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Abstract: Silver nanoparticles (AgNPs) are an interesting metal nanoparticle that can be incorporated
into pharmaceutical products, including for diabetic foot ulcers as an antimicrobial agent. Green
synthesis of AgNPs using plant extracts has been drawing much attention as it is simple, eco-friendly,
stable, and cost-effective. This present study was performed to evaluate the potential of three
Indonesian medicinal plant extracts, namely Phyllanthus niruri (PN), Orthosiphon stamineus (OS), and
Curcuma longa (CL), as reducing and capping agents in the green synthesis of AgNPs, and to optimize
their concentrations. Based on the yields and characteristics of the formed nanoparticles, which were
analyzed using a UV-Vis spectrophotometer, particle size analyzer, scanning electron microscope,
and X-ray diffractometer, Phyllanthus niruri extract at a concentration of 0.5% was concluded as the
best extract in the green synthesis of AgNPs. It is thereby a prospective reducing and capping agent
for further scale-up studies.

Keywords: silver nanoparticles; green synthesis; Phyllanthus niruri; Orthosiphon stamineus;
Curcuma longa

1. Introduction

Diabetic foot ulcers (DFUs) are one of the common complications of diabetes mellitus.
The wound healing process in this disorder is much more delicate than normal wounds and can
be inhibited by the presence of oxygen-free radicals, microbial infection, and high blood glucose.
The microbial burden is believed to underlie the delayed healing process in DFU [1], and Staphylococci,
Pseudomonas, Citrobacter, and Enterococci are major bacteria colonizing diabetic wounds [2]. Therefore,
ulcer treatment requires comprehensive management, including the use of appropriate antibiotics.
Silver and polyherbal dressing, and natural polymers dressing, have exhibited promising results in
diabetic wound healing [3,4].

Silver ions have been recognized for decades as active antimicrobial and tissue regenerating agents.
Silver or other antimicrobial agents containing dressings can be considered in the routine management
of DFU. Wound dressing containing silver ions has the potential to be used in the management of
DFU [5]. Reducing the size of silver ions to nanoparticles has been shown to release silver ions
more rapidly than bulk silver. Silver nanoparticles (AgNPs) are interesting metal nanoparticles,
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whose unique physical and chemical properties are responsible for their antimicrobial applications in
pharmaceutical and clinical areas, cosmetics, and dentistry. Wound dressings with AgNPs also have
the potential to be used as an alternative for topical antibiotics, which have been proven to be effective
and safe [6,7]. AgNPs naturally interact with bacterial membranes and interfere with their integrity,
further binding to sulfur, oxygen, and nitrogen of essential biological molecules, while inhibiting
bacterial growth [8]. Despite the various techniques available for their synthesis, i.e., physical, chemical,
and green techniques, only the first two approaches have been widely implemented. Moreover,
chemical synthesis uses reducing agents and stabilizers that are known to carry a risk of toxicity to
the environment. Green synthesis, or the bio-based method, involves a wide range of organisms,
from simple prokaryotic bacterial cells to eukaryotic fungi and plants. Some limitations in its
application are attributed to the use of microbes that require a sterile environment and must be handled
by staff with specific skills, all of which create time- and cost-ineffective processes [9]. Plant-based
green synthesis has become increasingly popular owing to its safe, environmentally-friendly, simple,
and cost-effective process that is easy to upscale [10,11]. Plant metabolites, such as proteins, enzymes,
tannins, phenols, sugars, and flavonoids, act as reducing and capping or stabilizing agents to form
nanometals [12]. Plants rich in these compounds are presumed to be promising bio-reducing agents in
metal nanoparticles.

Our previous studies on seven native Indonesian plant species showed that the three plants
commonly used in herbal medicines, namely Phyllanthus niruri (PN), Orthosiphon stamineus (OS),
and Curcuma longa (CL), had the highest total phenolic and flavonoid contents and exhibited antioxidant
activities [13,14]. These plants also demonstrated antibacterial activities against various pathogenic
gram-positive and gram-negative bacteria [15-20].

As an initial step in the development of topical AgNPs products for diabetic wound healing,
this present work was conducted to (i) optimize the concentrations of PN, OS, and CL extracts in the
green synthesis of AgNPs and (ii) select the best candidate of plant extract for a bio-reducer in further
research based on the characteristics of the AgNPs formed.

2. Materials and Methods

2.1. Chemical and Plant Materials

Crude drugs consisting of the aerial parts of Phyllanthus niruri, Orthosiphon stamineus leaves,
and Curcuma longa rhizomes, provided by a cultivation and research center for medicinal plants in
Tawangmangu City, Indonesia, were collected in June 2019. Plant materials were authenticated by the
Center for Traditional Medicine Information and Development, Faculty of Pharmacy, University of
Surabaya, Indonesia (certificate numbers: 1405/D.T/VII1/2019, 1400/D.T/V/2019, and 1401/D.T/V/2019
for PN, OS, and CL, respectively). Silver nitrate (AgNOj3), ethanol, sodium hydroxide (NaOH),
and potassium bromide (KBr, spectroscopy grade) were procured from Merck (Darmstadt, Germany).
Unless stated otherwise, the chemicals used were analytical grade. Demineralized water was used in
all processes involving water.

2.2. Preparation of Plant Extracts

For PN, OS, and CL, the dry plant material was ground and sifted with 20 mesh sieves. A total
of 10 g of the resulting crude drug powder was then extracted by the ultrasound-assisted extraction
method, using 50 mL of 80% ethanol for 10 min. The residue, which had been separated from the
extract, was re-extracted using the same procedure. Afterward, the extracts were collected, put into a
100 mL volumetric flask, and the volume was adjusted to 100 mL using 80% ethanol. This liquid is
hereinafter referred to as the parent extract (the concentration is equivalent to 10%).
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2.3. Green Synthesis of AGNPs Using the Plant Extracts

The synthesis of AgNPs used three kinds of extracts, namely the ethanol extracts of PN, OS, and CL;
each was prepared at 0.125, 0.25, 0.5, 0.75, and 1% concentrations. The temperature and duration
of the syntheses were slightly adjusted from the procedures described in previous studies [21,22].
First of all, 100 mL of the extract was added with 1 mL of 100 mM AgNOj3 (1 mL of the extract
was removed prior to the addition so that the concentration of AgNOj in the mixture was 1 mM).
This mixture was then heated at 60 °C with constant stirring (150 rpm, 30 min). During the heating
and stirring process, the UV-Vis spectrum of the mixture was recorded every 10 min (t0, t10, t20, t30).
The products of this procedure were then stored for 24 h, and the UV-Vis spectrum was re-observed.
A maximum of 1 mL of 0.2 M NaOH was then dripped into the mixture, and the presence of sediment
and brownish-red solution indicated that AgNPs had formed. After the addition of NaOH, the UV-Vis
spectrum of the mixture was reread, then centrifuged (2500x g rpm, 15 min) to remove the suspended
material. Afterward, the spectrum of the supernatant was measured again at 200-600 nm to confirm the
formation of AgNPs. The product was collected by centrifugation (10,000x g rpm, 15 min). The AgNPs
were then washed with demineralized water three times, then dried in a desiccator until a constant
weight was achieved.

2.4. Characterization of AGNPs

The synthesized AgNPs were characterized based on absorption spectra, particle size, size distribution,
shape, morphology, and crystalline phases. The UV-Vis absorption spectra were read using a Shimadzu
UV-1900 UV-Vis spectrophotometer, Shimadzu (Tokyo, Japan). Particle size and size distributions were
determined by a Nanotrac Wave II particle size analyzer (Microtrac, Germany), while the shape and
morphology were evaluated using a Hitachi Flexsem 100 scanning electron microscope (SEM) (Tokyo,
Japan). A Jasco FT/IR-4200 spectrophotometer (Japan) with a deuterated triglycine sulfate (DTGS)
detector was also used to identify the functional groups contained in the extracts and the synthesized
AgNPs. Finally, the crystalline phases were analyzed using an X'pert Philips X-ray diffractometer
(PANanalytical B.V., Almelo, The Netherlands).

3. Results

3.1. Optimization of the Extract Concentration

During the green synthesis, the formation of AgNPs can be monitored visually from the color
change (i.e., from yellowish-green to reddish-brown) and absorbance (measured using a UV-Vis
spectrophotometer). Absorbance values were recorded every 10 min during the 30-min synthesis
process. Afterward, the solution was kept for up to 24 h and then added gradually with 0.2 M NaOH,
while observing any color changes. Subsequently, the absorbance was reread to see if there was any
increment, which indicates an optimum synthesis reaction. Changes in absorbance values during the
AgNPs synthesis using the PN extract are depicted in Figure 1 (the ones using the OS and CL extracts
are not presented). This figure shows that AgNPs were formed after 24 h in the green synthesis.

In this optimization process, five concentrations of PN, OS, and CL extracts (i.e., 0.125, 0.25, 0.5,
0.75, and 1%) were analyzed. AgNPs were only produced in extracts with concentrations of 0.5 and
0.75%. At 0.5%, the PN and OS extracts produced higher yields than at 0.75%, while the contrary was
true for the CL extract (Table 1).
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Figure 1. UV-Vis spectra of silver nanoparticles (AgNPs) prepared with Phyllanthus niruri (0.5%).
(A) initial extract; (B) green synthesis products (AgNPs).

Table 1. Yields of the green synthesis of AgNPs using Phyllanthus niruri (PN), Orthosiphon stamineus
(OS), and Curcuma longa (CL) extracts.

Concentrations (%w/v) Color of Solution * Silver Luster ** Yields
Extracts

Y%w/w mg

0.125 Blackish brown - - -

0.25 Blackish brown - - -
PN 0.50 Blackish brown +++ 15.76 78.8
0.75 Blackish brown +++ 6.88 51.6

1.00 Dark green - - -

0.125 Reddish-brown - - -

0.25 Reddish-brown - - -
PN 0.50 Reddish-brown +++ 1.27 6.35
0.75 Reddish-brown +++ 0.64 4.78

1.00 Reddish-brown - - -

0.125 Brownish-yellow - - -

0.25 Brownish-yellow - - -
CL 0.50 Reddish-brown +++ 0.53 2.64
0.75 Reddish-brown +++ 2.46 12.3

1.00 Blackish brown - - -

* Color of the solution in the AgNP synthesis process (24 h + NaOH). Phyllanthus niruri (PN); Orthosiphon stamineus
(OS); Curcuma longa (CL). ** +++: high intensity of silver luster; -: no silver luster.

3.2. Particle Size and Particle Size Distribution of AGQNPs

As shown in Table 2 and Figure 2, the particle sizes of the produced AgNPs ranged between 277
and 918 nm. The OS extract at a concentration of 0.75% (denoted as OSg 75) yielded AgNPs with the
smallest particle size, whereas CLg 75 produced the largest sizes. Besides this particle size, the dispersity
(or poly-dispersity index) of AgNPs was also measured to justify the occurrence of agglomeration or
aggregation of the sample during the process.

Table 2. Particle size and poly-dispersity index for each sample of AgNPs.

Plant Extracts Particle Size (nm) Poly-Dispersity Index (PDI)
PNy s 715.0 0.0085
PNy 75 522.0 1.2370
OSp5 729.0 0.1716
OSp.75 277.9 0.2378
CLgy5 318.0 0.0431

CLos5 918.0 0.6040
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Figure 2. Particle size analysis of AgNPs using a particle size analyzer (PSA).

3.3. Morphological AGNP Evaluation by Scanning Electron Microscopy (SEM)

The SEM images (Figure 3) present that the AgNPs synthesized using PN extracts were spherical
with particle sizes in the ranges of 100-300 nm and 100-200 nm for PNy 5 and PNy 75, respectively.
Additionally, OSg 5 and OSy 75 produced spherical AgNPs with particle sizes of 300400 and 200-300 nm,
respectively. These products are consistent with the PSA results, i.e., PN and OS with higher
concentrations produced smaller silver nanoparticles. However, CL extract created AgNPs with a
dominant irregular shapes and larger sizes, which can be caused by solvent evaporation during sample
preparation or differences in chemical constituents of the extracts.
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Figure 3. The scanning electron microscopic (SEM; 20,000x) profiles of AgNPs synthesized with PN,
OS, and CL extracts.

3.4. Characterization of AGNPs by X-ray Diffraction (X-RD)

The X-RD analysis was carried out to confirm the presence of silver compounds in the synthesized
nanoparticles (Figure 4). The reflections of the AgNPs (recorded at 26) that formed with PN, OS,
and CL extracts are shown in Table 3.

Table 3. Diffraction peaks of the AgNPs formed with PN, OS, and CL extracts, measured at the detector
angle of 26 (degrees).

PNos PNo.75 0S5 0Sy.75 CLos CLo.75 AgNPs [23]
37.6454 37.6274 37.6248 37.6420 37.6406 37.6494 38.45
44.0146 44.0020 43.9073 43.8388 44.0151 43.8857 46.35
64.5091 64.4893 64.3259 64.3173 64.4910 64.5224 64.75
77.5067 77.7218 77.5186 77.5217 77.7313 77.7441 78.05
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Figure 4. X-ray diffraction profiles of AgNPs synthesized using PN, OS, and CL extracts.
3.5. FTIR

The FTIR spectra (Figure 5) were read at the wavenumbers of 4000400 cm~! with a 4 cm™!
resolution and processed in the Spectra Manager Version 2 program. FTIR spectra of AgNPs synthesized
using PN, OS, and CL extracts showed distinct and wide peaks at the wavenumbers of 3446.17, 3445.21,
and 3445.21 cm™, respectively. These peaks indicate the presence of the O-H bond of hydroxyl groups,
which may be derived from phenolic compounds in the extracts.
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Figure 5. FTIR spectra of AgNPs synthesized using PN, OS, and CL extracts.
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4. Discussions

The green synthesis of nanoparticles is deemed a success or a failure according to various factors,
including types and genetic properties of organisms, substrate concentration, pH, light, temperature,
buffer strength, biomass, mixing speed, and exposure time. These factors control the sizes and
morphologies of the NPs [6,21,22,24,25]. Therefore, the concentrations of PN, OS, and CL extracts were
optimized in this recent study. Five concentrations of PN, OS, and CL extracts (i.e., 0.125, 0.25, 0.5,
0.75, and 1%) were analyzed. Among the three extracts, PN produced the highest yield, which is very
important for the scale-up process. For this reason, PN was the best reducing and capping agent in the
synthesis of AgNPs. However, further evaluation is required to compare the characteristics of AgNPs
generated from each extract at every tested concentration. Our previous study showed that among the
three plant extracts, PN was the strongest antioxidant, followed by OS and then CL. This was indicated
by their IC5y value on the DPPH scavenging method, i.e., 102, 133, and 363 pg/mL, respectively [14].
In the biosynthesis of metal nanoparticles using plant extract, metal ions are reduced and then the
reduced metal atoms undergo nucleation [23]. The high reducing capacity of PN is presumably the
cause the high yields of formed AgNPs in this study.

Biological activities, including antimicrobial effects, of AgNPs depend on various parameters,
such as morphology and shape, size, pH, ionic strength, capping agent, and the surface charge of the
particles [23,26]. Analysis using the particle size analyzer showed that particle size of the synthesized
AgNPs ranged between 277 and 918 nm. Moreover, the dispersity of AgNPs was deduced from its
poly-dispersity index (PDI). The International Organization for Standardization (ISO) established that
PDI < 0.05 is more common in monodisperse samples, while PDI > 0.7 is common in a broad distribution
of particle size (e.g., polydisperse) [27]. Table 2 shows that the synthesized AgNPs using PNy 5 and
CLy 5 had a monodisperse system, while the others were polydisperse. The polydisperse system can
be attributed to differences in the growth rate of individual particles during the nucleation step.

SEM depicted that the particle size of AgNPs synthesized using PN, OS, and CL extracts ranged
between 100 and 400 nm. Overall, there were quite a few differences in particle sizes based on SEM
results compared to the DLS results. DLS will tend to show a larger size than SEM analysis, because the
principals involved for the analysis of both techniques are different. DLS showed results showing
bigger particle sizes, and its hydrodynamic diameter therefore had a larger size than SEM, which was
due to a scattering of electrons in sample irradiation [28]. Additionally, since DLS used a solution to
analyze AgNPs, it gave AgNPs a chance to agglomerate and show bigger sizes than the actual size.

The presence of silver compounds in the synthesized nanoparticles was confirmed by the X-RD
profiles. Comparisons between these diffractogram patterns and the diffractogram of the AgNPs from
the previous study [23] clearly illustrate that silver nanoparticles are present in the yield of the green
synthesis. A high crystallinity in the synthesized AgNPs can also be detected in Figure 4, as is evident
from the presence of a sharp peak.

The FTIR spectra of the synthesized AgNPs indicated the presence of the O-H bond,
which was presumably derived from phenolic compounds in the plant extracts. Phyllanthus niruri
contains various phenolics compounds, such as flavonoids (rutin, quercetin, quercitrin, astragalin,
catechin), tannins, and saponins [29]. Diverse phenolic compounds, such as rosmarinic acid,
3’-hydroxy-5,6,7 4’-tetramethoxyflavone, sinensetin, and eupatorin, have also been identified
in Orthosiphon stamineus [30], while curcuminoids are the predominant phenolic compound in
Curcuma longa. Even though the exact mechanism and components responsible for extract-mediated
green synthesis of nanoparticles remain not elucidated, primary metabolites (i.e., proteins, amino acids,
organic acid, and vitamins) and secondary metabolites (i.e., flavonoids, alkaloids, polyphenols,
and terpenoids) have been proposed as having significant contributions in metal salt reduction and,
thereby, acting as capping and stabilizing agents for synthesized nanoparticles [10].
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5. Conclusions

An environmental-friendly and low-cost synthesis method of AgNPs using three Indonesian plant
extracts commonly used as traditional medicines has been conducted. Types and concentrations of
plant extracts affect the characteristics of the synthesized AgNPs. The findings of this study suggest
that Phyllanthus niruri extract at a concentration of 0.5% is a prospective reducing and capping agent
for the green synthesis of AgNPs. This extract can be considered for further scale-up process studies
to provide AgNPs in a sufficient amount. Furthermore, formulation and bioactivity tests of these
AgNPs-based dosage forms need to be performed as well.
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