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Abstract: The present study reports an eco-friendly synthesis method of silver nanoparticles (AgNPs)
using two different extracts (aqueous and ethanolic) of Tagetes erecta flowers. When exposed to
different biocompounds found in the plant, silver ions are reduced, thus, resulting in the green
synthesis of nanoparticles. After performing the optimization of synthesis, the obtained AgNPs
were characterized using various techniques. The UV-Vis spectrum of the synthesized nanoparticles
showed maximum peaks at 410 and 420 nm. TEM analysis revealed that the particles were spherical
with a size ranging from 10 to 15 nm, and EDX analysis confirmed the presence of silver metal.
The average diameter value obtained through DLS analysis for the two types of AgNPs (obtained
using aqueous and ethanolic extracts) was 104 and 123 nm. The Zeta potentials of the samples were
—27.74 mV and —26.46 mV, respectively, which indicates the stability of the colloidal solution. The
antioxidant and antimicrobial activities assays showed that nanoparticles obtained using the aqueous
extract presented enhanced antioxidant activity compared to the corresponding extract, with both
types of AgNPs exhibiting improved antifungal properties compared to the initial extracts.

Keywords: green synthesis; silver nanoparticles; marigold flowers; antioxidant; antifungal activity

1. Introduction

Nanoparticles are particles with dimensions in the 1072 m range that possess special
physico-chemical properties. These unique characteristics have recently led to increased
attention regarding the research carried out on nanoparticles, as well as to the development
of nanotechnology as an interdisciplinary field. Nanotechnology has applicability in many
fields, being of great interest in medicine, pharmaceutical and cosmetics industries, energy,
agriculture, environment, and food industry [1,2].

Silver nanoparticles (AgNPs), in particular, are known to have remarkable optical,
electrical and antimicrobial properties. These properties can be correlated with the small
particle size, and make it possible for AgNPs to be used in biosensors, composite fibers,
superconducting materials, medical imaging, medicines, and cosmetics [3]. Out of all
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biological properties, the antibacterial action is probably the most studied, as it offers new
pharmacotherapeutic perspectives in the context of the rising resistance of pathogenic
bacteria to classical antimicrobial agents [4]. Moreover, particularly important are the
antioxidant and cytotoxic activities, that were more recently discovered for such materials,
but are, nonetheless, more and more studied by researchers in the field [5,6].

The current study focuses on the importance of green chemistry in the synthesis of
nanoparticles. Traditional physical and chemical methods are less and less used because
they use toxic chemicals, require a large amount of energy, have high processing costs and
generate nanoparticles with relatively low stability given their aggregation tendency [7].
Biological synthesis methods offer many advantages, which is why they are used prefer-
entially instead of classical methods [8]. The main advantage is represented by the use of
natural agents for the synthesis, stabilization and control of the shape, size and distribution
of nanoparticles.

The present paper investigates the synthesis of silver nanoparticles using green chem-
istry and their characterization. For the synthesis of nanoparticles using biological methods,
we chose Tagetes erecta (T. erecta), an ornamental plant very common in most geographical
areas, taking into consideration its availability, as well as the fact that the species has been
intensively studied regarding its chemical composition [9]. The species is a popular plant
found in the Asteraceae family and it is widely cultivated for its decorative properties,
as well as for the extraction of carotenoids [9,10]. It has been used since ancient times in
traditional medicine, especially in Mexico and South America, to treat a wide variety of
diseases and conditions. Moreover, the flowers of T. erecta are also found in the pages of
the Mexican Pharmacopoeia [11].

In Mexico, the whole plant was used to make an infusion or a decoction in case of colds
and respiratory disorders, but also to be used as a stimulant or as a muscle relaxant. Pressed
juice or leaves were used as aphrodisiacs, diaphoretics, emetics, or for the treatment of
liver disease or menstrual disorders. An ointment made from squeezing juice or leaves was
applied externally in the treatment of malaria, to prevent the installation of chills. In Brazil,
the infusion of the plant was intended for cases of bronchitis, cold, or rheumatism, while
the infusion obtained from the roots was used as a laxative. In India, the juice obtained
from flowers was administered internally to “purify” the blood, and the juice obtained
from the whole plant was used as ear drops or as treatment for eye infections [11,12].

In the traditional medicine of various countries, it is believed that the flowers of the
species can treat various skin infections, such as those that occur in case of wounds, burns,
ulcers, eczema, or other dermatological conditions. The plant has also been used for kidney
diseases, muscle or ear pain, or for the treatment of abscesses [13].

Taking into account the diversity of chemical compounds found in T. erecta, such as
polyphenolic acids, flavonoids, carotenoids, terpenes, and thiophenes, it is easily under-
standable why a number of biological actions could be highlighted for different extracts
obtained from this species, such as antioxidant, antimicrobial, antiproliferative, antidia-
betic, and hepatoprotective [14-21]. Consequently, the species in question has an important
pharmacological potential, given the multitude and diversity of effects observed during
biological testing.

Therefore, the present study focused on the structural and morphological character-
ization of AgNPs obtained using aqueous and ethanolic extracts of T. erecta flowers in a
comparative manner, as well as on their biological testing, especially considering their
antioxidant and antimicrobial capacities. Few previous studies have synthesized different
types of nanoparticles from the leaves, flowers, or other parts of this plant [22-26]. How-
ever, to the best of our knowledge, this is the first comparative study conducted on AgNPs
synthesized using different types of T. erecta extracts.
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2. Materials and Methods
2.1. Plant Material and Obtaining of Extracts

Tagetes erecta was cultivated in ecological conditions in North-Eastern Romania. The
plant material (flowers) was dried in shade at a controlled temperature, until a constant
mass. Two types of extracts were obtained using the flowers of the plant, through magnetic
stirring. A total of 20 g of pulverized plant material was mixed using 200 mL solvent,
which was either distilled water or ethanol. In both cases, the mixtures were blended using
a magnetic stirrer for 30 min. Afterwards, the extracts were filtrated using a Whatman filter
no. 1 and filled up to point with the same solvent. The 10% (w/v) liquid extracts were kept
in a refrigerator at —20 °C until further use.

2.2. Green Synthesis of AgNPs

Aqueous solutions of silver nitrate (AgNO3) of different concentrations were prepared
for the synthesis of nanoparticles, which were eventually mixed with the two T. erecta
extracts. The reaction conditions were varied in order to optimize the synthesis process,
by varying the AgNOj3 solution concentration (1 mM, 3 mM, 5 mM, and 10 mM), the ratio
between the volume of plant extract and that of AgNOj3 solution (1:9, 5:5, and 9:1), the
pH (2,5, and 8), the temperature of the synthesis (20 °C, 40 °C, 60 °C, and 80 °C), and the
stirring time (0, 15, 30, 45, 60, and 75 min).

After establishing the reaction conditions, the colloidal solutions were centrifuged at
10.000 rpm for 30 min. For the purification of nanoparticles, the supernatant was removed
and the AgNPs were redispersed in distilled water, centrifuged, and finally separated.
This operation was repeated twice, and the obtained AgNPs were dried in an oven at a
temperature of 40 °C, until a constant mass. The synthesized samples were kept at 4 °C and
were assigned the following codes: AgNPs-H,O for the AgNPs obtained using the aqueous
extract of T. erecta flowers, and AgNPs-EtOH for those obtained using the ethanolic extract.

2.3. Characterization of the Synthesized AgNPs

The formation of AgNPs was observed through the color change of T. erecta extracts
after being mixed with AgNOs. The synthesized AgNPs were characterized using UV-
visible spectroscopy, with the UV-Vis spectra being recorded in the 250-600 nm range to
distinguish the maximum surface plasmon resonance (SPR). For this determination, a Jasco
V-530 UV-Vis double beam spectrophotometer (Jasco, Tokyo, Japan) was used.

In order to investigate the different functional groups of the extract and those involved
in the AgNPs synthesis, the FTIR spectra of both extracts and AgNPs were recorded using
a Vertex 70 Spectrometer (Bruker, Billerica, MA, USA) by potassium bromide tableting, in a
scan interval of 4000-310 cm 1.

EDX qualitative analysis was performed using a Quanta 200 Environmental Scan-
ning Electron Microscope (ESEM) with EDX (FEI Company, Brno, Czech Republic). The
employed detector allowed rapid determination of the elemental composition of the biosyn-
thesized nanoparticles.

The DLS analysis was carried out using a Delsa Nano Submicron Particle Size Analyzer
(Beckman Coulter Inc., Fullerton, CA, USA), that measured the average diameter of AgNPs
and the Zeta potential. Additionally, the morphology and dimensions of nanoparticles
were investigated by TEM analysis, which was performed using a High-Tech HT 7700
Transmission Electron Microscope (Hitachi High-Technologies Corporation, Tokyo, Japan).

Furthermore, prior to the purification of AgNPs, the plant extract and the correspond-
ing supernatant were evaluated regarding the total phenolic content using a modified
spectrophotometric Folin-Ciocélteu method [27]. The standard was represented by gallic
acid. The tests were performed in triplicate and the results were expressed in mg gallic acid
equivalents (GAE)/mL sample.
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2.4. In Vitro Antioxidant Activity

The following in vitro tests were used to study the antioxidant activity of the samples:
inhibition of erythrocyte hemolysis mediated by peroxyl free radicals and 15-lipoxygenase
(LOX) inhibition.

The inhibition of erythrocyte hemolysis was determined using a method proposed
by Barros et al. [28]. Over 0.7 mL sample solution prepared in dimethyl sulfoxide, 0.2 mL
of 100 mM 2,2’-azobis-(2-amidinopropane) dihydrochloride solution in phosphate buffer
pH 7.4, and 0.1 mL of 10% erythrocyte suspension in 0.9% saline solution were added. The
mixture was kept at 37 °C for 3 h, after which it was brought at room temperature, diluted
with 3 mL phosphate buffer pH 7.4, and centrifuged at 3000 rpm for 10 min. The absorbance
of the sample solution (Ap) was then read at 540 nm using a control prepared under the
same conditions, but without adding erythrocyte suspension. The positive control was
represented by a 2,2"-azobis-(2-amidinopropane) dihydrochloride in 100 mM phosphate
buffer solution and 10% erythrocyte suspension and its absorbance was also determined at
540 nm (Aaapn). The ability to inhibit peroxyl radical-mediated hemolysis was calculated
according to the formula: Inhibition (%) = 100 x (Aaapu — Ap)/(Aaapn). All experiments
were performed in triplicate and gallic acid was used as positive control.

The 15-LOX inhibition capacity of extracts and of their corresponding AgNPs was
evaluated using the modified Malterud method [9,29]. In total, 50 uL lipoxidase from
Glycine max in borate buffer (pH 9) and 50 uL of the sample/control solution were mixed
and then left to stand for 10 min. Then, 2 mL 0.16 mM linoleic acid borate buffer were
added, and the absorbance was recorded at 234 nm for 90 s. The inhibitory activity was
calculated using the formula: Inhibition (%) = (Ap; — Acr) X 100/ Ag;, where Apy is the
difference between the absorbances of the enzyme solution without inhibitor at 90 and
30 s, while Ay is the difference between the enzyme-inhibitor solution absorbances at
90 and 30 s. Gallic acid was used as positive control. All experiments were performed
in triplicate.

2.5. Antimicrobial Activity

The antimicrobial activity was evaluated by means of a disk diffusion method, using
Mueller-Hinton agar (Biolab) for fungi and Mueller-Hinton agar (Oxoid) for bacteria.
The tested microorganisms, available in from the Culture Collection of the Department
of Microbiology, “Grigore T. Popa” University of Medicine and Pharmacy, lasi, Romania,
were: Staphylococcus aureus (S. aureus) ATCC 25923, Pseudomonas aeruginosa (P. aeruginosa)
ATCC 27853, and Candida albicans (C. albicans) ATCC 90028. After applying the samples
(extracts and AgNPs) on the agar found in Petri plates, followed by their incubation for
24 h at 35 °C, the inhibition zones were measured [30,31]. Discs containing ciprofloxacin
(5 ng/disc) and fluconazole (25 pg/disc) were used as positive controls. All experiments
were performed in triplicate and the results were expressed as mean + standard deviation.

3. Results
3.1. AgNPs Synthesis

The synthesis of AgNPs with the use of plant extracts generally involves the obtaining
of extracts and silver salt solutions, formation of the AgNPs by mixing the two solutions
in different amounts and under certain medium conditions (pH, stirring time, and tem-
perature), steps that were also applied in our case. The final phase was represented by
the separation and purification of nanoparticles, followed by the confirmation of AgNPs
synthesis through different analytical approaches.

Firstly, the formation of AgNPs was observed, taking into account the color change.
After the reaction was completed, a change in color from yellow to brown was observed,
which, according to other studies, can be attributed to the reduction of Ag* to metal
nanosilver, Ago [32,33].
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The successful synthesis of AgNPs was afterwards confirmed by SPR detection via
UV-Vis spectrophotometry in the 400 to 500 nm range [34,35]. Furthermore, these optical
features have been used for the analysis of optimal synthesis conditions.

3.2. Optimization of AgNPs Synthesis
3.2.1. The Influence of Silver Nitrate Concentration on AgNPs Synthesis

This parameter was measured by varying AgNOj concentrations, with four different
values (1 mM, 3 mM, 5 mM, and 10 mM) being investigated for the formation of nanopar-
ticles using T. erecta aqueous extract. Therefore, four samples containing 1 mL of extract
brought to a pH value of 8 using 0.1 M NaOH were treated with 9 mL. AgNOj5 solution of
one of the following concentrations: 1 mM, 3 mM, 5 mM, and 10 mM, respectively.

The initial spectrum of each mixture was recorded. After further mixing of samples
with AgNOj3 solutions using a magnetic stirrer for one hour, the final spectra were recorded
(Figure 1).
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Figure 1. The influence of different AgNOj3; concentrations (1 mM, 3 mM, 5 mM, and 10 mM) on
AgNPs-H,O formation.

It can be observed that with the increase of AgNOj3 concentration, the quantity of
obtained nanoparticles increases as well. However, the 3 mM value was chosen as the
optimal concentration, given that it is the lowest concentration at which the peak specific
to the synthesized AgNPs appears.

On the other hand, when recording the absorption spectra for the four samples in case
of AgNPs-EtOH (Figure 2), similar values of the maximum absorbances for the samples
containing 1 mM, 3 mM, and 5 mM AgNOj solution were observed, but the lowest concen-
tration (1 mM) was chosen as the optimal concentration for the nanoparticles” formation.

3.2.2. The Influence of Plant Extract:AgNOs3 Ratios on AgNPs synthesis

In order to determine the optimal ratio for AgNPs-H,O formation, three variations of
the ratio between the T. erecta extract and the AgNOj solution (1:9, 5:5 and 9:1) were tested.

For the first sample, 1 mL of extract was brought to a pH of 8 using a 0.1 M NaOH
solution, then 9 mL of 3 mM AgNO3; was added. For the second sample, 5 mL of extract
was brought to a pH of 8 and 5 mL of 3 mM AgNO3; were added, while for the last sample,
9 mL of extract was brought to a pH of 8 and 1 mL of 3 mM AgNOj3 was eventually added.
The three samples were left under magnetic stirring for one hour and then the absorption
spectra were recorded (Figure 3).

The characteristic peak for AgNPs formation appeared at 410 nm for the 1:9 plant
extract:AgNOjs ratio, which was further used for the proper synthesis.
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For AgNPs-EtOH formation, the same procedure was used for the samples. After one
hour of magnetic stirring, the absorption spectra were recorded (Figure 4).
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Figure 2. The influence of different AgNOj3; concentrations (1 mM, 3 mM, 5 mM, and 10 mM) on
AgNPs-EtOH formation.
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Figure 3. The influence of different plant extract:AgNOj; ratios (1:9, 55 and 9:1) on
AgNPs-H,O formation.

Out of the three investigated variations of the volume ratios, the peak corresponding
to the formation of AgNPs-EtOH formation was more conclusive in the case of the 5:5 plant
extract:AgNOj ratio.

3.2.3. The Influence of pH on AgNPs Synthesis

The initial pH of the T. erecta aqueous extract was determined, with the obtained value
being 5. In order to determine the optimum pH required for the reactions between the
components of the extract and the silver nitrate solution, 1 mL of extract was taken and
adjusted to a pH value of 2 using a solution of 0.1 M HCl, and to a pH of 8 witha 0.1 M
NaOH solution. Then, 1 mL of the extract was added to another vial without changing its
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pH. A total of 9 mL of 3 mM AgNO3 were added, the mixtures were stirred for one hour,
then the absorption spectra for each of the three mixtures, corresponding to pH values of 2,
5, and 8, were recorded. The UV-Vis spectra obtained for the three samples are presented
in Figure 5.
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0.2 e 01

0.1 -

0 T T T T T T 1
250 300 350 400 450 500 550 600

Wavelength [nm]

Figure 4. The influence of different plant extract:AgNOj; ratios (1:9, 55 and 9:1) on
AgNPs-EtOH formation.
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Figure 5. The influence of pH (2, 5, and 8) on AgNPs-H,O formation.

The spectra show that at pH 2 and 5, AgNPs synthesis is suppressed. On the other
hand, at pH 8, a well-r demonstrating the formation of AgNPs-H,O. It should be noted
that, in the 400-500 nm range, the spectra of the AgNO3 solution and of the plant extract
do not display peaks. Therefore, the extract brought to a pH of 8 was further used for the
actual synthesis.

Considering the three samples with different pH values, and after recording their
corresponding spectra, it was observed that in this case as well, the pH value at which the
peak corresponding to the formation of AgNPs was obtained (420 nm) was also 8 (Figure 6).
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Figure 6. The influence of pH (2, 5, and 8) on AgNPs-EtOH formation.

3.2.4. The Influence of Temperature on AgNPs Synthesis

In order to optimize even further the reaction conditions, the samples with the reaction
mixture consisting of T. erecta extract brought to a pH of 8 and of 3 mM AgNOjs solution
(1:9 ratio) were stirred for one hour at different temperatures: 20 °C, 40 °C, 60 °C, and
80 °C, respectively. The absorption spectra recorded for the four samples are presented in
Figure 7.
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Q) °C
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Figure 7. The influence of temperature (20 °C, 40 °C, 60 °C, and 80 °C) on AgNPs-H,O formation.

The measured absorbance increases with temperature, reaching the highest value of
absorbance at 80 °C. However, given that satisfactory results were obtained at 40 °C, that
this temperature is easier to reach, and that the temperature is low enough that the active
components of the plant extract do not deteriorate excessively, this value was chosen as the
optimal one for the AgNPs-H,O synthesis.
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Regarding AgNPs-EtOH formation, an increase in absorbance was observed on the
recorded absorption spectra, which is directly proportional to the temperature increase and
a maximum absorbance was obtained when the sample was heated up to 80 °C. However,
given the same considerations as in the first case, the temperature of 40 °C was chosen for
the actual AgNPs synthesis (Figure 8).

0.3 1
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0.2 A 20°C
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= 0.15 A e 60 °C
2
< =80 °C
0.1 -
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Figure 8. The influence of temperature (20 °C, 40 °C, 60 °C, and 80 °C) on AgNPs-EtOH formation.

3.2.5. The Influence of Stirring Time on AgNPs Synthesis

In order to complete the optimal synthesis conditions, the reaction was monitored
during stirring every 15 min for 75 min. A total of 3 mL of the extract was brought to a pH
of 8 using a 0.1 M NaOH solution, 27 mL of 3 mM AgNOj solution was added, after which
a first spectrum was recorded (0 min). The samples were stirred magnetically, and a small
volume was collected every 15 min to record a new spectrum. The corresponding spectra
at0,15', 30,45, 60, and 75’ are presented in Figure 9.
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2 — 45 Min
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e 50 N1
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Figure 9. The influence of stirring time (0, 15, 30', 45, 60’, and 75') on AgNPs-H,O formation.
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The reaction began almost immediately, with the peak corresponding to AgNPs
formation being observed even after the first 15 min. As the stirring time increased, so
did the absorbance, which proves that the concentration of the obtained AgNPs increases
with stirring time. The same is true for AgNPs obtained using T. erecta ethanolic extract
(Figure 10).

0.25 1
0.2 A
e () N
@ 15 min
2 0.15 - .
5 e 3() 1IN
g w— 45 Min
<« s (0 Min
e 75 mMin

0 ‘M T T T T
250 300 350 400 450 500 550 600
Wavelength [nm]

Figure 10. The influence of stirring time (0, 15’, 30/, 45, 60’, and 75') on AgNPs-EtOH formation.

3.3. Characterization of The Synthesized AgNPs
3.3.1. Visual Inspection

The monitoring of AgNPs synthesis can be performed primarily by observing the color
change of the reaction mixture (extract and AgNO3) [36]. For both the ethanolic extract and
the aqueous extract, a change in color was observed after mixing with the 3 mM AgNO3
solution. Even if the mixture was initially yellow, over time the color changed to brown
and eventually to dark brown, due to the effect of surface plasmon resonance.

3.3.2. Fourier Transform Infrared Spectroscopy (FTIR) Analysis

FTIR analysis of the extracts and their derived AgNPs was performed in order to in-
vestigate the functional groups of the possible phytoconstituents involved in nanoparticles’
biosynthesis and stabilization. The FTIR spectra of extracts and of their derived AgNPs are
depicted in Figure 11.

Both aqueous and ethanolic extracts of T. erecta show strong absorption bands at
3424 cm~! and 3406 cm ! corresponding to the stretching vibration of O-H groups in
alcohols and phenols. Bands at 2922 cm~! and 2853 cm ! for T. erecta extracts are assigned
to N-H bonds in amides and C-H stretching vibrations, respectively. Common intense
bands for both extracts present at 1622 cm~! and 1072 ecm~! denote C=0 and C-O-C
stretching vibrations, respectively.

Stretching vibrations of the aromatic ring and phenyl groups were also identified
through the absorption bands at 792 cm~!, 619 cm~! (aqueous extract) and 818 cm ™!,
610 cm ! (ethanolic extract).

3.3.3. Transmission Electron Microscopy (TEM) Analysis

The morphology, shape and size of AgNPs were determined using TEM, the recorded
images being shown in Figure 12.
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Figure 11. Comparative FTIR spectra of initial extracts and of their derived nanoparticles:
AgNPs-H,O (A) and AgNPs-EtOH (B).

(a) (b)

Figure 12. TEM images of AgNPs-H,O (a) and of AgNPs-EtOH (b).

TEM images show well-individualized nanoparticles of almost spherical shape, more
pronounced in the case of AgNPs-EtOH. AgNPs-H,0 presented an average diameter of
approximately 15 nm, while AgNPs-EtOH of around 10 nm.

The average size of AgNPs synthesized using T. erecta flowers under the previously
mentioned conditions was smaller than those presented in other papers. For example,
Dhuldhaj et al. described AgNPs obtained using an aqueous extract of T. erecta leaves
as spherical and polydisperse, with an average diameter of 30 nm [24]. Similarly, for an
aqueous extract of T. erecta leaves, Tyagi et al. obtained mostly spherical AgNPs with an

average size of 22 nm [37].
3.3.4. Energy Dispersive X-ray (EDX) Analysis

For highlighting the presence of silver, the EDX spectra of the obtained nanoparticles
were recorded and can be found in Figure 13.
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Figure 13. EDX spectra of AgNPs-H,O (a) and of AgNPs-EtOH (b).

The elemental composition of the synthesized AgNPs analyzed by EDX showed in
both cases the signal peak at 3 keV corresponding to Ag, but also signals corresponding to
other elements, mainly to C, O, and N.

For the two samples taken into study, the proportions in which the elements can be
found is different. Consequently, for AgNPs-H,O, the following proportions were observed:
Ag—77.23%, C—10.35%, O—6.59%, and N—1.32%; while for AgNPs-EtOH, Ag represents
13.4%, C—69.81%, O—10.84%, and N—5.57%.

3.3.5. DLS Characterization and Zeta Potential Determination

DLS analysis was used to determine the electrical charge of the surface (Figure 14) and
the hydrodynamic diameter of AgNPs.
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Figure 14. Zeta potential of AgNPs-H,O (a) and of AgNPs-EtOH (b).
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The average diameter value obtained for AgNPs-H,O was 104 nm, while for AgNPs-
EtOH the hydrodynamic diameter was 123 nm. The Zeta potential of AgNPs-H,O was
—27.74 mV, while for AgNPs-EtOH the obtained value was —26.46 mV.

A Zeta potential value of + 30 mV is believed to indicate the existence of a stable
suspension [23].

3.3.6. Evaluation of The Total Phenolic Content of Extracts Used for AgNPs Synthesis

Taking into consideration that biomolecules such as polyphenols from the extract
participate in AgNPs synthesis, the content in phenolic compounds found in the initial
extracts and in the supernatant obtained after separation of nanoparticles was determined.
The results are summarized in Table 1.

Table 1. Content in phenolic compounds of the plant extract and of the supernatant obtained after

AgNPs separation.
Content in Phenolic Compounds (mg GAE/mL Sample)
Sample -
Plant Extract Supernatant after Separation of AgNPs
AgNPs-H,O 0.1050 £ 0.002 0.0671 + 0.003
AgNPs-EtOH 0.2267 £ 0.001 0.1960 £ 0.004

Judging by the data found in Table 1, the amount of phenolic compounds that can
be found in the plant extract is higher than that found in the supernatant obtained after
separation of AgNPs, which indicates a loss of such compounds in the synthesis process,
corresponding to the attachment of these compounds on the outer layer of AgNPs. To the
best of our knowledge, this is the first report on such a determination carried out on both
the initial T. erecta extract, as well as on the supernatant.

3.4. In Vitro Evaluation of the Antioxidant Activity

Antioxidant compounds block peroxyl radical synthesis induced by 2,2"-azobis- (2-
amidinopropane) dihydrochloride, protecting the erythrocyte membrane. By reducing the
concentration of peroxyl radicals, the absorbance of the solution measured at 540 nm is also
reduced. The degree of inhibition of erythrocyte hemolysis by the samples and gallic acid
is presented in Figure 15.
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Figure 15. Graphical representation of the erythrocyte hemolysis inhibition capacity (%) of extracts
and of their corresponding AgNPs solutions, compared to gallic acid.
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Taking into consideration that bioactive compounds could inhibit the 15-LOX enzyme
by blocking the oxidation of linoleic acid, the enzyme inhibition capacity of samples was
assessed. The results obtained for the extracts and for their corresponding AgNPs during
this assay can be seen in Figure 16.
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Figure 16. Graphical representation of the 15-LOX inhibition capacity (%) of extracts and of their
corresponding AgNPs solutions, compared to gallic acid.

The ECsg values of the extracts and of the synthesized nanoparticles obtained during
the two antioxidant determinations are presented in Table 2. The ECs values are inversely
proportional with the efficacy of the antioxidant activity.

Table 2. ECsy values of T. erecta extracts and of their corresponding AgNPs obtained in the

antioxidant assays.

ECs5p (ug/mL Final Solution)

Sample
Inhibition of Erythrocyte Hemolysis 15-LOX Inhibition
Aqueous extract - -
Ethanolic extract 53.62 = 1.96 75.89 £ 6.06
AgNPs-H,O 70.83 +1.10 59.66 £ 2.39
AgNPs-EtOH 280.86 + 0.89 79.72 + 3.49
Gallic acid 44.83 £0.49 13.68 £ 0.88

As it can be seen in the case of AgNPs obtained using T. erecta aqueous extract, the
antioxidant activity tested through the inhibition of erythrocyte hemolysis increases and
the ECsg could be measured in the tested concentration range (70.83 = 1.10 pg/mL final
solution), unlike that of the corresponding extract. The same is true for the lipoxygenase in-
hibition assay, in which the ECs( value of AgNPs-H,O was shown to be 59.66 £ 2.39 ug/mL
final solution. However, in both antioxidant assays, the ethanolic extract presented a more
promising activity than that of the corresponding AgNDPs.

3.5. Antimicrobial Activity

The antimicrobial activity of the plant extracts and of their derived AgNPs was tested
against three pathogenic microbial strains: a Gram-positive bacterium (Staphylococcus aureus),
a Gram-negative bacterium (Pseudomonas aeruginosa), and a fungal strain (Candida albicans).
The results are presented in Table 3 as mean value of the inhibition zone (measured in
mm) =+ standard deviation.



Appl. Sci. 2022,12, 887

15 of 20

Table 3. Antimicrobial activity of the plant extracts and of the corresponding AgNPs.

Diameter of Inhibition Zones (mm) 4+ SD

Samples/Standards Pseudomonas

Staphylococcus aureus aeruginosa Candida albicans

ATCC 25923 ATCC 27853 ATCC 90028

Aqueous extract 14.0 £ 0.00 NA * 13.0 £ 0.00

Ethanolic extract 14.0 = 0.00 NA * 12.0 = 0.00

AgNPs-H,O 14.0 = 0.00 NA * 14.0 + 0.00

AgNPs-EtOH 14.0 £ 0.00 NA* 20.0 £ 0.00
Ciprofloxacin 30.0 £ 0.00 30.3 £0.57 *NT

Fluconazole NT * NT ** 29.0 + 0.00

* NA—no activity detected; ** NT—not tested.

The most promising activity on C. albicans of the tested AgNPs in comparison to their
corresponding extract was observed for AgNPs-EtOH, with a diameter of the inhibition
zone almost double than that of the initial extract (20.0 £ 0.00, compared to 12.0 £ 0.00 mm),
which illustrates the improved antifungal action of the biosynthesized nanoparticles.

Regarding the testing on S. aureus, it can be noticed that the investigated extracts and
nanoparticles show a degree of bacterial inhibition capacity (14.0 £ 0.00 mm), with no
variations between the extracts and the corresponding AgNPs. No activity was detected
for any of the tested samples on the Gram-negative bacteria.

4. Discussion

The mechanism surrounding the green synthesis of AgNPs using plants usually in-
volves the preparation of nanoparticles by mixing the plant extract and silver salt solutions
in different proportions, for different stirring times and at certain pH and temperature val-
ues. When exposed to plant compounds, Ag* is reduced to Ag’, followed by the formation
of oligomeric clusters and AgNPs synthesis [38]. Thus, silver ions suffer a bioreduction
process that is believed to be due to biomolecules found in plant extracts (e.g., polyphenols,
flavonoids, polysaccharides), being eventually transformed into colloidal silver which
will form aggregates. Such aggregates will eventually stabilize through the attachment
of biocompounds from the medium to their surface [35,39]. The decrease in the content
of phenolic compounds found in the supernatant obtained after separation of AgNPs
compared to that of the initial extract indicates the importance such polyphenols play in
the synthesis of nanoparticles.

The optimization of the synthesis demonstrated that, in the case of T. erecta aqueous
extract, the most suitable reaction conditions for AgNPs obtaining were: pH 8, 3 mM
AgNOs solution, extract:AgNOj ratio of 1:9, 40 °C temperature, and stirring time of 75 min.
In the case of the ethanolic extract, the most suitable reaction conditions for obtaining
AgNPs were similar, the only difference being noticed regarding the optimal extract:
AgNO3 volume ratio which was 5:5 in the latter case.

Regarding FTIR analysis, absorption bands in extracts were also visible in their derived
AgNPs spectra, in some cases being attenuated or shifted, suggesting the attachment of
functional groups from the extract compounds to the nanoparticles” surface. IR spectra
of the extracts and their derived AgNPs indicate that polyphenols and flavonoids are
the major compounds involved in the biosynthesis of nanoparticles, having also a role as
capping agents [40,41].

The EDX analysis showed a dominant peak at 3 KeV, that is typical for AgNPs, and
demonstrates the presence of silver in the synthesized nanoparticles and, implicitly, of the
SPR band. In the case of AgNPs-H,O, a stronger signal is observed compared to AgNPs-
EtOH. This could be explained by a better reduction of silver ions to elemental silver in
the first case [42]. Moreover, the signals corresponding to other elements are much lower
for AgNPs-H,O, compared to AgNPs-EtOH. This could be explained by the presence of
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phytochemical compound in higher amounts on the surface of AgNPs-EtOH compared to
that of AgNPs-H,0O, taking into consideration that the plant’s secondary metabolites act
not only as reducing agents, but also as coating agents for AgNPs [43].

When analyzing the obtained TEM images, AgNPs-H,;O presented reduced dimen-
sional uniformity. In contrast, AgNPs-EtOH had a more pronounced spherical shape than
that of AgNPs-H,0, and showed good dimensional uniformity, close to the average diame-
ter of AgNPs-H,O. Larger variations in the size and shape of AgNPs that were mentioned
when detailing the obtained results may be due to the presence of different plant extract
molecules found on the surface of nanoparticles [42]. This can be explained by the different
parts of the plant taken into study (flowers vs. leaves), the different obtaining conditions
for both the extract and the AgNPs, and, therefore, by a different chemical composition of
the extract and, implicitly, of the AgNPs surface.

A larger size of AgNPs determined by DLS compared to TEM can be explained
by the different principles of the two methods and by the fact that DLS measures the
hydrodynamic size of AgNPs, which also includes the biomolecules found on the surface
of nanoparticles.

In both cases, the obtained Zeta potential values are negative and relatively high, which
contributes to the stabilization of the nanoparticles’ dispersion in solvents, given the similar
surface charge that leads to electrostatic repulsion between nanoparticles, thus preventing
agglomeration. Researchers suggest that secondary metabolites present in the extract
may be involved in the stabilization of AgNPs, which, in our case, can be represented by
polyphenolic acids, flavonoids, carotenoids, and terpenes [44]. The Zeta potential of AgNPs-
H,0 and of AgNPs-EtOH is similar to the value obtained by Padalia et al. (—27.63 mV) for
AgNPs synthesized using an aqueous extract from T. erecta flowers [23].

2,2'-Azobis(2-amidinopropane) dihydrochloride (AAPH) has the ability to gener-
ate peroxyl radicals and induce oxidative stress by affecting the cell and its subcellular
structures. Peroxyl radicals increase the rigidity of the red cell membrane and reduce its
resistance. Studies in rats have shown the capacity of AAPH to induce hemolysis and
to increase the number of carbonyl groups in proteins, thus, impairing tissue function.
Peroxyl radicals cause the oxidation of fatty acids found in the structure of phospholipid
membranes and the reduction of erythrocyte resistance [45].

The ethanolic extract and the AgNPs obtained using the aqueous extract show the
best capacity to block the prooxidant action of AAPH, thus, protecting erythrocytes against
peroxyl radicals. The protection induced by the ethanolic extract is close to that of gallic
acid. The AgNPs synthesis increases the protective capacity of the aqueous extract from
48.48% (5 mg/mL) to 75.25% (5 mg/mL), but reduces that of the ethanolic extract by about
five times, if considering ECsg values. These variations could be determined by the different
composition of the ethanolic and aqueous extracts, given the different solubility of natural
compounds in the two used solvents.

A recent study carried out by Du et al. indicated the ability of peptides in brown rice
extract to block the action of AAPH by reducing the hemolysis from 70% (in the absence
of the extract) to a maximum of 20% (in the presence of the extract) [46]. All peptides
analyzed contained tyrosine, therefore, the phenolic hydroxyl group may be considered
to be involved in the AAPH neutralization process. Such groups are also present in the
structure of polyphenols and flavonoids found in the extracts analyzed in this study.

The neutralization of peroxyl radicals generated by AAPH is usually performed by
compounds that possess hydrogen donor functional groups such as hydroxyl and carboxyl
groups, but especially hydroxyl groups [47]. Polyphenols from plant extracts have the
capacity of neutralizing peroxyl radicals generated by AAPH, but at the same time, due
to their ability to penetrate or attach to the hydrophilic region of the red cell membrane,
can also slightly increase membrane fluidity and erythrocyte osmotic resistance, therefore,
increasing the resistance to pro-oxidants [48].

Comparing the ECsg values (ng/mL), the erythrocyte protection capacity of the
analyzed samples decreases as follows: ethanolic extract (53.62 + 1.96), AgNPs-H,O



Appl. Sci. 2022,12, 887

17 of 20

(70.83 = 1.10), and AgNPs-EtOH (280.86 £ 0.89), the differences being statistically signifi-
cant (p < 0.01).

Lipoxygenases catalyze the oxidation of unsaturated fatty acids to hydroperoxides
which will initiate oxidation reactions affecting the structure of proteins, lipids, and nucleic
acids. These oxidation reactions cause inflammatory phenomena, neurodegeneration, and
deterioration of pathological conditions such as diabetes [49].

The lipoxygenase inhibition assay shows that the AgNPs obtained using the aqueous
extract has a more intense action compared to the plant extract alone, the difference being
statistically relevant (p < 0.001). Both the extracts and the nanoparticles have a lower action
compared to gallic acid.

The increase in enzyme inhibition capacity observed in the case of AgNPs indicates
the complexity of the enzyme-inhibitor interaction and their action directed to the active
center of the enzyme, as well as it to its protein structure.

The inhibition of lipoxygenase is determined by both flavonoids and polyphenols
present in plant extracts, the difference in activity being correlated with the chemical struc-
ture of these compounds. Both types of secondary metabolites are chemical constituents
present in varying amounts in all plant extracts, which explains the ability of the extracts to
block different forms of lipoxygenases [50].

The few previous studies conducted on various types of nanoparticles obtained using
T. erecta extracts focus mostly on the characterization of the synthesized nanoparticles [22,24],
with only some approaching the biological perspective of their potential use, especially as
antimicrobials [23,25,26,51,52]. However, such studies were mostly conducted on extracts
obtained from leaves and involved other types of nanoparticles as well. To the best of
our knowledge, this is the first report on the evaluation of the antioxidant activity of
AgNPs obtained using T. erecta flower extracts through the two chosen methods. One other
previous study conducted on AgNPs obtained using T. erecta aqueous leaf extract assessed
the antioxidant activity through DPPH scavenging assay, showing improved activity for
the obtained nanoparticles compared to the initial extract [37].

Since antimicrobial resistance represents one of the most threatening health issues of
the 21st century, the synthesis of effective antimicrobial agents proves to be very important,
since many antibiotics have now become ineffective, as microorganisms continue to develop
new mechanisms to resist their action [53]. Nanoparticles synthesized with the use of plants
that show promising antimicrobial activity have high potential to be developed into future
antibacterials and antifungals given their low toxicity [54].

AgNPs are known to be able to penetrate bacterial cell walls, producing changes
in the structure of cell membranes and even leading to cell death. Their antibacterial
properties are due to their nanoscale size, as well as to their large surface area to volume
ratio. They can lead to an increase in cell membrane permeability, produce reactive oxygen
species, and, through the release of silver ions, can interrupt the replication of DNA [55].
Furthermore, other factors can influence the antibacterial mechanisms of AgNPs such as
the concentration of AgNPs, their shape and size, as well as the type of bacteria, with
Gram-negative bacteria being more susceptible to their action compared to Gram-positive
bacteria, taking into account the differences in cell wall structure [56].

The obtained values indicate that the biosynthesized AgNPs exhibit greater antifungal
activity in comparison to the corresponding extract. The improved antifungal activity
can be attributed to the small size of the AgNPs and to the presence of bioactive capping
constituents. Small AgNPs can be easily diffused and could penetrate the fungal cell
membrane and inhibit its growth by interfering with the usual biochemical processes.
Moreover, active compounds from the plant extract that participate in the formation of
AgNPs, such as polyphenols, organic acids, or flavonoids are also likely to be responsible
for the synergistic effect that might generate the improved antifungal effect [8,57].

Our results are in partial agreement with previous studies conducted on different
types of nanoparticles using T. erecta extracts (e.g., nickel oxide nanoparticles or silver
nanoparticles obtained using leaf extracts, and zinc oxide nanoparticles using aqueous
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extract of flowers) that showed a certain degree of inhibitory activity on Gram-positive and
Gram-negative bacteria [25,51,58]. Regarding silver nanoparticles obtained from marigold
flowers, one previous article investigated the synergistic potential of such nanoparticles
when used with different commercial antibiotics, showing promising synergistic effects
especially regarding antifungal activity [23].

5. Conclusions

The present work focused on completing a simple and eco-friendly green synthesis
method of AgNPs with the use of two different T. erecta flower extracts. Our study provided
evidence that the synthesized AgNPs represent promising candidates with potential use in
future biomedical applications. The research implied the synthesis, characterization, and
optimization of two types of nanoparticles using various modern techniques. FTIR and
EDX analyses confirmed the presence of biocompounds surrounding the nanoparticles,
while DLS studies showed that the size of AgNPs ranged from 104 to 123 nm. The in vitro
antioxidant and antimicrobial activities assays carried out on the initial plant extracts and on
their corresponding AgNPs showed that nanoparticles obtained using the aqueous extract
presented improved antioxidant activity compared to the corresponding extract, while both
types of AgNPs exhibited improved antifungal activity compared to the initial extracts.
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