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Abstract

The decrease in the effectiveness of conventional drugs as a result of the growth of resist-
ance to antibiotics has increased the need for innovative tools to control the infections.
At this point, metallic nanoparticles, in particular silver nanoparticles, have appeared as a
promising method. In the current study, the extract of Rumex sp. (Labada, dock) leaves was
used as a reducing agent for the formation of silver nanoparticles. Unlike similar studies,
in this study the synthesis conditions were optimized by changing the extract ratio and sil-
ver nitrate concentration. Morphological investigations of synthesized silver nanoparticles
showed that spherical homogeneous particles at size under 100 nm had been produced.
SEM/EDS and FTIR analyses showed that plant components are involved in the synthe-
sis of nanoparticles. It was also determined that higher extract ratio reduced nanoparticle
size. The antimicrobial effects of the synthesized nanoparticles against Gram-positive and
Gram-negative bacteria were tested, and it was determined that all nanoparticles exhibited
activity against both groups. Rumex sp. silver nanoparticles (NPs) were revealed to exhibit
antibiofilm activity against three different isolates with moderate and strong biofilm-form-
ing ability. The NPs reduced the biofilm-forming capacity of Acinetobacter baumannii and
Klebsiella pneumonaie by 2.66-fold and 3.25-fold, whereas they decreased the Escherichia
coli biofilm-forming capacity by 1.25-fold. The investigation of microbial biofilm could
play an important role in developing new strategies for treatment options. Our results sug-
gest that Rumex sp. silver NPs may have a high potential for use in the treatment of patho-
genic strains.
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Introduction

Antimicrobial activity is associated to compounds that are able to kill or slow down micro-
organisms, without any toxic effects. Although these agents are crucial to combat infec-
tious diseases, due to their extensive and misuse, bacterial resistance to the drugs has arisen
over decades and become a common problem [12]. In spite of the obtainability of numer-
ous broad-spectrum antimicrobial drugs, common infections stand as the major emergency
worldwide due to the resistance to most of the common antibacterial agents. Even though
there is momentous improvement in the treatment of many infectious diseases by micro-
organisms and viruses, the quantity and spreading of pathogenic resistant microorganisms
have also amplified dramatically. Two million individuals are affected from infections with
bacterial resistance annually, and it is foreseen that the worldwide deaths will pass 10 mil-
lion annually until 2050. The market size of antimicrobial compounds is also expected to
reach 20.50 billion USD by 2026. While the necessity for antibiotics is constantly grow-
ing over time, scientists have been working around the world to find a sustainable solution.
Numerous novel alternatives, such as herbal the plant extracts, natural proteins, and bacte-
riophages, have been presented to strengthen the combat against pathogenic microorgan-
isms. Among the proposed alternatives, metallic nanoparticles, especially silver, have stood
out due to their improved bioavailability, high antimicrobial effectiveness, less toxicity,
and specific targeting, compared to other methods [1, 18, 26, 31]. During the past years,
nanotechnology has been expected to have a substantial influence on society by nano-based
breakthrough progresses in biotechnology, medicine, nanoelectronics, as well as in materi-
als and manufacturing areas [18]. Nanoparticles have been regarded as particles whose size
is below 100 nm and have unique features such as optical, electrical, and thermal properties
as a result of the enhanced surface area/volume ratio [3, 5, 27, 29, 31].

Handling nanotechnology with green chemistry principles is a flexible approach and has
widened its popularity in the recent years [2]. In this approach, nanotechnology is com-
bined with green chemistry to form nanomaterials in a cost-effective and safe fashion. In
the green synthesis of silver nanoparticles, the nanocrystals are typically generated from
Ag" ions which are provided by salts like silver nitrate (AgNO;. On the other hand, bio-
logical materials, microbes, or extracts of diverse plants can be used as reducing agents.
Reducing agents in the solution allow the ions to reduce to atoms. Afterward, the atoms are
gathered into clusters and form nanoparticles. Therefore, the presence of atoms depends
on the concentration of silver salt and reducing agent, which also needs to be optimized to
regulate the morphology and size of the nanoparticles [1, 25].

The applications of silver nanoparticles can be distributed in several fields, mostly pharma-
ceutical and medical areas due to their reduced toxicity and enhanced stability. Silver nano-
particles have not only been used as antimicrobial agents, but also have been revealed as a
superior vehicle to avert viruses binding to host cells [30, 31] and stop mosquito vectors as
a green mosquitocidal [22]. Silver nanoparticles (AgNPs) are shown to kill bacteria by abil-
ity to neutralizing the membrane’s surface and changing the penetrability. Reactive oxygen
species (ROS) generation which leads to deformation of the cell membrane and intracellu-
lar effects, such as interactions with proteins and nucleic acids, are the other main pathways
behind the antibacterial actions of nanomaterials [2, 18, 31]. The antimicrobial mechanism of
silver containing nanoparticles is attributed to several mechanisms mostly based on Ag™ ions.,
These Ag* ions are generated when dissolved in an aqueous solution. Ag™ is able to bond
to negatively charged fragments of the cell membrane that leads a formation of holes in the
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membrane. The most advantageous property of the silver nanoparticles is that, due to various
mechanisms of antimicrobial action, resistance to them has been rare and slow, compared to
resistance to antibiotics [24, 31]. Nanoparticles (NPs) are also promising as a means of treat-
ing bacterial biofilms. In addition to the inadequacy of bacterial antibiotic-resistance mecha-
nisms against NPs, the electrostatic interaction between NPs and biofilms is effective in over-
coming biofilm-based resistance mechanisms. Some NPs have been reported to be effective
against many biofilm-forming infectious agents [24]. Although a number of NPs are applied
as antimicrobial agents, among the most potent in the prevention of severe infections are silver
NPs (AgNPs).

Many types of extracts derived from plants have been recognized as non-hazardous
reducing agents for nanoparticle formation. Because the plant parts contain a variety of
compounds for silver reduction, the technique is inexpensive, environmental-friendly,
and high efficient. Therefore, the synthesis of silver nanoparticles using such agents has
attracted various researchers [17].

Medicinal plants have been utilized as sources due to their various natural products con-
tents, which show bioactivity to defend the body against both cellular defects and pathogens [7].
The genus Rumex (Polygonacea) is broadly distributed in flora of Turkey, and most widespread
species are Rumex patientia L., Rumex crispus L., Rumex acetosa L., Rumex caucasicus, and
Rumex alpinus L., R. alpinus, and R. caucasicus are both known as “evelik” or “labada” in local
and distributed eastern Anatolia, mostly at higher altitudes. These herbs have been used widely
as traditional medicine in Turkey against various disorders due to their anti-inflammatory, diu-
retic, laxative, antipyretic, and wound healing properties. Also, fresh leaves of Rumex spp. are
consumed as a vegetable or for seasoning meat or cheese in the eastern part of Turkey [23].
Recently, there are several studies reporting the green synthesis of silver nanoparticles using
various species of Rumex [4, 11], however, there is still need for investigating various bioactivi-
ties of green synthesized nanoparticle using Rumex extracts.

The main goal of this study is to optimize the conditions for production of silver nanoparti-
cles by green synthesis using the aqueous extract of Rumex sp. leaves and to provide a simple
and sustainable method. The main contribution of the study, contrary to other reports, is that
the optimum conditions for silver nanoparticle formation were determined by applying various
parameters such as extract ratio and silver nitrate concentration and also the effects of these
factors on morphology, size, and structure of nanoparticles, and were revealed. The antibiofilm
potential of produced nanoparticles on clinical isolates has been also determined. The antibi-
ofilm activity is another contribution of the study due to the lack of this test in similar reports.

Materials and Methods
Preparation of the Herbal Plant Extracts

Leaves of Rumex sp. were collected from the Kars Province, the northeastern part of Tur-
key. For the preparation of the plant of extracts previously reported, protocol was modified
and used [23]. The leaves were dried at room temperature and ground in the mortar to form
a fine powder. Five grams of leaf powder was extracted with 200 mL of water in a Soxhlet
under reflux for an hour. The plant pulp was separated through filtration using filter paper
and, the extracts were stored at 4 °C for further studies. The extracts were also centrifuged
for 5 min at 4500 rpm to eliminate possible residues. The supernatant was used in the con-
struction of nanoparticles.
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Synthesis and Optimization of Silver Nanoparticles

For the preparation of silver nanoparticles, leaf extracts have been used in reducing silver
nitrate (AgNO;) at varying concentrations. To determine the optimum conditions for nano-
particle synthesis, the extract to AgNO; ratio (v/v) was also examined. In the synthesis
procedure, a certain volume of AgNO; (Table 1) has been kept constant, and the extract
was added dropwise at a constant rate under stirring and left for 4 h at room temperature.

At the end of the duration, the mixture has been centrifuged at 12000 rpm for 10 min to
remove non-particle components, and the silver nanoparticles were separated from the reaction
mixture. This step was repeated 2 times with distilled water and with ethanol to clean unwanted
residues from nanoparticles. The produced nanoparticles were left to dry at room temperature
for further characterization. The experimental set points and conditions are given in Table 1.

Characterization of Synthesized Silver Nanoparticles

UV-Vis Spectroscopy Analysis The visual characterization of silver nanoparticles was first
observed by changes in the color of the reaction mixture. The UV-visible absorbance of samples
was measured using a UV-Vis spectrometer run at a resolution of 1 nm with a range between
300 and 800 nm.

FTIR Analysis Fourier transform infrared spectroscopy (FTIR) analysis was performed to
reveal the involvement of plant extract-derived compounds in the synthesis silver nanopar-
ticles as reducing agents. FTIR spectra of silver nanoparticle and Rumex sp. leaf extracts
were recorded in the in a range of 450-4000 cm™".

Scanning Electron Microscopy Inspection The morphological information and surface
properties of the synthesized silver nanoparticles were obtained through scanning electron

microscopy equipped with energy dispersive spectroscopy (SEM/EDS, Zeiss Sigma 300).
The particle size distribution was determined by analyzing the images of SEM/EDS.

Antimicrobial Activity of Synthesized Silver Nanoparticles

The agar well diffusion technique was used to investigate the antimicrobial activity of nanoparticles
and nanoparticles were tested against 2 Gram-negative (Pseudomonas aeruginosa and Escherichia

Table 1 Experimental set points for nanoparticle synthesis

Sample Extract ratio AgNO; C (mM) Extract V (mL) AgNO; V  Drop rate Time (h)

(mL) (mL/min)
1 5% 2.5 5 95 0.5 4
2 5 5 95 0.5 4
3 7.5 5 95 0.5 4
4 10 5 95 0.5 4
5 10% 10 10 90 0.5 4
6 5 10 90 0.5 4
7 7.5 10 90 0.5 4
8 2.5 10 90 0.5 4
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coli) and 2 Gram-positive (Bacillus subtilis and Staphylococcus aureus) bacteria. Six millimeter-
diameter wells were opened on the agar layer in the petri dishes, and 80 pL of samples to be tested
was added to the wells (0.5 mg/mL), subsequently left for incubation at 37 °C overnight. The same
amounts of ampicillin (50 pg/mL), leaf extract, and AgNO; (10 mM) were used as control. The
antimicrobial activity of samples was assessed by measuring the inhibition zone diameters.

Determination of Rumex sp. silver nanoparticle MIC via broth microdilution

The minimum inhibitory concentration (MIC) of Rumex sp. silver NPs was determined by liquid
microdilution. The NPs at the concentration range of 500-67.5 ug/mL were prepared, and experi-
ments were performed in triplicate using a 96-well plate. Escherichia coli DH5a was used as the
control. The determined MIC values were used as reference in the investigation of the effect on
biofilm formation of the strains (A. baumannii, E.coli, and K. pneumoniae) [8].

Effect of Rumex sp. silver nanoparticles on biofilm formation

The study investigated the effect of the NPs on biofilm formation in medium and strong
biofilm-forming strains. After determining the MIC values of the Rumex sp. silver NPs on
the strains as 125 pL/mg, 67.5 pL/mg concentration was used for the biofilm formation
experiments. Experiments were performed in triplicate on 96-well plates. And then quan-
titative determination of biofilm formation was performed using the previously mentioned
method [8, 14].

Results
Synthesis and Optimization of Synthesized Silver Nanoparticles

The absorption wavelengths and the color are easy ways to reveal the formation of silver
nanoparticles. As the reaction progresses and silver nanoparticles are formed, the color of
the reaction medium changes from yellow to dark brown. The color of the reaction mix-
ture changed in very few minutes upon the initiation of the reaction. Figure 1(A) shows
the changes in the color for each hour following the start of the reaction. This observation
was also supported by maximum wavelength measurements. As presented in Fig. 1(B), the
noticeable peak was recorded between 400 and 500 nm, which indicated the existence of sil-
ver nanoparticles. The intensity of the peak as well as the color was observed to get higher in
the course of the reaction period as expected due to the increase in silver nanoparticle amount
in the reaction media (Fig. 2). These findings are consistent with literature studies [10, 27].

FTIR Analysis

FTIR analysis of both Rumex sp. extract and synthesized AgNPs was performed to find the
natural constituents which might be involved in the reduction of silver nanoparticles.
FT-IR spectra demonstrated similar intense peaks at 3202, 2916, and 1586 cm~!, as
shown in Fig. 3, which indicated the stretching vibration for N-H, aliphatic C-H, and
C=0 respectively. Other strong peaks at 1405 and 1007 cm™' also show the presence of
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Fig. 1 A Color change during the reaction; B UV spectrum of synthesized silver nanoparticles after 4 h

the stretching vibration bands of C-N and symmetric C-O groups (O =C-0, C-O-C, and
epoxide), respectively [4]. Regarding the difference between the spectra, it can be con-
cluded that the emergence and intensity of some peaks (3202, 2916, and 1586 cm™") con-
firms the stabilization of silver nanoparticle by functional groups in plant extracts. These
primary functional groups are present in most natural compounds such as phenols and fla-
vonoids [4, 7]. These findings proved that the natural constituent of Rumex sp. leaves act as
capping agent for silver nanoparticle synthesis.

Fig.2 Color change which
indicates the formation of nano-
particles during the reaction A
5% extract ratio; B 10% extract
ratio. The AgNOj; concentra-
tion is 7.5 mM for both samples
(Samples 3 and 7)
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Fig.3 FTIR spectrums of AgNPs and Rumex sp. extracts

SEM/EDS Analysis of Silver Nanoparticles

The morphological inspection and elemental analysis of produced silver nanoparticles
were explored using SEM coupled with an EDS (energy dispersive X-ray spectrometer).
The SEM investigation showed that nanoparticles were quite homogenous (Figs. 4 and 5).
The size determination also confirmed that all nanoparticles were below 100 nm.

.

7.5mMAgNO;

Fig.4 SEM images of silver nanoparticles produced with 5% extract ratio under various AgNO; concentra-
tions
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Considering the SEM analysis, the size of produced silver nanoparticles ranged from 10
to 100 nm, and the smallest size was obtained in experiments performed with 10% extract
ratio. Regarding morphological structures of the synthesized nanoparticles, it was deter-
mined that the majority of them were spherical, yet hexagonal and cubic-shaped nanopar-
ticles were also produced. The SEM images also showed that increasing the plant extract
ratio caused the produced nanoparticles smaller in size [15, 32].

EDS images (Fig. 6) indicated strong signals for silver metal in all samples which
approved the presence of silver as a main component of nanoparticles (in the range of
50-83%). It has been observed that the oxygen content is increasing with the increase in
extract ratio which indicates that some of the silver nanoparticles are in the oxide form.

Antimicrobial Activity of Silver Nanoparticles

The antimicrobial activity of green synthesized silver nanoparticles was investigated against
E. coli, P. aeruginosa, S. aureus, and B. subtilis by agar well diffusion assay. The results
showed that all produced nanoparticles had almost similar activity against both Gram-pos-
itive and Gram-negative bacteria (Fig. 7). However, there was no activity exhibited against
B. subtilis. The diameter of inhibition zones is presented in Table 2. Although all nanopar-
ticles showed antibacterial activity, the samples synthesized with higher extract ration and
higher AgNO; concentration (Sample 8) showed slightly higher inhibition, which is prob-
ably because these nanoparticles had relatively smaller size. A crucial observation of the
current study can be expressed as follows: the crude plant extract exhibited any inhibition

7.5mMAgNO, ¥4

Fig.5 SEM images of silver nanoparticles produced with 10% extract ratio under various AgNO; concen-
trations

@ Springer



Applied Biochemistry and Biotechnology (2024) 196:1089-1103 1097

A A Element |Weight %
; C 0,02
o) 16,05
Ag 83,93

oasx|

. Bs Element |Weight %
C 0

o) 49,54
Ag 50,46

Status: e sans 0132 e 91 3G S0V Det Bement <28

Fig.6 EDS spectra of silver nanoparticles produced with 2.5 mM AgNO; and A 5% extract ratio; B 10%
extract ratio

against bacteria, whereas the extract-mediated nanoparticles showed moderate activity.
Therefore, it can be concluded that nanoparticles can enhance the activity of extracts.

Effect of Rumex sp. Silver Nanoparticles on Biofilm Formation

The antibiofilm activity of the Rumex sp. silver NPs was investigated against three
isolates with moderate and strong biofilm-forming ability. First of all, the MIC value
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B.subtilis & Bosubtitis | P. aeruginosa P. aeruglnasa

Fig. 7 Antimicrobial activity of synthesized nanoparticles against Gram-positive and Gram-negative bacte-
ria

of the Rumex sp. silver NPs against these three isolates was found as 67.5 pg/mL.
Nanoparticles at 1/2 MIC concentration was used to act as antibiofilm agents against
the three strains (Table 3). At 125 pg/mL (1/2 MIC) concentration, the Rumex sp.
NPs reduced the biofilm-forming capacity of K. pneumoniae by 2.66-fold, whereas
that of E. coli was decreased by 1.25-fold. The quantitative biofilm-formation values
of A. baumannii decreased by 2.66 with the 125 pg/mL Rumex sp. NP concentration.
According to the data, the strains with moderate and strong biofilm-forming abil-
ity exhibited weak biofilm ability in the presence of 1/2 MIC concentrations of the
Rumex sp. silver NPs.

Table 2 Antibacterial activity of

. . . Samples Zone of inhibition mm

synthesized silver nanoparticles

against bacteria EC SA PA BS
1 12 11 11 -
2 13 11 12 -
3 11 13 12 -
4 12 10 9 -
5 12 12 10 -
[§ 11 0 8 -
7 14 12 13 -
8 14 12 12 -
Extract 0 0 0 -
Ag 10 mM 15 17 13 -

EC Escherichia coli, SA Staphylococcus aureus, PA Pseudomonas
aeruginosa, BS Bacillus subtilis
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Table 3 Antibiofilm activity of

. . Bacteria Biofilm OD 125 pg/mL Rumex
Rumex sp. silver nanoparticles

sp. nanoparticle

MDR A. bumannii 0.5492 0.2071
MDR K. pneumoniae 0.4835 0.1347
MDR E. coli 0.5855 0.4830
E. coli Dh5a (Control) 0.1272 -

Discussion

Considering the effect of extract ratio and AgNO; concentration on nanoparticle syn-
thesis, it was observed that the amount (mg) of nanoparticles formed per unit volume
increased with increasing both the extract ratio and AgNO; concentration. The maxi-
mum amount of silver nanoparticles was obtained in the experiments performed with
10 mM AgNO; and 10% leaf extract (Sample 5). It was also determined that the higher
extract ratio increased the nanoparticle formation more than the AgNO; concentration
did. As expected, similar outcomes were reported for the green synthesized silver nano-
particles from different plant extracts because the concentration of extracts increases the
possibility to reduce the silver cations [15, 32].

A similar trend was observed in many studies in the literature, and it was interpreted
that increasing the plant extract ratio accelerated the reducing of silver ions, preventing
aggregation due to surface capping effects, and leading to the synthesis of smaller par-
ticles [1, 2, 13, 26]. Likewise, the same tendency was observed when EDS graphics and
elemental composition were investigated. In the samples using the same silver concentra-
tion (2.5 mM) but different extract ratio (10%), it was determined that the weight percent of
silver was lower at a higher extract ratio. In addition, due to the abundance of nanoparticle
synthesis with a high extract ratio, it was seen from the SEM images that some nanoparti-
cles were coagulated. The EDS spectra (Fig. 6) show the oxygen peaks along with silver,
which indicates the produced nanoparticles are in the oxide form.

Silver nanoparticles were reported for being active against a varied range of microor-
ganisms, and this feature was attributed to their multiple antimicrobial activity mechanisms
[6, 10, 16, 24]. Recently, Singh et al. [27] reported that silver nanoparticles produced by
green synthesis showed inhibition against E. coli and S. aureus as similarly observed in the
current study. In the same study, the researchers also tested the combination of ampicil-
lin and ciprofloxacin antibiotics with nanoparticles and showed that nanoparticle-antibiotic
formulations were more effective than antibiotics alone [27]. In another study, Lara et al.
showed that silver nanoparticles had bactericidal activity antibiotic resistant E. coli, P. aer-
uginosa, and Streptococcus pyogenes. This finding revealed that resistance proteins did not
have any effects on silver nanoparticles and did not cause any change in the sensitivity of
bacteria to nanoparticles [19]. It was also proved that the silver nanoparticle and antibiotic
conjugates had bioactivity against multidrug-resistant and biofilm-forming microorganisms
as well [31]. Another study demonstrated a synergistic relation between nanoparticles and
antibiotics, thus, proving that antibiotics and nanoparticles were using different antibacte-
rial mechanisms [29].

Biofilm formation plays a role in the development of many diseases such as otitis
media, gingivitis, and lung infections, and it can cause bacteria to resist multiple anti-
biotics. The production and use of NPs are among the promising strategies to overcome
drug-resistance mechanisms such as biofilm formation [24]. This study investigated the
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antibiofilm effect of Rumex sp. silver NPs against different antibiotic-resistant patho-
genic bacteria with moderate and strong biofilm-forming ability. In the study conducted
by Skora et al., the antibiofilm effect of silver NPs was investigated and different biofilm
reduction percentages were determined. They found the best biofilm reduction for both
E. coli (4.69-fold) isolate at 2 mg/mL concentration [28]. Martinez-Gutierrez et al. dis-
cussed the negative effects of AgNPs on many clinically important bacterial strains such
as A. baumannii that are problematic in hospital treatment [20]. In a different study,
more than 90% inhibition of live multidrug resistant (MDR) A. baumannii was seen at
low AgNP doses, and this was reported to prevent the binding of A. baumannii on the
human lung epithelial surface and subsequent biofilm formation [21, 33]. A study con-
ducted in 2019 investigated the antibiofilm activity of tryptophan silver NPs on the bio-
film formed by E. coli and, K. pneumonia under static conditions. The results showed
that the NPs had an antibiofilm effect exceeding 50% on E. coli and K. pneumonia bio-
film formation [9]. In the present study, Rumex sp. silver NPs reduced the biofilm-form-
ing capacity of A. baumannii and K. pneumonaie strains by 2.66-fold and 3.25-fold,
whereas it decreased that of E. coli by 1.25-fold. In this study, the investigated NPs were
characterized by their high antibiofilm effect on bacterial biofilm formation. As shown
in many different studies, AgNPs are seen as a promising antimicrobial agent to address
the important public health problem of MDR isolates.

Conclusion

This study proposes an environmentally friendly, facile, and fast synthesis method for the
production of silver nanoparticles. Within the scope of the study, the synthesis of silver
nanoparticles at the size under 100 nm was successfully carried out by using aqueous
extracts of Rumex sp. leaves as reducing agents. It was demonstrated that the size distri-
butions and morphological structures of the synthesized silver particles were consistent.
Structural and chemical characterizations were performed to reveal the involvement of leaf
extract in the reduction of nanoparticles. The synthesized silver nanoparticles were also
shown to pose antibacterial activity against Gram-positive and Gram-negative bacteria.
Recently, nanotechnology offers products and methods that provide significant advantages
in many areas. Due to their electrical, optical, and thermal properties, silver nanoparticles
are not only widely used in the biomedical field, but also in different fields such as elec-
tronics, energy, and the environment.

Although the antibacterial properties of silver have been known for centuries, silver-
based nanoparticles have the potential to be a promising method against increasing anti-
biotic resistance. Both the dimensional properties and physicochemical properties of sil-
ver nanoparticles enable them to inhibit or kill bacteria by different mechanisms. Due to
these mechanisms, it is assumed that they can be a resourceful tool to combat bacteria with
multi-drug resistance. Considering the rapid development of resistance to drugs world-
wide, it is suggested that it can also be effective when conjugated with antibiotics due to
their interactions with the bacterial membrane. The intensity in interest and application
areas of silver nanoparticles has also increased the need for novel and effective synthe-
sis methods. Green synthesis, which is a bottom-up production technique, is one of the
most utilized techniques in recent times because of the elimination of toxic inputs and
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by-products. In this study, this technique was used in the synthesis of silver nanoparticles,
including the optimization of the extract ratio and silver nitrate concentration. This study is
one of a few studies in which Rumex sp. leaves are used as a reducing agent in the synthesis
of silver nanoparticles, and it is expected that the findings will contribute significantly to
the literature and future studies.
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