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Plant mediated nanofabrication is a sustainable strategy for generating biocompatible nanomaterials with

diverse industrial applications. Despite growing interest, there remain notable gaps in the understanding

of the influence of plant extract concentration on the physiochemical properties of silver nanoparticles

(AgNPs), particularly regarding their size. Conflicting reports suggest an increase in AgNP size with

increased extract concentration, and others suggest the opposite. To address this, this study explores the

influence of varying Spinacia oleracea (S. oleracea) leaf extract concentrations on the physiochemical pro-

perties of AgNPs and their antimicrobial activity against Gram negative (Escherichia coli), Gram positive

(Staphylococcus aureus, Streptococcus pyogenes) bacteria and Fungi (Candida albicans). Hence, our

investigation encompasses persistent infection-causing microorganisms currently plagued with drug re-

sistance issues. This study’s findings will enhance understanding of this sustainable nanofabrication

approach, highlighting AgNP’s potential application as novel antimicrobial agents. Results confirmed

spherical nanoranged AgNPs were synthesised, obtaining AgNP-2%, AgNP-3%, AgNP-4%, AgNP-7%, and

AgNP-10% v/v S. oleracea leaf extract. Our analysis revealed a consistent trend of size reduction with

increasing extract concentration: AgNP-2% (173 nm), AgNP-3% (211 nm), AgNP-4% (148 nm), AgNP-7%

(120 nm), and AgNP-10% (109 nm). Regarding antimicrobial activity, the lower concentration AgNPs

(AgNP-2% and AgNP-3%) showed no activity, while all the higher concentrations AgNPs displayed full

inhibition of all tested microbes. In summary, our research emphasises the significance of plant extract

concentration in optimising AgNP synthesis and size reduction. The demonstrated antimicrobial pro-

perties suggest promising applications in industries such as environmental (water purification), biomedical

(wound healing, drug delivery), and agricultural (pesticides, water remediation).

Introduction

Metallic nanoparticles have gained increased traction over the
years due to their excellent chemical, optical,1 electrical, cata-
lytic properties and applications in a variety of fields, includ-
ing therapeutics.2–4 However, while efficient, traditional
chemical nanofabrication methods have raised several con-
cerns, including toxicity, use of non-eco-friendly materials,

and high production costs.5 As the demand for metallic nano-
particles and research grows in this area, more robust, sus-
tainable, and cost-effective nanofabrication methods are
required.6–8 Green approaches for manufacturing metallic
nanoparticles offer several advantages over chemical methods,
including sustainability, cost-effectiveness, and biocompati-
bility9,10 Green synthesis is a promising alternative, utilising
microorganisms (e.g. bacteria, fungi) or biochemicals present
in plant or fruit extracts to synthesise stable metallic
nanoparticles.11–13 Unlike other biological methods, plant-
mediated synthesis eliminates the need for microorganism
culturing and maintaining favourable aseptic conditions,
making it an attractive choice for large-scale production.14,15

Plant mediated synthesis offers a cost effective, one-pot syn-
thesis method that leverages phytochemicals naturally present
in plants to both reduce and stabilise the metallic ion, yielding
well-formed stable nanoparticles.16,17 The major role of
phytochemicals in plant mediated synthesis of metallic

aKing’s College London, School of Cancer and Pharmaceutical Sciences, Institute of

Pharmaceutical Science, Waterloo Campus, Franklin Wilkins Building, Stamford

Street, London SE1 9NH, UK. E-mail: bahijja.raimi-abraham@kcl.ac.uk
bKing’s College London, Department of Infectious Diseases, School of Immunology &

Microbial Sciences, Faculty of Life Sciences & Medicine, King’s College London,

Guy’s Hospital, London, UK
cSchool of Physics, Engineering and Computer Science, University of Hertfordshire,

Hatfield AL10 9AB, UK
dLondon Metallomics Facility, Faculty of Life Sciences & Medicine, King’s College

London, London SE1 9NH, UK. E-mail: alexander.1.griffiths@kcl.ac.uk

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Pharm., 2025, 2, 353–368 | 353

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
Ja

nu
ar

y 
20

25
. D

ow
nl

oa
de

d 
on

 6
/1

4/
20

26
 6

:4
2:

54
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue

http://rsc.li/RSCPharma
http://orcid.org/0000-0001-8865-1526
http://orcid.org/0000-0002-5330-3967
http://orcid.org/0000-0002-6772-2054
http://crossmark.crossref.org/dialog/?doi=10.1039/d4pm00302k&domain=pdf&date_stamp=2025-03-13
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4pm00302k
https://pubs.rsc.org/en/journals/journal/PM
https://pubs.rsc.org/en/journals/journal/PM?issueid=PM002002


nanoparticles has been established by multiple studies.16,18–20

These phytochemicals include flavonoids, terpenoids,
phenols, and tannins.21 They have key functional groups,
including hydroxyl, carboxylic, ethers and esters groups, that
are involved in the bioreduction of the metal salts and their
subsequent stabilisation.18,20,21

The way in which this may occur is illustrated in Fig. 1,
using the phytochemical quercetin as an example. As shown in
Fig. 1, the hydroxy groups present in quercetin lead to the
reduction of Ag+ to Ag0. Following this, the reduced outcome
Ag0 is stabilised by carboxylic groups resulting from the oxi-
dation of the hydroxyl groups in the reduction process. This
leads to the effective formation of stable AgNPs.

Illustration adapted from ref. 22.
Despite plant mediated synthesis undeniable advantages, it

has limitations, including challenges related to upscaling pro-
duction and a restricted shelf life due to the involvement of
biological components. However, these limitations can be
effectively addressed through approaches such as additional
functionalisation, the incorporation of stabilising agents to
enhance shelf life, the selection of plant species readily avail-
able for large-scale production and the optimisation of experi-
mental conditions.23–25 The success of plant mediated syn-
thesis is dependent on this optimisation, and various experi-
mental parameters can influence this, including temperature,
pH, incubation time, and extract concentration.16,24,26,27 These
factors play crucial roles in shaping the physicochemical pro-
perties of the resultant nanoparticles. For example, studies
have found that reduced extract pH and an acidic reaction
environment led to the formation of larger particles.24,28

Whereas in higher alkaline pH levels, a reduction in particle
diameter was observed.24,28 It has been suggested that this

extract pH dependent size influence occurs due to the prefer-
ence of nanoparticles to aggregate in lower pH levels rather
than nucleate as observed in higher pH levels28 Regarding
temperature, studies have reported higher temperatures facili-
tate faster creation of nanoparticles with smaller sizes and
uniform population distribution.29,30 All these establish that
these parameters discussed are crucial in determining the pro-
perties of the nanoparticles generated. Of particular interest in
this study is the extract concentrations, as it has been shown
to significantly affect metallic nanoparticles’ size, shape, and
antimicrobial behaviour31,32 Nonetheless, even with the estab-
lished importance of extract concentration, there is a signifi-
cant knowledge gap regarding its role in nanoparticle syn-
thesis and its subsequent therapeutic potential.

Little is understood about how variations in extract concen-
tration can impact nanoparticle size, composition, and anti-
microbial activity. Specifically, there have been mixed reports
regarding extract concentration influence on size. Given that
nanoparticle size is a critical parameter affecting solubility,
stability, and cell interactions, understanding the relationship
between extract concentration and size is essential.33,34

Smaller nanoparticles are known to have larger surface area,
which increases water solubility and improves stability.35,36 In
drug delivery, variations in nanoparticle size have also been
demonstrated to significantly affect nanodrug interactions
with cells and the number of therapeutic molecules delivered
per cell. Hence, developing nanoparticles of suitable sizes is
paramount. In the literature, with the use of plant mediated
nanoparticle synthesis, some studies have revealed a size
increase of nanoparticles with increased extract
concentration.37,38 However, other studies have reported a con-
trary relationship where increased extract concentration led to

Fig. 1 The reduction and stabilisation of silver ions by quercetin using its hydroxyl and carboxylic groups, respectively. The silver ions in green (Ag+)
are firstly reduced by the hydroxylic group, leading to the formation of Ag0. The reduction process forms carboxylic groups, which then effectively
stabilises the reduced silver ion Ag0. Groups that are major players in this process are highlighted in purple.
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smaller particles being formed.39,40 As such, these contradic-
tory reports in the existing literature necessitate further investi-
gations. Besides size, increased extract concentration has also
been reported to facilitate increased plasmonic absorbance
and generation of nanoparticles.41 Lastly, studies investigating
extract effects on antimicrobial activity have generally demon-
strated higher concentrations of the extract leading to
increased antibacterial effects.42,43 These findings underscore
the critical role that extract concentration plays not only in
nanoparticle synthesis but also in the functional properties
and therapeutic application of the resultant nanoparticles.

Resultant metallic nanoparticles synthesised using plant
mediated synthesis offer room for medical applications as
therapeutic agents.44,45 Various metallic nanoparticles with
therapeutic potential and antimicrobial activity have been gen-
erated using plant mediated synthesis. For example, gold
nanoparticles generated using Pyrenacantha grandiflora
extracts46 were active against beta lactamase producing
Klebsiella pneumonia.46 Notably, K. pneumonia is a significant
contributor to the burden of drug resistance and the prolifer-
ation of lung pneumonia.47 AgNPs have also been generated
using plant leaf extracts with exceptional antimicrobial
activity.31 In fact, studies comparing the antimicrobial activity
of gold nanoparticles versus that of AgNPs demonstrated the
possibility of increased antimicrobial effect with AgNPs.48–50

Hence, the generation of plant derived AgNPs is the focus of
this study. This choice of metal ion also stems from the fact
that silver (Ag) has a long history in traditional medicine, as its
characterised by high antimicrobial activity and reduced tox-
icity in animal cells.51,52 Several examples exist of Ag-based
products being used as an antimicrobial agent in various clini-
cal applications, including coating of surgical tools53 and
wound healing.54

As aforementioned, plant mediated AgNPs have been
shown to have a good spectrum of therapeutic and anti-
microbial activity, which can be applied to various biomedical
sciences. With their proven efficacy as anticancer,11 antiviral,55

and antibacterial agents.56,57 In this regard, this study aims to
investigate the influence of S. oleracea leaf extract concen-
trations on the size, composition, and antimicrobial activity of
AgNPs. S. oleracea was chosen in this study because it contains
rich flavonoids covering quercetin, myricetin, kaempferol, and
apigenin, which contributes to its ability to facilitate plant
mediated synthesis of metallic nanoparticles.58,59 It is also
commonly available, accessible, and cost effective. To the best
of our knowledge, the concentration of ethanolic extracts of
S. oleracea leaves and their influence on the physiochemical
and antimicrobial properties of AgNPs have not been investi-
gated. In this study, AgNPs were fabricated using various con-
centrations of the S. oleracea leaf extract and the influence of
the extract concentration on the physiochemical (size, shape,
composition) properties and antimicrobial activity of AgNPs
against C. albicans, S. aureus, E. coli, and S. pyogenes was con-
firmed. These were chosen to assess the inhibitory effect of the
AgNPs in a broad spectrum of microbial targets, namely: Gram
negative (E. coli), Gram positive bacteria (S. aureus,

S. pyogenes), as well as fungi (C. albicans). They are also
common infectious pathogens causing various infections that
can be invasive and life threatening, including necrotising soft
tissue infections, endocarditis, and pharyngitis.60–62 Moreover,
S. aureus, E. coli, S. pyogenes and C. albicans collectively con-
tribute to a significant global healthcare challenge due to
increasing drug resistance issues.63–66 Hence, the generated
AgNPs may offer alternative novel treatment options.

Materials and methods
Materials

Silver Nitrate (AgNO3) (Catalogue number: 204390) and absol-
ute Ethanol (≥99.8%) (Catalogue number: 34852-M) were pur-
chased from Merck UK (Origin Country: Germany). Resazurin
dye, the appropriate broths (namely nutrient broth for bac-
teria, yeast peptone dextrose broth for fungi) and antimicrobial
agents (gentamicin and clotrimazole) were purchased from
Merck UK (Origin Country: Germany). S. oleracea leaves (Fig. 2)
(originally from Spain) were procured from a local grocery
store in London, United Kingdom.

Method

Preparation of S. oleracea leaf extract. Before use, all labora-
tory apparatus were washed with tap water before use and then
rinsed with distilled water. To enable consistency in the syn-
thesis process, young S. oleracea leaves were used throughout
this study. S. oleracea leaf extract was obtained using the infu-
sion extraction process, which involves the extraction of com-
pounds from plant material suspended in the chosen solvent
and allowed to step over a defined time period.67 The solvent
used in our work was a 1 : 1 mix of ethanol and water. Bi-com-
ponent extractions, including organic solvents such as
ethanol, have been more effective than mono-component
extractions.68,69

The method, in brief, used 10 g of freshly obtained washed
S. oleracea leaves; these were washed with tap water and then
distilled water. The leaves were cut into smaller sizes and
immersed in equal parts ethanol (50 ml) and distilled water

Fig. 2 S. oleracea (green spinach) leaves.
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mix (50 ml) for 15 hours. The S. oleracea extract was obtained
the following day by filtering out the leaves. Following this, the
S. oleracea extract was purified firstly by centrifugation at 7000
RPM for 10 min and then, secondly, by filtration using a grade
1 Whatman filter.

Generation of AgNPs using S. oleracea leaf extract. A similar
method used by Fatimah et al., 2019 was slightly modified and
applied to this study.37 AgNPs were generated by mixing varied
volumes of S. oleracea leaf extract with a 1 mM solution of
AgNO3. It is suggested that the plant mediated formation of
AgNPs occurs through the following.70 AgNO3, the Ag ion
donor, disassociates to provide Ag cation (Ag+). The Ag+ then
reacts with plant phytochemicals, which reduces it to Ag0. The
reduced Ag ion is then stabilised by the same phytochemicals
to form AgNPs. Eqn (1) and (2), shows the representative
chemical equation for the synthesis process.

Eqn (1) and (2). Process of plant-mediated synthesis of
AgNPs:

AgNO3 ! Agþ þ NO3� ð1Þ

Agþ þ R–C–OH ������!Reduction

Ag0 þ R–CvO :������!Stabilisation
R–CvO:Ag

ð2Þ

NB: R is representative of other components of the plant
material.

Adapted from ref. 71.
In this study, AgNPs were generated by adding 2, 3, 4, 7 and

10% v/v S. oleracea leaf extract to a 1 mM solution of AgNO3.
Resultant nanoparticles are referred to as AgNP 2%, AgNP 3%,
AgNP 4%, AgNP 7% and AgNP 10%. Control samples (AgNP-2
& AgNP-10%) were achieved by mixing equal parts ethanol: dis-
tilled water with AgNO3 at the desired extract concentrations
without S. oleracea leaf extract. To increase the rate of
reduction of Ag+ to Ag0, following the addition of S. oleracea
leaf extract to AgNO3, the mixtures were placed on a magnetic
stirrer at 300 rpm, and a temperature of 70 °C was set. The
experiment ran for 3 hours to allow the effective formation of
the AgNPs as longer reaction times have been associated with
nanoparticles with favourable physiochemical properties.72,73

Following the synthesis of AgNPs, to remove any unbound
reactants and impurities, the nanoparticles were purified by
centrifugation for 15 min at 15 000 rpm. Following this, the
supernatant was discarded, and the nanoparticle pellet sus-
pended in 1 ml ultra-pure water. This process was repeated
twice, and the samples suspended in 1 ml water were stored in
the fridge at 4 °C for further analysis.

Characterisation

UV-visible spectroscopy (UV–Vis). UV-visible is a characteris-
ation technique that measures the plasmon absorbance of
electrons on AgNPs using electromagnetic radiation in the
visible light region.74 The plasmon absorbance of AgNPs is
responsible for the yellowish colour that develops following
synthesis, providing a visual confirmation.75 AgNPs are known
to produce absorbance peaks around 390–450 nm when

exposed to visible light.76,77 As such, the presence of the peak
around this area in the analysis is indicative of the presence of
the synthesised AgNPs. The spectral absorbance of the
samples was taken using a PerkinElmer Lambda 2 UV-Vis
spectrophotometer, scanned from 300–600 nm, and the blank
solution was distilled water. Spectra were plotted using
GraphPad Prism 9.4.1.

Scanning electron microscopy (SEM). SEM provides a mor-
phological assessment of the physical properties of syn-
thesised nanoparticles. The signals derived from the scanning
provide information on both the surface topography (size and
shape) as well as the chemical composition (SEM-Energy
Dispersive Xray) of the sample.78 The morphology of AgNPs
was studied using an FEI Quanta 200 FEG SEM for imaging at
5–10 kV accelerating voltage using secondary electron detec-
tion. A fragment of the sample was attached to a self-adhesive
carbon disc mounted on a 25 mm aluminium stub. The stub
was coated with 10 nm of gold using a sputter coater. The stub
was then placed into the SEM. The film was allowed to dry on
the SEM grid, and analysis was done afterwards. Image J
version 1.53 s was used to calculate the size of the
nanoparticles.

Dynamic light scattering (DLS). DLS studies were conducted
as part of the morphological analysis (Z-average, polydispersity
index (PDI)) of the synthesised AgNPs. A Malvern Nanosizer ZS
was used for the study with refractive index and absorption
values of 0.135 and 3.99, respectively. Analytical determi-
nations were made in triplicate. All experimental data are
expressed as mean ± standard deviation.

Attenuated total reflectance – Fourier-transform infrared
spectroscopy (ATR-FTIR). ATR-FTIR is a technique that
measures the absorbance of electromagnetic radiation of the
samples in the mid-infrared region (4000–400 cm−1).79 Hence,
the ATR-FTIR spectra analysis was used to determine the mole-
cular composition and major functional groups in the plant
mediated synthesis of the AgNPs. Perkin Elmer’s ATR-FTIR
spectrometer was used at a resolution of 4 cm−1, with 32 scans
conducted at 4000–600 cm−1. The background scan was first
conducted on the empty, cleaned (with ethanol), sample area
before analysing the AgNP samples and S. oleracea leaf extract.
The ATR-FRIR spectra were obtained thrice to ensure reprodu-
cibility. The spectra data were then analysed and plotted using
graph pad prism 9.4.1.

Inductively coupled plasma mass quadrupole spectrometry
(ICPQMS). The samples were diluted by a factor of
4000–40 000x by serial dilution using 0.7 M HNO3 to a total
volume of 15 mL. A calibration standard was made volumetri-
cally using a 100 mg L−1 Sigma Aldrich TraceCert multi-
element standard, and a 0.7 M HNO3 stock solution was made
from Optima grade concentrated HNO3 (67–69% w/w; Fisher
Scientific) and purified water with a resistivity ≥18.2 MΩ cm
from a Milli-Q system (Merck Millipore). All the measurements
were undertaken using a PerkinElmer NexION 350D ICP-QMS
under Kinetic Energy Discriminator (KED) mode. The intro-
duction system to the instrument was a Cetac ASX-520 auto-
sampler coupled to a SeaSpray glass nebuliser fitted to a
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quartz cyclonic spray chamber. Argon plasma flow and nebuli-
ser gas flow rates were 18 L min−1 and 0.93 L min−1,
respectively.

Antimicrobial analysis. Evaluations were conducted using
the resazurin broth method widely employed in antimicrobial
studies.80,81 This is based on the ability of viable respiratory
cells to reduce blue coloured resazurin to pink resorufin.82

Hence, the absence of a colour change is an indication of the
bactericidal activity of the nanoparticles. The antimicrobial
activity of the synthesised AgNPs was tested on E. coli,
S. aureus, S. pyogenes and C. albicans (ATCC 2091). All microbes
used were obtained from The University of Hertfordshire
microorganism collection and grown in a shaking incubator
(200 rpm at 37 °C) for 24 hours in broth (Nutrient broth for
bacteria, yeast peptone dextrose broth for fungi), respectively.
The microbes were diluted to ∼3 × 107 colony forming units
per ml (CFU ml−1) in Mueller Hinton broth using CE 1021
spectrophotometer (Cecil) at 600 nm. The nanoparticles were
vortexed for about 10 seconds, then kept in a sonic bath for
1 minute, vortexed again, and kept in the sonic bath for a
further 1 minute. In a 96 well plate, 100 μL of microbes were
treated with 100 μL of nanoparticles to make a final concen-
tration of 1.25 × 109 particles per ml. The negative control was
the broth, while the microbes without nanoparticle treatment
were the positive control. In addition, antimicrobial controls
were added: gentamicin (10 µg ml−1) for bacteria and clotrima-
zole (10 µg ml−1) for fungi. The plates were then incubated at
37 °C for 24 hours. Following incubation, 25 μL of resazurin
dye (0.02%) was added to each well and incubated again for
24 hours. The colour change was observed and recorded.

Result
Visual confirmation of synthesised AgNP

The reduction of Ag+ to Ag0 and synthesis of the AgNPs was
confirmed by a colour change, from light green to yellowish-
brown, as shown in Fig. 3, other studies have also reported
this occurrence.83,84 It can also be seen in Fig. 3, that there

was no change in colour in both of the controls (2% and 10%),
as they remained colourless throughout the reaction.

Nanoparticle composition analysis using UV-Vis

Following the visual representation of the synthesis of AgNPs,
UV-Vis spectroscopy technique was employed to examine the
absorption spectrum of samples within the UV-Vis light range.
This method, as also indicated by Akash and Rehman in
2019,74 is instrumental in validating the synthesis and exist-
ence of AgNPs by detecting their Surface Plasmon Resonance
(SPR) effect. The SPR effect is a phenomenon resulting from
the interaction of light with the free electrons present in metal
nanoparticles, as elucidated by.85,86 This occurrence induces a
resonant oscillation or vibration of valence electrons on the
nanoparticle surface when exposed to an electromagnetic
field.85,86 AgNPs, in particular, exhibit an exceptionally strong
localised SPR effect due to their unique electron confinement
properties, as highlighted by.86 This distinctive characteristic
allows for their precise detection. AgNPs are known to display
distinctive absorbance peaks within the 380–450 nm range, a
feature contingent on their size and shapes, as demonstrated
by various studies such as.87–89 For the analysis, following a
3 hours synthesis period, the AgNP samples were scanned
between 300 and 500 nm, as illustrated in Fig. 4. Table 1 pre-
sents the maximum absorbance (λmax) values for each sample.
The experiments were conducted with various synthesis times
to identify the minimum reaction time required for the suc-

Fig. 3 Visual confirmation of the synthesis of the AgNPs through a
colour change from light green (A) to yellowish brown (B). Pictures show
the five concentrations AgNP 2%, AgNP 3%, AgNP 4%, AgNP 7% and
AgNP 10%, as well as controls for AgNP 2% and AgNP 10%. Controls
have no S. oleracea leaf extract.

Fig. 4 UV-Visible spectra of synthesised AgNPs following 3 hours of
synthesis period for the different S. oleracea leaf extract concentrations
(AgNP 0%, AgNP-2%, AgNP-3%, AgNP-4%, AgNP-7% and 10%). Results
show the absence of spectral absorbance curves in the control samples
for both the 2% control and 10% control S. oleracea leaf extract control
concentrations.

Table 1 Maximum absorbance peaks (λmax) of the SPR band of the syn-
thesised AgNP samples AgNP-2%, AgNP-3%, AgNP-4%, AgNP-7% and
AgNP-10%

Sample (% S. oleracea leaf extract) λmax Absorbance

AgNP-2% 415–417 nm 0.0347
AgNP-3% 423 nm 0.0424
AgNP-4% 425 nm 0.0917
AgNP-7% 428 nm 0.0920
AgNP-10% 445 nm 0.1207
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cessful synthesis of AgNPs. The results confirmed the presence
of AgNPs in all samples, as evidenced by absorbance curves
present in all AgNP concentrations ranging from 390–500 nm.
Notably, distinct absorbance peaks were observed in the
415–445 nm range. Furthermore, an interesting observation
was made regarding the impact of S. oleracea leaf extract con-
centration. An increase in extract concentration correlated with
higher absorbances in the spectral bands. For instance, AgNP
10% exhibited the highest absorbance at 0.1207, while
AgNP-2% displayed an absorbance of 0.0347.

Nanoparticle shape determination using SEM

SEM offers a valuable tool for assessing the morphological
characteristics of the synthesised AgNPs. It measures the scat-
tering of a high energy beam of electrons within the sample.90

By analysing these scattered signals, SEM provides valuable
insights into particles’ surface topography, including their size
and shape.90 Consequently, SEM was employed to investigate
the morphology of the synthesised AgNPs. The reference litera-
ture for this study, by using Amaranthus Tricolor L. (red
spinach), similar leaf extract concentration, as well as the base-
line methodology, obtained spherical nanoparticles.37 As such,
a spherical shape was anticipated for our synthesised AgNPs;
however, it is worth noting that updates to the experimental
methods and optimisations may impact this outcome. Fig. 5
presents the outcomes of the SEM analysis, revealing the pre-
dominantly spherical shape of the synthesised AgNPs.
Notably, it was observed that at lower S. oleracea leaf extract
concentrations (AgNPs 2% – 189 nm and AgNPs 3% – 154 nm),

the AgNPs tend to aggregate, resulting in a slightly larger
average diameter. In contrast, at higher S. oleracea leaf extract
concentrations (AgNPs 4% – 106 nm, AgNPs 7% – 142 nm, and
AgNPs 10% – 127 nm), AgNPs exhibited less aggregation.
Hence resulting in a lower AgNP size. The SEM measurements
indicated that the AgNPs appeared somewhat larger in size
compared to the results obtained from DLS analysis, with the
exception of AgNPs 2%, which remained relatively consistent.
Overall, the SEM results demonstrated improved monodisper-
sity and a more evenly distributed.

Nanoparticle size determination using DLS

The morphological assessment of the size and size distri-
bution of the AgNPs were analysed using a Malvern Nanosizer
DLS machine. DLS measures the scattering (direction and
intensity of light) of particles in a liquid medium when
exposed to an electromagnetic wave and uses the diffusion
coefficient to report the hydrodynamic size and size
distribution.91,92 Additionally, the size distribution provides
information on the dispersity of the population of AgNPs rep-
resented by the Polydispersity Index (PDI) values.92 In drug
delivery research, it is typically considered acceptable for PDI
values to fall within the range of 0.1 to 0.4, as reported by
Sharma et al. in 2014.93 Table 2 showcases the resulting data
on average particle size and PDI values for each of the
samples. The data revealed a bidirectional correlation between
S. oleracea leaf extract concentration and AgNP size. In the
case of lower S. oleracea leaf extract concentrations, specifically
AgNP-2% (173 nm) and AgNP-3% (311 nm), an increase in par-

Fig. 5 SEM analysis result of synthesised AgNPs shows the synthesised AgNPs revealing the different shapes and sizes of the synthesised particles:
(a) AgNP 2% – 189 ± 24 nm, (b) AgNP 3% – 154 ± 18 nm, (c) AgNP 4% – 106 ± 15 nm, (d) AgNP 7% – 142 ± 19 nm and (e) AgNP 10% – 127 ± 11nm,
from top left to bottom right. Results show all the samples presenting spherically shaped nanoparticles. Results also show aggregations and slightly
larger particle size in the lower S. oleracea leaf extract concentrations AgNP 2% (189 nm) and AgNP 3% (154 nm), compared to the higher concen-
trations (AgNP 4% 106 nm, AgNP 7% 142 nm and AgNP 10% 127 nm).
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ticle size occurred. Conversely, a further increase in S. oleracea
leaf extract concentration led to reductions in size within the
higher concentration AgNPs: AgNP-4% (148 nm), AgNP-7%
(120 nm), and AgNP-10% (109 nm). As such, the highest phyto-
chemical concentration particle resulted in the lowest particle,
revealing the enhanced stabilisation effects of the higher phy-
tochemical concentration resulting in particle size reductions.

Remarkably, all the synthesised AgNPs exhibited PDI values
below 0.5, signifying a good level of monodispersion within
the sample population, aligning with the findings discussed
by other studies.94

Nanoparticle chemical properties analysis using ATR-FTIR

ATR-FTIR (Attenuated Total Reflectance Fourier-Transform
Infrared) spectroscopy is a technique used to generate spectra
showing the transmission or absorbance of specific functional
groups and chemical bonds within samples.95,96 In our study,
ATR-FTIR was employed to verify the presence of distinct
plant-associated functional groups and biomolecules such as
–OH, –COOH, and –NH within the samples, indicating the
effective binding, reduction, and stabilisation of the AgNPs by
S. oleracea leaf extract.84 Fig. 6 shows the results of the
ATR-FTIR analysis of the synthesised AgNP and S. oleracea leaf
extract, along with the observed spectral stretches. Each of
these stretches corresponds to the presence and absorbance of
specific functional groups associated with S. oleracea leaf
extract and the synthesised AgNPs. The ATR-FTIR analysis
involved comparing the spectra of each of the synthesised
AgNPs to the spectrum of S. oleracea leaf extract. Remarkably,
the results and band stretches were consistent across all the
AgNP samples. The ATR-FTIR spectra of S. oleracea leaf extract
exhibited peaks at approximately 3128 cm−1, 2836 cm−1,

Table 2 DLS analysis result of S. oleracea leaf extract mediated AgNPs
with concentrations of AgNP-2%, AgNP-3%, AgNP-4%, AgNP-7% and
AgNP-10%. Analytical data indicates the formation of particles with sizes
ranging from 109 nm to 211 nm. Notably, the data exhibits a distinct
pattern: an increase in the average particle size is observed in samples
with lower concentrations of S. oleracea leaf extract, specifically
AgNP-2% and AgNP-3%. Conversely, a trend of size reduction is evident
in the AgNP samples with higher concentrations, namely AgNP-4%,
AgNP-7% and AgNP-10%. It is noteworthy that all of the synthesised
AgNPs exhibited PDI values below the threshold of 0.5, signifying a
good degree of uniformity within the particle population.

S. oleracea leaf extract (%) Z-Average (nm) PDI

AgNP-2% 173 ± 14.6 0.2 ± 0.02
AgNP-3% 211 ± 66.4 0.4 ± 0.09
AgNP-4% 148 ± 21.6 0.2 ± 0.06
AgNP-7% 120 ± 8.6 0.2 ± 0.04
AgNP-10% 109 ± 4.3 0.3 ± 0.02

Fig. 6 ATR-FTIR analysis result showing the percentage of infrared light transmitted for different functional groups and bonds located on the spec-
trum. The analysis was conducted for all five concentrations of AgNP 2%, AgNP 3%, AgNP 4%, AgNP 7% and AgNP 10% and compared with
S. oleracea leaf extract. The spectral stretches observed for each of the synthesised concentrations were found to be in similar locations as the
labelled peaks in the S. oleracea leaf extract spectrum. These results indicate the presence of plant biomolecule functional groups in all concen-
trations of the synthesised AgNPs.
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1642 cm−1, and 1042 cm−1. Following the AgNP synthesis
process shifts in these peaks were observed, though they
remained in the same area generally. Specifically, the results
showed peaks in S. oleracea leaf extract at 3128 cm−1,
1642 cm−1, and 1042 cm−1 shifted to 3153 cm−1, 1651 cm−1,
and 1050 cm−1 in the synthesised AgNPs. Notably, the dis-
appearance of the peak at 2836 cm−1 indicates the bioreduc-
tion of Ag+ to Ag0, as previously noted in other studies.84,97

These observed changes, including shifts and the dis-
appearance of peaks, provide evidence of the involvement of
plant functional groups in the binding mechanisms that facili-
tate the synthesis of AgNPs. Furthermore, the prominent band
stretch around 3151 cm−1 in both S. oleracea leaf extract and
the AgNPs suggests the presence of amino acids, resulting in
stretching vibrations of the O–H hydroxy group.98,99 The peaks
at 2836 cm−1, 2183 cm−1, and 2146 cm−1 are indicative of the
stretching of aliphatic groups, attributed to plant chlorophyll
(Kohan Baghkheirati et al., 2016; Ramamurthy & Kannan,
2007). The stretching vibrations of carbonyl groups (–CvO,
–CvC, –CvN) can also be observed through the bands at
1642 cm−1 and 1651 cm−1, signifying the presence of second-
ary amides present in proteins (Ramamurthy & Kannan, 2007).
It is worth noting that these double bond chain groups (CvO,
–CvC, and CvN) are more pronounced in the synthesised
AgNPs compared to the extract-only spectra, providing further
evidence of double bond formation and effective stabilisation
of AgNPs, as depicted in Fig. 8. Finally, the observed peaks at

1042 cm−1 and 1050 cm−1 are characterised by the stretching
of aliphatic amines.97

Nanoparticle elemental composition using ICP-QMS

The elemental composition of various concentrations of
AgNPs was assessed using ICP-QMS, a powerful analytical tech-
nique capable of quantifying trace elements and isotopic con-
centrations in diverse samples.100–102 S. oleracea leaf extract is
known to be rich in minerals such as Potassium (K), Copper
(Cu), Calcium (Ca), Iron (Fe), Zinc (Zn) and Manganese
(Mn).103,104 Hence, the presence of these elements in the fabri-
cated AgNPs may indicate their effective reduction and stabilis-
ation by the plant material. To investigate this, the analysis
compared the concentrations (μg L−1) of elements in the syn-
thesised AgNPs with those in S. oleracea leaf extract alone. The
analytical results are depicted in graphs 7a, 7b and 7c.

The analysis revealed the detection of various elements, but
elements present in very minimal amounts were excluded
from consideration. The graphs represent elements that were
detected at significant concentration levels. Specifically,
elemental ions such as potassium ions, calcium ions, iron
ions, chromium ions, nickel ions, copper ions, cobalt ions and
Ag ions were present at substantial concentration levels
ranging from as low as 0.25 µg L−1 to as high as 198 500 µg L−1

in both the extract and AgNP samples. In considerably higher
concentrations, the S. oleracea leaf extract sample exhibited
elements including potassium ions, Ag ions, calcium ions,

Fig. 7 (A, B and C), shows the metallomics analysis result of the synthesised AgNPs (2%, 3%, 4%, 7% and 10%), with 0 representing the S. oleracea
leaf extract alone. They reveal the elemental composition of the synthesised AgNPs. The elemental composition is shown in order of highest (A) to
mid (B) to lower (C) concentrations. All the synthesised AgNPs had considerable amounts of Ag ions as can be seen, with the highest occurring in
AgNP-10%. The analysis also showed the presence of essential S. oleracea leaf extract related elements in all the synthesised AgNPs, including
Potassium ions, Copper ions, Iron ions, Chromium ions, Zinc ions and Manganese ions.
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and zinc ions. The samples also contained trace amounts of
manganese ions, iron ions, copper ions, chromium ions,
nickel ions and cobalt ions. Similarly, these elements were
present all the S. oleracea leaf extract mediated AgNPs,
although in varying quantities. The concentration of potass-
ium ions in the samples was highest overall, with its quantities
observed to slightly decrease with increasing S. oleracea leaf
extract and phytochemical concentration in the AgNPs. Next,
significantly higher amounts of calcium ions was found to be
present in the AgNP samples compared to S. oleracea leaf
extract on its own. Notably, the highest concentration AgNPs
(AgNP-7% and AgNP-10%), had the highest amount of calcium
ions compared to the lower concentrations (AgNP-2%,
AgNP-3% and AgNP-4%). Furthermore, the concentration of
zinc ions in the S. oleracea leaf extract was found to be con-
siderably lower than the amounts in the synthesised AgNPs.
Herein, the AgNP-2% had the highest iron ions amount of
7298 μg L−1; however, there was a general decrease in the other
AgNP concentrations. Similarly, the amounts of nickel ions in
the S. oleracea leaf extract alone sample were trace levels.
However, significantly more were present in the AgNP sample,
with an increase in concentration observed with increased
extract concentration. Lastly, some levels of Ag ions were
found in the S. oleracea leaf extract, which has been reported
by other studies.105 However, significantly more was identified
in the AgNP samples. Notably, a general increase in Ag concen-
tration was found from the lower extract AgNPs to the higher
extract AgNPs, with the AgNP-10% having the highest concen-
tration of Ag ions (704, 595 μg L−1). Notably these higher Ag
ion content AgNPs, especially AgNP-10%, also had the highest
phytochemical content. As such, the enhanced phytochemical
content may have equally enhanced the potential of Ag gene-
ration in the sample.

Nanoparticle antimicrobial activity using the resazurin assay

Resazurin is a redox-sensitive dye utilised to assess cellular via-
bility in various cytotoxicity and antimicrobial activity assays.81

This assay operates on the principle that metabolically active
living cells reduce non-fluorescent blue resazurin to fluo-
rescent pink resorufin.82 The observed colour change, and
fluorescence signify microbial cell viability. Freshly cultured
and diluted bacteria and fungi were exposed to different AgNP
concentrations at two distinct ranges: lower (AgNPs-2% and
AgNPs-3%) and higher (AgNPs-4%, AgNPs-7%, and AgNPs-
10%). Previous research indicated that S. oleracea leaf extract
lacks antimicrobial activity against E. coli, S. aureus, and
C. albicans.84 The effects of treating microorganisms with the
synthesised AgNPs are displayed in Fig. 8A (lower concen-
tration) and 8B (higher concentration). The results show that
all lower concentration AgNPs had no inhibitory effect on
S. aureus, E. coli, S. pyogenes, and C. albicans. In contrast,
higher concentrations of S. oleracea extract AgNPs (AgNP-4%,
AgNP-7%, and AgNP-10%) exhibited full bactericidal effects
against all tested microbes, suggesting that higher concen-
trations of S. oleracea leaf extract enhances AgNP antimicrobial
activity.

Discussion

Utilising plant-mediated synthesis for the development of
metallic nanoparticles has been demonstrated as an environ-
mentally friendly, cost-effective, and biocompatible approach
to producing stable nanoparticles with promising therapeutic
potential. In this investigation, spherical nanoscale AgNPs
were successfully synthesised by using S. oleracea leaf extract
and AgNO3 as the source of Ag ions. The presence and
effective formation of AgNPs was confirmed after the synthesis
by observing a change in the initial sample colour from light
green to yellowish brown (Fig. 3). Regarding morphological
assessment, monodispersed AgNPs with sizes ranging from
109 nm to 211 nm were revealed using DLS (Table 2).
Similarly, spherical particles with sizes ranging from 106 nm
to 189 nm were confirmed in the SEM analysis of the AgNPs
(Fig. 5). Additionally, the presence of functional groups and
bond stretches associated with the S. oleracea leaf extract in
the synthesised AgNPs was confirmed using ATR-FTIR (Fig. 6),
highlighting the involvement of these plant-related com-
ponents in the synthesis and stabilisation of AgNPs. Further
assessment of the elemental composition of the AgNPs
through ICP-QMS (Fig. 7) revealed the presence of elements
related to S. oleracea leaf extract, including sodium ions, mag-
nesium ions, silicon ions, potassium ions, calcium ions, and
iron ions, alongside the core metal, Ag ions.

As a relatively new research field, the influence of the plant
extract on the physiochemical properties of plant-mediated
AgNPs remains unclear due to mixed findings in existing lit-
erature. The reduction of Ag ions and AgNP formation were
monitored both visually and spectrophotometrically, with
visual confirmation of AgNP formation occurring through a

Fig. 8 (A) and (B) illustrates the antimicrobial activity evaluation of the
generated AgNPs against S. aureus, E. coli, S. pyogenes and C. albicans.
The lower concentration AgNPs did not exhibit any inhibitory activity
against the microbes, as indicated by the colour change to pink due to
metabolic activity. Conversely, all the higher S. oleracea leaf extract con-
centration AgNPs (Shown in 8B), achieved full inhibition of all tested
microbes, evidenced by the lack of colour change due to the absence of
metabolic activity.
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colour change to yellowish brown (Fig. 3), a phenomenon
reported in similar studies.106,107 To further confirm the pres-
ence of AgNPs, UV-vis spectroscopy was conducted, as metallic
nanoparticles like AgNPs absorb UV-visible light at specific
wavelengths. Strong spectral absorbances in the range of
390 nm to 500 nm, with peaks typically around 415 nm to
445 nm, depending on S. oleracea leaf extract concentration
(Fig. 4), were revealed in the analysis. This finding is consist-
ent with similar plant-mediated AgNP synthesis studies.106,108

The SEM morphological assessment of the AgNPs indicated
spherical particle shapes, with significant aggregation within
the particle population observed in lower concentrations of
S. oleracea leaf extract (AgNP-2% and AgNP-3%) (Fig. 5). This
aggregation tendency in lower concentrations may be attribu-
ted to reduced amounts of phytochemicals from the S. oleracea
leaf extract in the reaction medium, which prolonged the
growth phase has it reduced the stabilisation potential and
particle size control of those nanoparticles. This probable
phenomenon aligns with reports in similar studies.31,109

Moreover, the DLS analysis also supported these findings,
revealing an inverse relationship between particle size and
plant material concentration (Table 2). Herein, AgNPs with the
highest concentration of S. oleracea leaf extract and phyto-
chemical content had the lowest sizes, and AgNPs with the
lowest concentration of S. oleracea leaf extract had the highest
size. Again, this establishes the major role phytochemicals
play in particle stabilisation and size control. These results are
interesting because there have been conflicting reports regard-
ing the impact of plant extracts on the size of AgNPs, with
certain studies proposing that higher concentrations result in
larger particles, while others offer a contrasting perspective. In
metallic nanoparticle synthesis, two critical phases are
involved: the reduction and growth/stabilisation phases.110

The latter is necessary for maintaining stability at the interface
between the ionic particles and the nanoparticle synthesis
medium. In plant-mediated synthesis, phytochemicals within
the organic material serve as both reducing and stabilising
agents, creating a biological corona around the particles.110

Hence, sufficient amounts of plant material and phytochem-
icals are required to prevent aggregation and the formation of
larger particles, explaining the observed trend of larger par-
ticles in lower S. oleracea leaf extract concentrations and
smaller particles in higher concentrations. As such, this
study highlights the correlation between AgNP size and extract
concentration in dictating that adequate amounts of the stabil-
isation compounds within phytochemicals are necessary
for the production of smaller AgNPs. Notably, more reduction
in particle size was observed in AgNP-10% compared to
AgNP-2%

The stabilisation capacity of S. oleracea leaf extract was vali-
dated through ATR-FTIR analysis by the presence of phyto-
chemical related functional groups and biochemicals (e.g. OH,
COOH) (Fig. 6). These findings align with previous studies,
establishing the significance of these functional groups as
essential contributors to the stabilisation and nanoparticle
generation process.111,112 These functional groups associated

with S. oleracea leaf extract phytochemicals were also detected
in the synthesised AgNPs, providing clear evidence of their
reduction and stabilisation by the phytochemicals in the
extract. Lastly, S. oleracea leaf extract has been shown to
possess elements such as sodium, iron, potassium, calcium,
silicon, and magnesium.113,114 The presence of these elemen-
tal ions in all the synthesised AgNPs may suggest their
effective interaction with plant extract (Fig. 7). Interestingly,
there were higher amounts of Ag ions in the AgNP-10% sample
and lower amounts of Ag ions in the AgNP-2% (Fig. 7A).
Studies have shown that the therapeutic effect, including the
antibacterial activity of AgNPs, depends on the concentration
and amount of Ag ions released.115,116 Thus, the presence of
more Ag ions in AgNP-10% may confer an increased potential
for Ag ion related bactericidal activity. This also highlights the
role of phytochemical concentration in improving antibacterial
capacity by facilitating the generation of more Ag ions in
AgNPs.

Turning to the antimicrobial activity of the generated
AgNPs, the lower concentration AgNPs showed no anti-
microbial activity (Fig. 8A). In contrast, the higher concen-
tration AgNPs, i.e. those with slightly higher S. oleracea leaf
extract contents, fully inhibited all tested microbes: E. coli,
S. aureus, S. pyogenes and C. albicans (Fig. 8B). Therefore, this
shows the potential of higher extract content to facilitate
increased antimicrobial activity, which may be due to
increased Ag generation as shown in the ICPQMS elemental
analysis. While previous studies have reported greater bacteri-
cidal effects of AgNPs on Gram-negative bacteria due to mem-
brane interactions, results obtained here demonstrate high
concentration S. oleracea leaf extract mediated AgNPs can
inhibit both, indicating their potential as broad-spectrum anti-
microbial agents.117–119 This corroborates findings from Loo
et al., 2018,120 as they also observed potent antimicrobial
effects of plant-mediated AgNPs on both bacterial types.
Moreover, this broad-spectrum efficacy is particularly advan-
tageous for the potential of tackling infections caused by stub-
born bacteria such as M. TB, which pose a significant global
health burden.121 Furthermore, the higher S. oleracea leaf
extract concentrations were also effective against fungi
C. albicans, highlighting their effectiveness against resilient
fungal cells. This finding is particularly significant because,
generally, fungal cells are known to be tough targets for
reasons including their tough cell walls that impede pene-
tration of antifungal agents.122,123 C. albicans is a major patho-
gen responsible for life threatening fungal infections
globally.63,124 The anti- C. albicans activity due to the
S. oleracea leaf extract mediated AgNPs observed may be due to
mechanisms including ROS generation and fungal cell mem-
brane disruptions.125,126 Studies have also shown these effects
are also size dependent, with smaller particles exhibiting
increased antifungal properties due to their larger surface
area.127,128 This may explain the lack of antifungal activity in
the larger AgNPs (AgNP-2% and AgNP-3%), synthesised with
lower concentrations of S. oleracea leaf extract and lower phyto-
chemical content.
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Conclusion

In conclusion, plant mediated AgNPs were successfully syn-
thesised using different concentrations of S. oleracea leaf
extract. The complete absence of toxic chemicals and additives
in this process emphasises its potential to drive nanoparticle
development towards sustainable, biocompatible, and cost-
effective practices. Our investigation revealed the synthesis of
nanosized S. oleracea leaf extract mediated AgNPs is substan-
tially influenced by the extract concentration. Notably, higher
extract concentrations yielded smaller and more monodis-
persed AgNPs, highlighting the pivotal role of extract concen-
tration in determining the morphological properties of AgNPs.
These findings challenge some earlier reports and emphasise
the critical need for precise control over synthesis parameters
in plant mediated AgNP production. Moreover, the anti-
microbial assays highlighted the good spectrum activity of
AgNPs synthesised with higher S. oleracea leaf extract concen-
trations. They all had remarkable activity against fungi as well
as Gram positive and Gram negative bacteria through full inhi-
bition of E. coli, S. aureus, S. pyogenes and C. albicans. These
findings gain substantial significance in the face of escalating
antibiotic resistance among pathogens, thus revealing biologi-
cally developed AgNPs as promising alternatives for combating
antibacterial drug resistance issues.
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