the

transformation of 4-nitrophenol (4-NP) to 4-aminophenol, as a glu-

cose sensor, and as an antimicrobial agent. The Brassica oleracea

plant extract serves to reduce, stabilize and cap the in-situ formed

Ag NSs. To the best of our knowledge, this is first study on the

development of an efficient three-in-one platform prepared via

waste leaves of plant for effective biomedical applications.

2. Experimental

2.1. Materials

Brassica Oleracea leaves were collected from the agriculture gar-

den of SGGSWU campus, India, and thoroughly washed with dis-

tilled water. Escherichia coli and Bacillus. subtilis were supplied in-

house by the Biotechnology Department, SGGSWU, campus. Merck

provided 4-NP, sodium hydroxide (NaOH), sodium borohydride

(NaBH4), silver nitrate (AgNO3), and, glucose oxidase (GOx).

Sigma-Aldrich supplied the PBS (now known as Merck). Before

use, all glassware carefully cleaned in aqua regia and wiped thor-

oughly double distilled water.

2.2. Formation of Ag NS

(see Fig. 1) A mixture of dried Brassica oleracea leaves (10 g) and

DI water was boiled in a partially open beaker until it was reduced

to one half of its original volume, filtered twice and the prepared

Brassica oleracea extract was kept in a sealed container until it

was needed again. An aliquot (1 mL) of the extract was poured to

an aqueous mixture of AgNO3 (50 mL, 1 � 10-4 M). The colour of

the silver nitrate solution transformed from colourless to pale yel-

low to reddish-brown, indicating that Ag NSs had formed.

2.3. Glucose sensing

Ag NS solution (1000 lL) was added to a previously incubated

(15 mins, water bath, 37 �C) mixture of the appropriate glucose

solution (100 lL, 1 to 5 mM) in PBS buffer and GOx (100 lL;
2 mg/mL in 0.001 M PBS). The resultant mixtures were further

incubated (water bath, 37 �C, 15 min) and, subsequently trans-

ferred into UV–Vis cuvettes and their UV–visible spectra recorded.

2.4. Catalytic potential: degradation of 4-NP

The appropriate aliquot of Ag NSs solution (5, 10, and 15 lL)
was added to an aqueous mixture comprising 4-NP (5 � 10-3 M,

40 lL), NaBH4 (300 lL, 2 � 10-1 M), and DI water (1.65 mL) con-

tained within a UV-cuvette. UV–vis spectroscopy was used to mon-

itor all this progress; besides this, every single min UV–vis spectra

peaks were taken, awaiting significant changes. The catalytic

experimentation was conducted in June 2021, with a solar flux of

632 W/m2.

2.5. Antimicrobial activity

The ‘‘well-plate diffusion procedure” was employed to assess

the antimicrobial potency of prepared Ag NSs. Bacterial cultures

were cultivated in Petri plates containing Luria broth (LB) and

incubated overnight. Wells were then knocked into the Luria broth

plates. Ag NSs were then poured in the wells in various amounts

(10, 20, 30, and 40 lL) and incubated overnight at 37 �C. On the fol-

lowing day, the antimicrobial property of AgNSs was monitored by

visually checking for any zones of clearance.

2.6. Sample characterization

The optical examination of Ag NSs was carried out using a

Shimadzu-UV 2600 UV–Vis spectrophotometer with a wavelength

range of 200–800 nm, whereby, H2O2 (300 uL) was added, drop-

wise, the appropriate Ag NS solution (1 mL) contained in a UV-
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cuvette. An Alpha Fourier-transform infrared spectrophotometer

was conducted to identify the phytochemicals contained in the

extract and their interaction with Ag NSs. A (Malvern-ZEN-1690

instrument) was used to determine the average particle size (Z-

average) and zeta potential (mV) of the as-prepared Ag NSs. The

appropriate Ag NSs were dispersed in deionized water and soni-

cated for 10–15 min before insertion into the instrument High-

resolution transmission electron microscopy (HR TEM; Jeol JEM-

2100) to measure accurate particle size and morphological charac-

teristics. Similarly, interplanar d-spacing and crystalline structure

between the lattice planes were ascertained via selected area elec-

tron diffraction (SAED).

3. Results

3.1. Characterization of prepared Ag NSs

When the extract was added to the adequate silver nitrate solu-

tion, the colour changed from colourless to pale yellow to dark

brown, indicating the growth of Ag NSs. The conversion of Ag+ to

Ag0, upon addition of Brassica oleracea extract, was evidenced

through UV–Vis spectroscopy with advent of a surface plasmon

resonance (SPR) band at 440–450 nm synonymous with Ag NSs

as shown in Fig. 2(b). A strong absorption band at 442 nm was

found after adding 1 mL, which correlates to the limited size distri-

bution of synthesized particles. As a result, Ag NSs mediated by

1 mL extract were employed for further characterization and appli-

cations. FTIR spectroscopy was used to determine how much func-

tionality was available on the AgNSs surface. The FTIR spectrum of

Ag NSs as-prepared is shown in Fig. 2(c). Organic content on the

surface of Ag NSs is indicated by high absorption peaks at 1024

(C-O, alcohol/ether stretch) 2921 cm�1 (C-H str.), 1521 cm�1 (C-C

str.) 1737 cm�1 (C=O str.), and 3624 (O-H str.), (Huq, 2020). The

organic matter functions as a cap on the AgNSs, preventing them

from clumping together. The spikes observed at 704 and

644 cm�1 are caused by metal NPs stretching oscillations reacting

with oxygen from the BO extract’s hydroxyl group. (Khan et al.,

2013; Shameli et al., 2012).

3.1.1. Particle size and zeta potential analysis

The average particle size of the as-prepared Ag NSs was deter-

mined by dynamic light scattering (DLS) to afford particles of

40.6 nm (Z-average) with a polydispersity index (PDI) of 0.225 as

illustrated in Fig. 2(d). The zeta potential of prepared Ag NSs has

been found to be –22.4 mV, demonstrating a -ve surface charge

and stability.

3.1.2. HR-TEM analysis

HR-TEM was used to assess the size and structural configura-

tions of the obtained Ag NSs (Fig. 3). The synthesized Ag NSs exhib-

ited a variety of morphological types, such as, triangular,

hexagonal, rod-shaped, and spherical with a size range from 20

to 40 nm as illustrated in Fig. 3a and b. The interatomic d-

spacing across Ag NSs lattice fringes was measured at 0.24 nm

(Fig. 3c), which corresponds to the (111) crystal plane. SAED anal-

ysis (Fig. 3d) was also used to determine interplanar spacing,

which found around at 1.47, 2.44, 2.09, and 1.26, that correlates

to the crystalline planes of (220), (111), (200), and (311) respec-

tively. These findings are similar to the standard values for a crystal

structure that is equivalent to the (fcc) crystal structure of the as-

prepared Ag NSs (JCPDS no. 00–004-0783).

3.2. Applications of prepared Ag NSs

3.2.1. Catalytic activity

The catalytic potential of obtained Ag NSs with respect to the

transformation of 4-NP to 4-AP, in the existence of NaBH4, was

inspected through UV–Vis spectroscopy (Fig. 4a-c). In the degrada-

tion of 4-NP, the characteristic, initial absorbance band of 4-NP

undergoes a bathochromic (red) shift with hyperchromic effect

as it converts into its corresponding intermediate nitrophenolate

ion evidenced at 400 nm. Concomitantly, a new absorption band

appeared at 297 nm, which increased in intensity, whilst the nitro-

Fig. 1. Schematic showing the stepwise process for green synthesis of Ag NSs.
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Fig. 2. Spectroscopic studies of Ag NSs: (a) UV–visible spectra of plant extract and (b) AgNSs with of differing volumes of extract, (c) FTIR spectrum (d) Particle size and

distribution as determined by Zetasizer.

Fig. 3. Morphological characteristics of Ag NSs: (a-b) HR-TEM of Ag NSs at 20 nm scale bar, (c) Lattice fringes and d-spacing of Ag NSs at 5 nm scale bar and, (d) SAED

pattern with corresponding crystal planes.
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phenolate band decreased, as the reaction progressed (Fig. 4a-c).

This reaction was investigated at the different proportion of Ag

NSs (5, 10, and 15 lL). The best volume was deemed to be 10 lL
of Ag NSs solution which gave complete degradation within

11 min (Fig. 4b). This could be because the reaction rate was

reduced by a considerable amount of catalyst and capping agents

(phytochemicals). As previously reported, increasing the volume

of prepared extract and stabilising phytoconstituents delayed

restructuration (redox interactions between reactant surfaces and

catalyst) on the catalytic surface, resulting in a slower reaction rate

(Rani et al., 2020). In the absenteeism of Ag NSs, the degradation of

4-NP was low, and the 4-nitrophenolate ion was not generated in

the absence of sodium borohydride in a positive control

(Figs. S1a and S1b).

A plot of the standardized concentration (Ct/C0) vs time (Fig. 4d)

yielded kinetic parameters, which were used to determine

the apparent rate constant (K’app) via a first-order rate law (equa-

tion (1)).

ln
Ct

C0

� �

¼ �k
0

app:t ð1Þ

Where C0 and Ct are initial concentrations of the reactant i.e. 4-

Nitrophenol at time t = 0 and final concentration at time t = t,

respectively. With a correlation coefficient (R2) of 0.963, the K’app
value was determined to be 0.123 min�1. As a result, the catalytic

study seems to obey a pseudo-first-order kinetic. Ag NSs are antic-

ipated to lower the activation barrier among reactant and product

owing to their large surface area and active surface locations (Zhao

et al., 2015).

3.2.2. Glucose sensing

Glucose sensing can be readily monitored by observing changes

in the surface plasmon resonance (SPR) band of Ag NSs (440–

450 nm), which should decrease with a loss of color of the Ag

NSs as glucose is oxidized as illustrated in Fig. 5a. The alteration

in absorbance, DA, increased linearly with increasing the concen-

tration of glucose. The limit of detection (LOD) has been measured

to be 5.83 lM (Fig. 5b; gradient, 0.0857 and R2, 0.966).

3.2.3. Antibacterial potency of Ag NSs

The antibacterial activities of AgNSs were explored using the

Disc Diffusion method against two different bacterial strains

(Fig. 6a-c). Diameter zones of inhibition were observed around

wells treated with Ag NSs suspension, while negative control was

showed by plates with AgNO3, extract, and DI water, alone. The

clearance zone grew in a linear relationship with the amount of

Ag NSs applied.

3.3. Discussion

Regarding results of catalytic potential of Ag NSs, as per infor-

mation available, a process for catalytic reduction of 4-NP is

described in Fig. 7 for better understanding. Sodium borohydride

was first added to the mixture, which caused 4-NP to deprotonate

and change into a nitrophenolate ion. Despite this, highly efficient

Ag NSs were utilized to reduce the viability of reaction by which

kinetic energy barrier decreased between acceptor and donor

molecules and convert nitrophenolate ions to 4-AP. Due to a con-

siderable potential gradient among acceptor and donor molecules

((4-NP, BH4
- : 0.7 V, 1.33 V) in the absence of Ag NSs, a strong acti-

Fig. 4. 4-Nitrophenol reduction: UV–vis spectrum of catalytic potency of 4-NP degradation (a-c) using the different volume of Ag NSs (5, 10, and 15 lL) in the presence of 4-

NP and NaBH4 and (d) linear relationship between reaction time (min) and normalized concentration.
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vation energy barrier is formed. Silver-based nanocomposites were

previously created using sophisticated chemical procedures like

co-precipitation, hydrothermal polymerization, sol–gel, hydrolysis,

and electrochemical synthesis. In the current work, however, a

simple and naturally acceptable approach for reducing 4-NP was

devised.

Lastly, we analysed the efficiency of Ag NPs as catalysts by com-

paring our findings to prior studies (Table 1). Based on the results

of the analysis, Ag NPs based nanocomposites were developed for

the removal of 4-NP from water. These procedures, on the other

hand, are expensive and difficult, and they necessitate the use of

quite sophisticated monitoring systems. As a result of pre-

sent study, Ag NPs appear to be promising candidates for the cat-

alytic reduction of nitro pollutants.

From a mechanistic point of view, the reaction of glucose with

GOx produces H2O2 and gluconic acid. The resultant H2O2 oxidizes

the Ag NSs (Ag0) to silver ions (Ag+) which led to a decline in the

SPR band of Ag NSs and changing of color (equations (2) and (3))

Fig. 8.

Glucose þ O2 þ H2O2 ! D� Glucono� 1;5

� Lactone gluconic acidð Þ þ H2O2 ð2Þ

H2O2 þ AgNSs ! Agþions ð3Þ

Moreover, the control experiment to validate the reaction

between H2O2 and Ag NSs solutions, the absence of glucose) is

illustrated in Fig. S2. It was pragmatic that leaching of Ag NSs with

direct addition of H2O2 takes less time as compared to glucose.

Thus, the described behavior provides a perspective for quantita-

tive detection of glucose through observing the decline in SPR band

and change in colour of Ag NSs.

The Ag NSs were found to possess higher antimicrobial activity

towards gram-negative bacteria than the gram-positive bacteria.

This difference may be interpreted from various emphasizing fac-

tors. First of all, differences in the architecture of cell walls of both

types of bacteria, dictates the different functionality at the surface.

Gram-positive (Bacillus) microbe have heavier cell walls that

include peptidoglycan proteins, which makes them more resistant

to Ag NSs than gram -ve bacteria. In addition, because the negative

charge on gram-positive bacteria attracted more silver ions to the

surface, the amount of Ag NSs that reached the plasma membrane

was reduced.

Moreover, smaller NSs show high antimicrobial potential owing

to the large surface area to interact than particles. The underlying

rationale for Ag NSs’ strong antibacterial activity, along with the

conception of Ag+, is the creation of highly reactive oxygen species

(ROS), that is regarded to become a key mechanism in apoptosis

(Al-Sharqi et al., 2019; Lee et al., 2019). Previous works on antibac-

terial potential of biogenic Ag NSs demonstrated that these noble

Fig. 5. Sensing characteristics of Ag NSs: (a) UV–vis absorption spectrum of Ag NSs (inset: photographs of Ag NSs with glucose), and (b) kinetic study for LOD calculations.

Fig. 6. Antibacterial activity of Ag NSs against (a) E. coli and, (b) B. Subtilis; (c)

Histogram shows the zone of clearance w.r.t volume of Ag NSs. Fig. 7. Schematic represents the process of 4-NP reduction using Ag NSs.
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metal based NSs kill bacteria by a variety of mechanisms, including

oxidative stress, Altered gene expression, protein degradation, and

DNA damage, as well as disruption of cell transport membranes

(Roy et al., 2019). Because of the inclusion of biomolecules, as-

prepared Ag NSs are associated with more potent antibacterial

action than available on the market/chemically approaches medi-

ated NSs (Bagherzade et al., 2017).

4. Conclusions

In conclusion, diverse morphological Ag NSs were successfully

prepared by utilizing waste leaves of Brassica oleracea. The synthe-

sized Ag NSs showed excellent remediation potential based on the

degradation of 4-nitrophenol and antimicrobial activity against

gram +ve and gram �ve bacteria. Furthermore, the developed sys-

tem also possesses remarkable colorimetric, as well as, spectropho-

tometric sensing of glucose and hydrogen peroxide, however, real

sample study should be carried out in the future for industrial

applications. Thus, this study encourages researchers to the devel-

opment of waste into value-added products, which can be

employed effectively in various biological and environmental

applications.
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