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Abstract: Metallic nanoparticles, due to their reduced size and high surface area, have unique
properties that facilitate their application, with excellent results, in various scientific fields and
allows an easy functionalization of their surface with a variety of ligands. Noble metallic
nanoparticles play a special role in nanomedicine due to their proved antibacterial, antifungal and
strong antioxidant activity. These metallic nanoparticles can be prepared using both conventional
and unconventional routes and, in the last decades, the methods involving plants and their aqueous
extracts are constantly and successfully replacing expensive and time-consuming conventional
chemical methods. This paper describes the one-pot green synthesis of silver nanoparticles (AgNPs)
and gold nanoparticles (AuNPs) from aqueous plant extracts and corresponding metallic salts
under different time and temperature conditions. Both silver and gold nanoparticles are green
synthesized from plants with important pharmacological benefits to human health: Hyssop
(Hyssopus officinalis), European goldenrod (Solidago virgaurea) and Knotgrass (Polygonum aviculare)
and their synthesis is monitored by recording the UV-Vis spectra at specific time intervals: 0 s, 5
min, 15 min, 30 min, 1 h and 24 h in order to evaluate their stability in time. FTIR spectra were used
for the specific determination of functional groups and DLS was used to determine the nanometer
scale of the particles. Also, antioxidant activity was evaluated using the DPPH method for both
silver and gold nanoparticles and compared to that of the crude aqueous extracts.
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1. Introduction

Nanotechnology is constantly and rapidly detaching as one of the most promising technologies
that allows numerous applications in various areas of material science. Metallic nanoparticles are an
important result of nanotechnology and their versatile properties and applications attracted
researchers all over the world. In the last two decades, noble metallic nanoparticles, especially silver
nanoparticles (AgNPs) and gold nanoparticles (AuNPs) have received worldwide attention due to
their numerous applications in the biomedical and physiochemical fields [1].
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Synthesizing AgNPs and AuNPs using microorganisms and especially different plants and plant
parts (e.g.,: stem, bark, seeds, flowers, etc.) has been extensively studied and has, therefore, been
recognized as an efficient alternative route that properly allows obtaining affordable and
reproductible noble metallic nanoparticles [2]. Silver nanoparticles (AgNPs) and gold nanoparticles
(AuNDPs), due to their antibacterial, antioxidant and antifungal properties, exhibit multiple
applications in medicine, different industry branches, biology, etc. [3,4].

Green synthesis of noble metallic nanoparticles, especially plant-mediated one, is a cheap, facile
and environmentally friendly approach. Not only does it eliminate the use of hazardous chemicals
but also allows an active coating of biological moieties on the surface of the metallic nanoparticles
[5]. An extremely important aspect is that these route uses only water as a reducing medium,
therefore eliminating human exposure to toxic agents [6]. Also, a very important characteristic is that
all the phytocompounds play a major part in the reduction and stabilization of the one-pot green
synthesized noble metallic nanoparticles.

Hyssop (Hyssopus officinalis) is used in traditional herbal medicine for its antiseptic, expectorant
and cough reliever benefits due to its rich content in cineol, camphor, diosmin, hesperidin and
rosmarinic acid. Hyssop tea has been used since ancient times both as medicine as well as an internal
cleanser, being considered, in Biblical times, as a holy tea [7]. European goldenrod (Solidago virgaurea),
also an important representative of traditional medicine, is often used to supplement urinary tract’s
health, to ease the inflammation process (due to its rich content in flavonoids), etc. [8]. Knotgrass
(Polygonum aviculare), a plant that can be found in almost all regions, is collected in Eastern Europe
for medicinal purposes, in the treatment of bronchitis and various respiratory problems [9].

This paper describes the one-pot green synthesis of silver and gold nanoparticles from aqueous
plant extracts and corresponding metallic salts (silver nitrate and tetrachloauric acid) following
different reaction conditions. Both silver and gold nanoparticles are green synthesized from plants
with significant benefits in traditional medicine: Hyssop (Hyssopus officinalis), European goldenrod
(Solidago virgaurea) and Knotgrass (Polygonum aviculare) and their synthesis is monitored by recording
the UV-Vis spectra at well-determined time intervals: 0 s, 5 min, 15 min, 30 min, 1 h and 24 h in order
to evaluate their stability in time. FTIR spectra were used to determine different functional groups
and DLS allowed a proper determination of the nanometer scale of the green-synthesized particles.
Also, antioxidant activity was evaluated using the DPPH method for both silver and gold
nanoparticles and compared to that of the aqueous extracts.

2. Materials and methods

2.1. Materials

Tetrachloauric acid (HAuCls), DPPH, (2,2-diphenyl-1-picryl-hydrazyl-hydrate stable free
radical) and tetrachloauric acid (HAuCls) were purchased from Sigma— Aldrich. Ethanol (C2HsOH)
was purchased from Scharlau and silver nitrate (AgNOs) from ChimReactiv. The distilled water was
daily prepared in our laboratory. Hyssop (Hyssopus officinalis), European goldenrod (Solidago
virgaurea) and Knotgrass (Polygonum aviculare) were acquired from the local Plafar shop.

2.2. Preparation of aqueous plant extracts

Hyssop (Hyssopus officinalis), European goldenrod (Solidago virgaurea) and Knotgrass (Polygonum
aviculare) were purchased ready dried and used to prepare the aqueous extracts as follows:

e 25 gdried plant were weighted, transferred into an extractor and, to that, 250 mL distilled water
were added;

e  the heterogenous mixture was left 24 h, at 4 °C (in a refrigerator) to infuse in order to release all
the active components;

e  the resulted mixtures were filtered until a clear aqueous extract were obtained.
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2.3. One-Pot Green Synthesis of Noble Metallic Nanoparticles

An aqueous 10 M solution of metalic salt—e.g.,: silver nitrate (AgNOs) for AgNPs and
tetrachloroauric acid (HAuCls) for AuNPs, was freshly prepared and used for the green synthesis of
AgNPs/AuNPs from Hyssop (Hyssopus officinalis), European goldenrod (Solidago virgaurea) and
Knotgrass (Polygonum aviculare) by mixing 5 mL aqueous extracts with 50 mL 10 M metalic salt
aqueous solution. In the present research, two different reaction conditions were used for both green
synthesized noble metallic nanoparticles:

e atroom temperature, in the dark for 24 h with no stirring and
e at50°C, under a continuous stirring of 600 rpm for 30 min, then the heat was turned off and the
stirring was maintained for an adittional 30 min.

Regardless of the reaction conditions used for the green synthesis of both AgNPs and AuNps,
finally, the reaction mixtures were ultrasonicated at 100 rpm, at 50 °C, for 5 min in order for the
solutions to homogenize properly.

2.4. Characterization methods

The absorption spectra for Hyssopus (Hyssopus officinalis), European goldenrod (Solidago
virgaurea) and Knotgrass (Polygonum aviculare) aqueous extract and noble metallic nanoparticles
thereof were recorded using a M 400 Carl Zeiss Jena UV-Vis spectrometer in the wavelength range
of 250-800 nm. The on-pot green synthesis of AgNPs and AuNDPs at 50 °C was caaried out using a
RSM-10HS Phoenix Instrument magnetic stirrer fully equipped. The ultrasonic bath used was
Bioblock Scientific.

Fourier transform infrared spectroscopy (FTIR) determinations were done using a Vertex 80 FT-
IR spectrometer with high-resolution Hyperion 3000 microscope, in the range of 8000-400 cm.
Dynamic light scattering (DLS) spectra were recorded using a Zetasizer Nano SZ—Malvern
instrument.

Antioxidant activity for Hyssop (Hyssopus officinalis), European goldenrod (Solidago
virgaurea) and Knotgrass (Polygonum aviculare) aqueous extract, AgNPs and AuNPs was evaluated
using the DPPH (2,2-diphenyl-1-picryl-hydrazyl-hydrate stable free radical) method: a DPPH
solution was prepared in ethanol and 0.5 mL aqueous plant extract was mixed with 1 mL 0.02 mg/mL
DPPH solution. The solutions were tested by recording the absorbances at 517 nm. A blank sample
was prepared in parallel by mixing 0.5 mL distilled water with 1 mL 0.02 mg/mL DPPH solution and
the spectrum was recorded at the same wavelength [10,11].

The antioxidant activity (AA %) was according to the following formula:

AA % = [(AControl - ASample)/AControl] x 100

e Acontol is the absorbance of the blank DPPH solution and

e Asample represents the absorbance Hyssop (Hyssopus officinalis), European goldenrod (Solidago
virgaurea) and Knotgrass (Polygonum aviculare) aqueous extracts mixed with 0.02 mg/mL DPPH
solution.

3. Results and discussions

3.1. Ultraviolet-Visible (UV-Vis) Results

UV-Vis spectra were recorded for all three aqueous extracts and the corresponding noble
metallic nanoparticles in the range of 210-800 nm. A general characterisitc id that all the absorptions
recorded at about 270 nm and 370 nm for all the three aqueous extracts can be designated to phenolic
acids and their functional derivatives (flavones, quinones) (Table 1).
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Table 1. UV-Vis absorptions for aqueous extracts.

Aqueous Extract Phenolic Acids  Flavonoids
Hyssop (Hyssopus officinalis) 272 nm 367 nm
European goldenrod (Solidago virgaurea) 274 nm 370 nm
Knotgrass (Polygonum aviculare) 270 nm 373 nm

The bioreduction of silver and gold ions is initially observed as a result of the visual change in
color of the resulted colloidal solutions of AgNPs and AuNPs and is further highlighted by the UV-
Vis spectra. Usually, the maximum absorptions for AgNPs are between 432-457 nm (Table 2) and for
AuNPs are in the region of 520-550 nm (Table 3). The colour for AgNPs varies from light brown to
dark brown (taking into account the size of the green synthesized AgNPs) and for AuNPs from cherry
red to violet red respectively.

Table 2. UV-Vis absorptions for the green synthesized AgNPs.

AA (%) AgNPs Room AA (%) AgNPs 50
Aqueous Extract o
Temperature C
Hyssop (Hyssopus officinalis) 432 nm 448 nm
European gf)ldenrod (Solidago 448 nm 450 nm
virgaurea)
Knotgrass (Polygonum aviculare) 453 nm 457 nm

Table 3. UV-Vis absorptions for the green synthesized AuNPs.

AA (%) AuNPs Room AA (%) AuNPs 50
Aqueous Extract o
Temperature C
Hyssop (Hyssopus officinalis) 520 nm 522 nm
European ggldenrod (Solidago 531 nm 535 nm
virgaurea)
Knotgrass (Polygonum aviculare) 541 nm 545 nm

3.2. Kinetics of the Green Synthesized Noble Metallic Nanoparticles

UV-Vis spectra were consequently recorded for all the three aqueous extracts and the
corresponding green-synthesized noble metallic nanoparticles (AgNPs and AuNPs). As mentioned
before, the simplest way to show that either AgNPs or AuNPs are obtained is the change in color of
all the three aqueous extracts after adding either AgNOs or HAuCls (Table 4).

Table 4. Colour of the green synthesized AgNPs and AuNDPs.

Hyssop (Hyssopus European goldenrod Knotgrass (Polygonum
Crt. no. L L ; . .
officinalis) (Solidago virgaurea) aviculare)

Agq. extract Light violet Light yellow Green
AgNPs RT Light yellow—violetish Dark yellow Yellow—greenish
Agl\ofgs >0 Dark yellow Dark yellow Dark yellow

AlII{I;I,PS Light violet Dark red Dark red
Aulj(I:’s >0 Red-violet Dark red Dark red

UV-Vis spectra (Figure 1) were recorded at different time intervals (0 s, 5 min, 15 min, 30 min, 1
h and 24 h) to fully characterize the time-dependent stability of the green synthesized noble metallic
nanoparticles [12]. In accordance with the polydispersity of the green-synthesized AgNPs, Figure 1
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clearly shows that the absorption peaks are broad, with a maximum between 432 nm for AgNPs at
room temperature and 457 for AgNPs at 50 °C respectively.

2
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Figure 1. Kinetics of AgNPs green synthesized from plant extracts in both temperature conditions.

Figure 1 clearly highlights that once the reduction time increases the amount of green-
synthesized AgNPs also increases, with a maximum after 24 h.

3.3. Fourier transform infrared spectroscopy (FTIR) results

FTIR spectra allows the evaluation of all the functional groups in all the studied samples
(aqueous extracts and noble metallic nanoparticles) and were recorded after the samples were dried.
The strong band measured at 3300 cm™ for the aqueous extract of Hyssop (Hyssopus officinalis),
European goldenrod (Solidago virgaurea) and Knotgrass (Polygonum aviculare)) and its
corresponding AgNPs shows the presence of alkynes. The medium absorption bands recorded
between 2800-3000 cm™ are characteristic for alkyl-methyl bonds and the clear band around 1460
cm in all the aqueous extract is characteristic for the imidazole ring. The peak at 1200 cm™ (present
only in the aqueous extracts) is attributed to amides, proteins and enzymes and are absent in the FTIR
spectra of corespondign gNPs, thus emphasizing the reduction of silver ions.

3.4. Antioxidant activity results

Antioxidant activity (AA, %) of the green synthesized AgNPs was calculated according to the
DPPH method and the results are fully described in Table 5 and compared to those of the aqueous
extracts. It is obvious that, for all the green synthesized AgNPs, AA (%) has increased values that
those of the corresponding aqueous extracts and a comparison between AgNPs and AuNPs
highlights that the antioxidant activities for all the green synthesized AgNPs are higher compared to
AuNPs (Table 6).

Table 5. Antioxidant activity for the green synthesized AgNPs.

Aqueous Extract AA (%) of AA (%) AgNPs Room AA (%)
1 Aqueous Extracts Temperature AgNPs 50 °C
Hyssop (Hyssopus 81.98 92.92 91.09
officinalis)
European goldenrod 81.52 91.49 91.25
(Solidago virgaurea)
Knotgrass (Polygontim 82.05 90.78 91.09

aviculare)
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From Table 5 it is clear that the AA (%) for the aqueous extracts have calculated values between
81.52 (Hyssop) and 82.05 (Knotgrass) and there are insignificant differences between the AgNPs
green synthesized at room temperature and those at 50 °C. Also, it can be concluded that in the case
of Hyssop and European goldenrod, the green synthesis at room temperature gives better results in
terms of antioxidant activity.
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Table 6. Antioxidant activity of aqueous extracts and AuNPs.

Aqueous Extract AA (%) of AA (%) AuNPs Room AA (%)
1 Aqueous Extracts Temperature AuNPs 50 °C
Hyssop (Fiyssopus 81.98 88.66 88.90
officinalis)
European goldenrod 81.52 88.69 89.98
(Solidago virgaurea)
K p
notgrass (Polygortim 82.05 86.87 87.98

aviculare)

Table 6 presents the results for AuNPs and it can be cocluded that, for all three plants, the green
synthesis at 50 °C gives a higher AA %.

3.5. Dynamic light scaterring (DLS) results

Particle size is easily determined by measuring random changes of the intensity of light scattered
from suspensions or solutions and this technique is briefly known as dynamic light scattering (DLS).
All the green synthesized AgNPs and AuNPs were characterized by means of DLS and the results
for AgNPs are described in Table 7. Also, zeta potential determinations were used to approximate
the surface charge that allows a better understanding of the physical stability of the green synthesized
AgNPs and AuNPs [13].

Table 7. DLS and seta potenatial for the green synthesized AgNPs.

Crt. No. Dm (d.nm) Pi.i(d.nm) Pdl PZ (mV)
AgNPs—Hyssop 61 P1=91;,P2=11 0.297 -20.5
AgNPs—European goldenrod 94 P1=474,P2=72 0.551 -26.3
AgNPs—Knotgrass 159 P1=1492;,P>=123 0.543 -154

4. Conclusions

This paper describes the green synthesis of silver (AgNPs) and gold (AuNPs) nanoparticles from
aqueous extracts of Hyssop (Hyssopus officinalis), European goldenrod (Solidago virgaurea) and
Knotgrass (Polygonum aviculare), plants used with good results in traditional medicine for different
purposes. The aqueous extracts were prepared following the cold infusion protocol from
commercially available tea. The bioreduction of silver and gold ions was first observed from the
visual change in color of the resulted colloidal solutions of AgNPs and AuNPs and is further
highlighted by the UV-Vis spectra. All the absorptions recorded at 270 nm and 370 nm for all the
three aqueous extracts can be assigned to phenolic acids and their derivatives. FTIR spectra allowed
a proper evaluation of the functional groups in all the studied samples (aqueous extracts and noble
metallic nanoparticles) and were recorded after the samples were dried. By analyzing the UV-Vis
spectra recorded for AgNPs at different time intervals, we could conclude that once the reduction
time increased, the amount of AgNPs also increased, exhibiting a maximum after 24 h. Antioxidant
activity, evaluated using the DPPH assay, showed increased values for AgNPs and AuNPs that those
of the corresponding aqueous extracts and a comparison between AgNPs and AuNPs highlights that
the antioxidant activities for all the green synthesized AgNPs are higher compared to AuNPs.
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