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Abstract: Silver nanoparticles (AgNPs) biosynthesized using aqueous medical plant extracts as re-
ducing and capping agents show multiple applicability for bacterial problems. The aim of this study
was to expand the boundaries on AgNPs using a novel, low-toxicity, and cost-effective alternative
and green approach to the biosynthesis of metallic NPs using Calendula officinalis (Calendula) and
Hyssopus officinalis (Hyssopus) aqueous extracts. The formation of AgNPs was confirmed by trans-
mission electron microscopy (TEM), scanning electron microscopy (SEM), and energy-dispersive
spectroscopy (EDS) techniques. The effectiveness of biosynthesized AgNPs in quenching free radicals
and inhibiting the growth of Gram-positive and Gram-negative microorganisms was supported by
in vitro antioxidant activity assay methods and using the Kirby—Bauer disk diffusion susceptibility
test, respectively. The elucidated antimicrobial and antioxidative activities of medical plant extracts
were compared with data from the engineered biosynthetic AgNPs. The antimicrobial effect of
engineered AgNPs against selected test cultures was found to be substantially stronger than for
plant extracts used for their synthesis. The analysis of AgNPs by TEM revealed the presence of
spherical-shaped nano-objects. The size distribution of AgNPs was found to be plant-type-dependent.
The smaller AgNPs were obtained with Hyssopus extract (with a size range of 16.8 £ 5.8 nm compared
to 35.7 £ 4.8 nm from Calendula AgNPs). The AgNPs’ presumably inherited biological functions of
Hyssopus and Calendula medical plants can provide a platform to combat pathogenic bacteria in the
era of multi-drug resistance.

Keywords: green synthesis; Calendula officinalis; Hyssopus officinalis; silver nanoparticles; phytochemical
analysis; antibacterial activity; antioxidant activity

1. Introduction

The expansion of multidrug-resistant (MDR) pathogens has become a global health
concern during this century [1]. Indeed, the availability of MDR pathogens significantly
endangers the health of both animals and consumers due to the potential risk of entering
the food chain and causing severe poisoning [2]. The resistance of MDR pathogens to
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topical antibiotics and biocides is a result of the extensive use of antibiotics, which is the
main driver leading to the accumulation of genes in bacteria, with each gene coding for
resistance to a specific agent or responsible for the action of multidrug efflux pumps [3]. The
lack of effective biological solutions for the treatment of MDR pathogens, along with the
government directives set out in the current EU Regulation 2019/6 [4], drives researchers all
over the world to investigate alternative tools to reduce this need in both human and veteri-
nary medicine [5,6]. To date, efficient biological solutions involving active pharmaceutical
ingredients (API) for the treatment of MDR pathogens and their caused infections, ensuring
prolonged antibacterial activity, are still limited. It has been revealed that some of the bio-
logical molecules can be modified by covalent conjugation with polyethylene glycol (PEG)
within the PEGylation process and subsequently used as adjuvants to drugs that substan-
tially improve the solubility of the latter and decrease its immunogenicity [7]. Meanwhile,
the potential utilization of phytochemicals in the drug formulations as adjuvant molecules
was reported to be effective in combating MDR cancer types [8]. Given the evidence of
the health-promoting benefits of Calendula officinalis (Calendula) and Hyssopus officinalis
(Hyssopus), including the substantial intrinsic antimicrobial activity against Gram-positive
and Gram-negative bacteria along with superb free-radical scavenging potential [9-12], the
development of new antimicrobial agents effective in treating MDR pathogens has become
quite realistic.

Recent cutting-edge nanotechnology research has come with the development of
plenty of nanoobjects demonstrating multiple functionalities and a range of applicabil-
ity [13]. In particular, silver nanoparticles (AgNPs) attract tremendous attention from
researchers due to their multiple and simultaneous mechanisms of action in combination
with antimicrobial agents [14]. The ability of AgNPs to pose both unique antibacterial
and antifungal effects and obvious cytotoxicity against cancer cells by destroying their
ultrastructure and inducing reactive oxygen species (ROS) production and causing DNA
damage, leading to eventual apoptosis or necrosis of the cells, puts them in high de-
mand [15-17]. The peculiar properties of AgNPs, such as optical, electrical, mechanical,
and thermal, allow them to be used both in medical and healthcare products manufactur-
ing [18]. AgNPs could be produced by a series of methods such as physical, biological,
chemical, and electrochemical photochemical, etc., with varying yields, inputs, reactions,
and, as a consequence, the size and shape of AgNDPs.

Green synthesis among other methods offers simplicity in operational and process
conditions as its uses exclusively plant-derived metabolites and metallic salts while omit-
ting the use of toxic reagents, catalysts, and solvents [19]. The key point in the successful
synthesis of nanoparticles, however, is the availability of functional groups in bioreductants
such as carboxylic, hydroxyl, and carbonyl groups that are reported to be involved in
the bioreduction of Ag ions to NP along with stabilizing properties [20,21]. A variety
of studies have been performed in recent years aimed at the synthesis of AgNPs using
a diverse range of plant materials such as Calotropis gigantea [22], Annona Squamosa [23],
Acer oblongifolium [24], Cascabela thevetia [25], Cymbopogon citratus [26], Eucalyptus globulus,
and Salvia officinalis [27]. However, due to the relative diversity and stability of secondary
metabolites, green tea leaves are most frequently reported in the literature as a natural
source of reducing agents used in the biosynthesis of AgNPs [13,28]. According to HPLC
analysis of the phenolic profile before and after the green synthesis of Ag and gold (Au)
NPs using Eucalyptus globulus bark extract, Santos et al. [29] revealed that gallic acid and
galloyl derivatives were primarily responsible for the reduction of Ag ions to NP. How-
ever, the importance of flavonoids, especially quercetin, as bioreductants was highlighted
by Karuvantevida et al. [30]. The abundance of scientific evidence testifies to the rich
bioactive composition of Calendula and Hyssopus, specifically the presence of bioactive con-
taining vicinal diols such as quercitrin, isoquercitrin, quercetin, and chlorogenic acid [12,31].
According to these findings, these plant species could be considered a sustainable and
cost-effective alternative to AgNP production. Moreover, given the intrinsic biological
activities of Calendula and Hyssopus that are speculated to be inherited by synthesized
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AgNPs, we promoted the design of this study aimed at exploiting these widely distributed
medicinal plants of Calendula and Hyssopus in the green synthesis of AgNPs.

The present paper reports the biological synthesis of silver nanoparticles using the
aqueous extracts of Hyssopus and Calendula and the evaluation of AgNPs’ potential applica-
tion as an antibacterial agent against various Gram-positive and Gram-negative bacteria
strains with antioxidant potential.

2. Results and Discussion
2.1. Antioxidant Activity of Calendula officinalis and Hyssopus officinalis Plant AQUEOUS
Extracts and Biosynthesized Silver Nanoparticles

The evidence reveals that the extracts of the Hyssopus and Calendula genus represent
its abundance in chemical composition, especially antioxidants with well-documented
health-promoting properties including anti-inflammatory, healing, and antiseptic [11,32].
Due to the availability of such compounds as chlorogenic, protocatechuic, ferulic, syringic,
p-hydroxybenzoic, and caffeic acids, their use in the development of new drugs for the
treatment of cancer and other disease has been proposed by Ghaffar and El-Elaimy [33].
In the synthesis of NPs, the presence of functional groups, especially OH and COOH,
greatly promote the formation of AgNPs from AgNOj3; by acting as reducing and stabilizing
agents [34,35]. Meanwhile, the AgNPs mediated by plant extracts with intrinsic biolog-
ical activities could inherit their biological functions and provide a platform to combat
pathogenic bacteria in the era of multi-drug resistance [36,37].

The intention of this experiment was to elucidate the antioxidant activity of crude
plant extracts recovered from the leaves of Hyssopus and inflorescences of Calendula along
with engineered AgNPs mediated by these extracts as reducing agents (Figure 1). The
obtained results indicated that both plants are rich in Total phenolic content (TPC), with
Hyssopus leaf extract having the highest TPC content while Calendula had the lowest, with
values corresponding to 30.90 and 16.46 mg CGA g~ !, respectively. The observed values
are in line with those of Ulewicz-Magulska and Wesolowski [38] and Andritoiu et al. [39],
indicating TPC values of 35.5 and 22.7 mg of gallic acid equivalents per g~! of Hyssopus
leaves and Calendula flowers, respectively. It has been revealed that AgNPs mediated by
plant extracts were found to possess better free-radical scavenging due to additional OH
and COOH groups capped from other bioactives present in plant extracts. This observation
could be additionally reinforced by Radenkovs et al. [40] who highlighted that compounds
such as reducing sugars and amino and organic acids in crude extracts of plant origin can
be oxidized by the Folin—Ciocalteu reagent, contributing to higher TPC values than for
individual compounds or selectively purified extracts.

45.00

1000 F a”

n 35.00 b

50
<3000 F
Q

)
02500
&

Y2000 . b o
(=

a
10.00 L L L !

Hyssopus officinalis, extract  Hyssopus officinalis, ANPs  Calendula officinalis, extract ~Calendula officinaliss, ASNPs

B H,0 [OMeOH

Figure 1. The number of total phenolics in Hyssopus and Calendula water extracts and their mediated
silver nanoparticles according to the determination method (H,O and MeOH used as diluent). Note:
Values are means =+ SD of triplicates (n = 3). Means within the same plant material and diluent (H,O*
or MeOH**) with different superscript letters (*) are significantly different (one-way ANOVA and
Tukey’s test, p < 0.05). SD—standard deviation; DW—on a dry weight basis.
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The observed values of TPC for AgNPs were found to be 27.2% and 6.7% higher than
for crude extracts of Hyssopus and Calendula, respectively. The results are consistent with
those of Salari et al. [41], indicating that the antioxidant activity of engineered AgNPs was
substantially higher than the crude extracts themselves. The dilution of plant extracts in
MeOH did not lead to a significant change in TPC values for plant extracts. However,
better dissolution of synthesized AgNPs was observed in MeOH rather than in H,O. This
phenomenon is explained by the amphiphilic nature of MeOH, which has more affinity
to AgNPs containing OH groups than to HyO, thereby ensuring better uniform spatial
distribution of AgNPs within the solution [42]. Negligible dissolution of AgNPs was also
highlighted by Steinmetz et al. [43], demonstrating only 1.3% of dissolved AgNPs in water.

Despite that astringency is a distinctive characteristic of Calendula flowers, the report
of Verma et al. [44] emphasizes that this plant cannot be considered a source of tannins. This
statement was partially confirmed by data from the current study since the concentration
of total tannins (TTC) in the aqueous extract of Calendula inflorescence was found in a
moderate amount, corresponding to 7.3 mg CE g~! DW (Figure 2). As observed, no
statistically significant difference was observed between the methods used for the analysis
of TTC utilizing either water or MeOH as the diluent. The presence of OH groups in
both hydrolyzable and condensed tannins makes these molecules extremely soluble in
water. It is worth noting that a statistically similar concentration of TTC was observed
in engineered AgNPs mediated by the water extract of Calendula. This phenomenon can
be explained by the ability of tannins to form complexes not exclusively with nitrogen-
containing compounds such as proteins but also with metal ions as reported by [30,45].
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Figure 2. The amount of total tannins in Hyssopus and Calendula water extracts and their mediated
silver nanoparticles according to the determination method (H,O and MeOH used as diluent). Note:
Values are means =+ SD of triplicates (n = 3). Means within the same plant material and diluent (H,O*
or MeOH**) with different superscript letters (*?) are significantly different (one-way ANOVA and
Tukey’s test, p < 0.05). SD—standard deviation; DW—on a dry weight basis.

The concentration of TTC in water extracts of Hyssopus was found to be 21.4 (diluted
in HyO) and 22.5 (diluted in MeOH) mg CE g~! DW, which is 192.1% higher than that
observed in Calendula extracts. Given the lack of data on TTC in Hyssopus indicating
that this plant only contains a large amount of bitter and antioxidative tannins, a direct
comparison of the literature data with current values is not possible. It is worth noting,
however, that the content of tannins in engineered AgINPs compared to those diluted in
MeOH prior to analysis was found to be statistically similar to values observed in Calendula
extracts but 16.6% lower than that observed in AgNPs diluted in water.

One of the most important biological effects of plant water extracts is antioxidant
activity, which is closely related to antibacterial and other biological effects [46]. For these
reasons, in order to evaluate the antioxidant activity of the studied Hyssopus and Calendula
extracts as accurately as possible, experiments on antioxidant activity were performed
in vitro using three types of antioxidant activity, i.e., ferric reducing antioxidant power
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(FRAP), ABTS** (2,2’-azinobis(3-ethylbenzothiazoline-6-sulphonic acid)) free-radical scav-
enging activity assay, and DPPH® (1,1-diphenyl-2-picrylhydrazyl) free radical scavenging
activity assay methods. The obtained results are presented in Figure 3.
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Figure 3. Antioxidant activity of Hyssopus and Calendula water extracts and their mediated silver
nanoparticles according to the determination method, i.e., DPPH*, FRAP**, and ABTS***. Note:
Values are means + SD of triplicates (n = 3). Means within the same antioxidant activity assay
method with different superscript letters @bedy are significantly different (one-way ANOVA and
Tukey’s test, p < 0.05). SD—standard deviation; DW—on a dry weight basis. (A) Extracts and silver
nanoparticles diluted in water prior to assay, (B) extracts and silver nanoparticles diluted in acidified
80% methanol prior to assay.

The examination of selected plant extracts and engineered AgNPs using three in vitro
spectrophotometric antioxidant activity assays demonstrated that the strongest in vitro an-
tioxidant activity was achieved by the ABTS** method. A similar observation was made in
the previous work of Balciunaitiene et al. [47], demonstrating relatively higher antioxidant
activity values obtained by ABTS®** for both medicinal plants and engineered AgNPs than
by the other four methods. Statistically significant differences between the methods used
could be explained by the mechanism by which free radicals are quenched by antioxidants.
It has been reported that the ABTS®** assay is based on the formation of a blue/green
ABTS** chromophore, which is applicable to both hydrophilic and lipophilic natures of
antioxidants, whereas the DPPH® assay employs a stable free radical dissolved in organic
media and is, therefore, usually used as an antioxidant activity assay for hydrophobic sys-
tems such as fat-soluble vitamins (tocopherols, tocotrienols), fatty acids, and sterols [45,48].
The ABTS®* radical scavenging activity of plant extracts shows values ranging between
39.9 and 50.1 mg CGA g~! DW, with Hyssopus having the highest value and Calendula the
lowest. No statistically significant differences were found between H,O and MeOH used
as the diluent for the analysis of antioxidant activity. Relatively lower but still significant
values of antioxidant activity were observed when performing the analysis using the FRAP
method. The antioxidant activity values varied in the range of 14.3 to 43.6 mg CGA g~!
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Maping of HO-AgNPs

DW, with Hyssopus having the highest value and Calendula the lowest. The values of the
antioxidant activity of Calendula are inconsistent with those reported by Escher et al. [49],
observing a FRAP value of 50% for EtOH extracts as 3.2 expressed as mg of ascorbic acid
equivalents antiradical activity per g of raw material. The difference in values is due to the
antioxidant activity being expressed in a different way.

As expected, the additional hydroxyl and carboxylic moieties inherited by AgNPs from
bioactives of plant extracts ensured better radical scavenging activity of engineered nano-
objects compared with crude plant extracts. This observation is in line with Shah et al. [50],
reporting the availability of functional groups on the surface of AgNPs confirmed by
Fourier transform infrared (FI-IR) spectroscopy. The observed ability of biogenic AgNPs
to neutralize free radicals was confirmed by colorimetric assays using Rhodamine B dye
under fluorescence spectrophotometry [51].

2.2. Structural Analysis of Silver Nanoparticles

The morphology, size, shape, and chemical composition of biosynthesized HO-AgNPs
and CO-AgNPs were examined using SEM-EDS and TEM techniques. SEM images and
EDS spectra of AgNPs synthesized using the extract of Hyssopus and Calendula are presented
in Figures 4 and 5. This shows that most of the silver nanoparticles are nearly spherical in
form. EDS spectra show peaks at 3.0 keV, which can be attributed to the binding energy of
silver and confirm the formation of AgNPs [52]. It can be seen that the AgNPs are evenly
distributed throughout the studied area (Figure 4).
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Figure 4. SEM images and EDS spectra of AgNPs biosynthesized using extract of Hyssopus.
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Figure 5. SEM images and EDS spectra of AgNPs biosynthesized using extracts of Calendula.

The formation of silver nanoparticles is confirmed by images and the EDS spectrum.
In this case, a slight agglomeration of nanoparticles is also observed. However, we can
still observe that the silver nanoparticles are distributed throughout the apparent area
(Figure 5).

The morphology, size, and shape of biosynthesized CaO-AgNPs and HyO-AgNPs
were examined by TEM. TEM studies showed that the nanoparticles are mainly spheroidal
in shape (Figure 6). We can also see that the particles do not tend to form large agglomerates.
We can observe that the type of extract and its concentration affect the shape of nanoparticles.
After evaluating the AgNPs’ distribution via an image application, it was found that the
size of nanoparticles depends on the plant extract used for bioreduction and stabilization.



Molecules 2022, 27, 7700 8 of 14

(b)
Figure 6. TEM images of biosynthesized CaO-AgNPs (a) and HyO-AgNPs (b).

The diameter of the CaO-AgNPs was found to be in the range of 35.7 &+ 4.8 nm
(polydispersity of approximately 4.5). HyO-AgNPs’ diameter is lower and is in the range
of 16.8 £ 5.8 nm (polydispersity of approximately 6.0).

2.3. Antibacterial Activity

The antibacterial activity of CaO-AgNPs and HyO-AgNPs was investigated against
both Gram-negative and Gram-positive bacterial strains. From the results presented in
Table 1, it can be concluded that the obtained silver nanoparticles actively interact with
the bacterial membrane and disrupt their functions very actively. The aqueous extract of
Calendula showed antimicrobial activity, but only against a few tested bacteria, Staphylococ-
cus aureus, f3-streptococcus, and Staphylococcus epidermidis. Weak antimicrobial activity was
obtained when the size of the transparent zones was 0.5 to 2.00 mm. However, Hyssopus
extract was characterized by somewhat stronger antimicrobial activity. After synthesizing
AgNPs in the extracts, stable solutions of AgNPs with high antibacterial activity were
obtained, which completely inhibit various bacterial cultures. The antimicrobial activity of
CaO-AgNPs was from 7.00 to 17.90 mm. Gram-positive bacterial species were characterized
by somewhat stronger antimicrobial activity. The antimicrobial activity of HyO-AgNPs
was from 6.00 to 16.50 mm.

Table 1. The antibacterial activity of CaO-AgNPs and HyO-AgNPs.

Reference (Standard) Cultures of

Microorganisms Calendula CaO-AgNPs Hyssopus HyO-AgNPs
Staphylococcus aureus 1.50 +0.10 15.10 £ 0.10 1.20 £ 0.15 14.50 + 0.15
f3- streptococcus 2.00 £0.10 17.9 +£0.10 1.70 £+ 0.10 16.50 & 0.50
Staphylococcus epidermidis 0.5+0.55 12.50 £ 0.10 2.05+0.25 16.50 £ 0.10
Escherichia coli 0.00 £0.10 10.50 £ 0.35 0.00 £0.10 12.50 4 0.10
Klebsiella pneumoniae 0.00 £ 0.00 10.00 + 0.10 0.00 £ 0.00 10.40 4+ 0.10
Pseudomonas aeruginosa 0.00 £ 0.00 10.00 £+ 0.10 0.00 £ 0.00 10.00 £ 0.90
Proteus vulgaris 0.00 £ 0.00 12.50 £ 0.04 0.00 £ 0.00 11.40 & 0.00
Bacillus cereus 0.00 £ 0.05 11.80 + 0.55 0.50 £0.10 9.50 £ 0.10
Enterococcus faecalis 0.00 £ 0.00 10.40 £ 0.50 0.50 +0.10 10.00 £ 0.50
Candida albicans 0.00 £ 0.45 9.20 £0.10 0.9 +040 6.00 £0.10
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The wall of Gram-positive bacteria, which is 15-80 nm thick, consists of several tens
of peptidoglycan layers. This wall is not dense, so even large molecules pass through.
As a result, most biologically active substances can easily enter the cells of these bacteria
and affect their growth and reproduction. Gram-negative bacteria are less sensitive to the
effects of antibacterial compounds because the walls of these bacteria have one or more
peptidoglycan layers and an additional outer membrane consisting of lipopolysaccharides,
lipoproteins, and phospholipids. Under physiological conditions, the wall has a negative
charge and protects the bacterial cell from phagocytosis, the effects of enzymes, and
prevents many substances from entering it.

3. Materials and Methods
3.1. Chemicals and Reagents

All commercial polyphenol standards—chlorogenic acid (CGA), gallic acid (GA),
catechin, tannic acid, Folin-Ciocalteu reagent, sodium carbonate (Na,CO3), potassium
persulfate (K»5,0g), potassium ferricyanide (K3Fe(CN)g), anhydrous ferric chloride (FeCls),
and phosphate-buffered saline (pH 7.4)—were purchased from Sigma-Aldrich Chemie Ltd.
(Steinheim, Germany). Silver nitrate (AgNOs) (puriss p.a., >99.9%), methanol (MeOH),
hydrochloric acid (HCl), 2,4,6-tripyridyl-s-triazine (TPTZ), 0.3 M acetate buffer (0.3 mol
L, pH 3.6), ferric chloride hexahydrate (FeCls-6H,0O), and ferrous sulfate heptahydrate
(FeSO4-7H,0) were purchased from Merck (Darmstadt, Germany). Ethanol (96.3% v/v) was
obtained from Stumbras, AB (Kaunas, Lithuania). All chemicals used were of analytical
grade. The ultrapure water (UPW) was produced using the reverse osmosis PureLab Flex
Elga water purification system (Veolia Water Technologies, Paris, France).

3.2. Plant Material

Finely cut and dried Calendula officinalis (Sventioniy vaistazolés UAB, Svencionys,
Lithuania) inflorescences and Hyssopus officinalis (Acorus Calamus UAB, Pakruojis, Lithua-
nia) leaves were purchased from a public pharmacy operating in Kaunas (Lithuania). Plant
material was ground to a powder to reach a @ 0.5 mm particle size using an “IKA® A11 ba-
sic” rotor mill (Staufen, Germany). Moisture content was analyzed gravimetrically with
a “Precisa HA 300” (Precisa Instruments AG, Dietikon, Switzerland) moisture analyzer.
Collected data (1 = 30 of each sample) were recalculated for the absolute dry weight (DW).

3.3. Preparation of Plant Flowers and Leaf Extracts

A quantity of 125 g of raw material (crushed Calendula or Hyssopus) was soaked for
3 hin 70% (v/v) ethanol. The soaked raw material was transferred to a percolator, covered
with the extractant, i.e., 70% (v/v) ethanol, and left to macerate for 48 h 24 °C. Then, it was
percolated at a speed of 0.3 mL/min and high-concentration extract (85% of the total extract
amount) was obtained. The low-concentration extract was decanted until all biologically
active substances were washed from the raw material. It was evaporated using an “IKA®
HB 10” rotary evaporator (IKA®-Werke GmbH & Co. KG, Breisgau, Germany) up to 15%
of the total liquid extract amount. The remaining part of the low-concentration extract
was transferred to a single container with the high-concentration extract, and a liquid
extract for antioxidant activity analysis was obtained. The ethanolic phase of Calendula
and Hyssopus liquid extracts was evaporated at 70 °C for 4 h by a rotary evaporator (Buchi
Rotavapor R-205, Buchi AG, Flawil, Switzerland) and aqueous phase extracts of yellowish
color were obtained. These aqueous extracts were used as green reductants and capping
agents for the biosynthesis of AgNPs. In addition, a portion of Calendula and Hyssopus
aqueous extracts was lyophilized at a 0.01 mbar pressure and a condenser temperature of
—85 °C using a “Zirbus lyophilizer” (Zirbus technology GmbH, Bad Grund, Germany) for
morphological studies.
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3.4. Green Synthesis of Silver Nanoparticles

A quantity of 30 mg of AgNO3 was dissolved in 2.5 mL UPW and mixed with 30 mL
of Calendula or Hyssopus aqueous extracts under vigorous stirring at room temperature for
2 h. The mixtures were incubated at room temperature for 24 h. After that, the obtained
AgNP colloids were kept in a cool, dry, and dark place.

3.5. Determination of Total Phenolics Content

The total phenolics content (TPC) was determined using the colorimetric Folin-Ciocalteu
method [53]. The stock solutions of extracts and AgNPs were prepared from 0.2 mL aliquot
of each extract and AgNPs by mixing with 1.8 mL with ultrapure water (UPW) and subse-
quent vortex mixing and ultrasonication for 1 and 5 min at room (22 & 1 °C) temperature,
respectively. Since the dissolution of AgNPs can vary depending on the AgNPs’ surface
charge and capping agent used, resulting in the underestimation of antiradical activity, under
a separate trial, both the prepared extracts and AgNPs were dissolved in acidified 80% MeOH
(MeOH:H;O:hydrochloric acid ratio 89:19:0.1 v/v/v) for comparative purposes. Afterward,
a 0.5 mL aliquot of each sample (from stock) or standard or blank (UPW) was mixed with
2.5 mL of a 10-fold diluted Folin—Ciocalteu reagent and 2.0 mL of 7.5% Na,CO3 with subse-
quent vortex mixing for 1 min. The prepared solutions were incubated for 30 min at room
temperature. Finally, the absorbance was measured at 760 nm using a UV-1800-Visible Spec-
trophotometer (Shimadzu Corp., Kyoto, Japan). The results were expressed as chlorogenic
acid (CGA) equivalents per g of raw material (mg CGA g~ 1).

3.6. Determination of Total Tannins Content

The concentration of the total tannins (TTC) was determined following the methodol-
ogy provided by Graham [54], with some modifications. The stock solutions of extracts
and AgNPs were prepared from 0.2 mL aliquots of each extract and AgNPs by mixing
them with either 1.8 mL UPW or acidified 80% MeOH (MeOH:H;O:hydrochloric acid ratio
89:19:0.1 v/v/v) and subsequent vortex mixing and ultrasonication for 1 and 5 min at room
(22 £ 1 °C) temperature, respectively. Afterward, a 0.5 mL aliquot of each sample (from
stock) or standard or blank (UPW) was transferred to 15 mL tubes and mixed with 1.0 mL
1% K3Fe(CN)g and 1% FeCl3 in 0.1 N HCL. The obtained solution was adjusted with UPW
to the final volume 10.0 mL, mixed well, and allowed to stand for 10 min at 22 + 1 °C in the
dark. The absorbance was measured at 720 nm using a UV-1800-Visible Spectrophotometer
(Shimadzu Corp., Kyoto, Japan). The actual tannin concentrations were calculated based
on the optical absorbance values obtained for the standard solutions. The results were
expressed as mg catechin (CE) equivalents per g of raw material (mg CE g~ ).

3.7. Evaluation of Antioxidant Activity
3.7.1. DPPH® Radical Scavenging Activity

The DPPH® assay was conducted based on the method described by Radenkovs et al. [55]
with slight modification. Briefly, a 0.15 mL aliquot of each sample or standard or blank (UPW)
was mixed with 2.85 mL of DPPH®—EtOH solution (0.039 g DPPH® in 1 L EtOH). The
prepared solution was reacted for 30 min at 22 + 1 °C in the dark. The absorbance of the
extracts and AgNPs was measured at 0 and 30 min at a wavelength of 517 nm (A517) using a
UV-1800-Visible Spectrophotometer (Shimadzu Corp., Kyoto, Japan). The DPPH*® scavenging
activity was calculated using a calibration curve of the standard and expressed as mg of CGA
equivalent antiradical activity per g of raw material (mg CGA g~ !).

3.7.2. The Ferric Reducing Antioxidant Power (FRAP) Assay

Ferric reducing antioxidant power (FRAP) was determined following the protocol
described by Radenkovs et al. [55]. The FRAP reagent was prepared daily from a 100 mL
acetate buffer (0.3 mol L~1; pH 3.6), a 2,4,6-tripyridyl-s-trizine (TPTZ) solution in 10 mmol
L~! of HCl, and FeCl3 (20 mmol L™1). The three solutions were mixed together at a ratio
of 10:1:1 (v/v/v), respectively, and then heated at 37 °C. Then, a 0.15 mL aliquot of each
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sample or standard was mixed with the 2.85 mL FRAP reagent and vortex mixed for 1 min.
The resulting absorbance was measured at a wavelength of 593 nm after 10 min against a
blank sample (UPW), which was used as the reference. The assay was performed using
a UV-1800-Visible Spectrophotometer (Shimadzu Corp., Kyoto, Japan) The results were
calculated using a calibration curve of the standard and expressed as mg CGA mL ™.

3.7.3. ABTS** Radical Cation Scavenging Activity

The scavenging activity of ABTS** was determined according to the method of
Du et al. [56] with some modifications. The synthetic radical ABTS®** was prepared by mix-
ing 0.15 mL of the 7.4 mM ABTS** solution with 0.15 mL of 2.6 mM potassium persulfate
(K25S203). The prepared solution was allowed to react for 16 h at room temperature in the
dark. The ABTS** solution was then diluted with phosphate-buffered saline (PBS) with
an adjusted pH of 7.4 to an absorbance of 0.70 £ 0.02 at 734 nm. An aliquot of 0.15 mL of
each sample, standard, or blank (PBS) was added to 2.85 mL of diluted ABTS®** and left to
react for 10 min at 22 &= 1 °C in the dark, and absorbance at 734 nm was measured using
a UV-1800-Visible Spectrophotometer (Shimadzu Corp., Kyoto, Japan). The results were
calculated using a calibration curve of the standard expressed as mg CGA g~ 1.

3.8. Scanning Electron Microscopy (SEM) Analysis

The particle size and structures were studied from the images obtained by SEM FEI
Quanta 200 FEG (FEI Company, Hillsboro, OR, USA) The samples were examined in
low-vacuum mode operating at 20.0 kV using an LDF detector. The content of AgNPs
and the chemical analysis of nanocomposites were performed by the energy dispersive
spectroscopy SEM/EDS technique with a BruckerXFlash 4030 detector (an accelerating
voltage of 10 kV with a distance between the bottom of the objective lens and the object of
10 mm).

3.9. Transmission Electron Microscopy (TEM)

Tecnai G2 F20 X-TWIN (FEL, USA) examined the size of the synthesized nanoparticles
under a transmission electron microscope (TEM). For the TEM experiment, the diluted
samples were deposited drop-wise onto carbon-coated copper TEM grids. A Field Emission
Gun electron source was used, of which the accelerating voltage was 200 kV. The resolution
of the microscope ranged from 0.8 to 1.0 nm. The EDAX spectrometer with the r-TEM
detector and 11 MPix ORIUS SC1000B (Gatan Inc., Pleaston, CA, USA) CCD camera was
used. The spot/linear resolution was 0.25/0.102 nm.

3.10. Antibacterial Assay

The antibacterial activity of synthesized silver nanoparticles in the plant extract was
evaluated in vitro using the Agar diffusion test. Selected Gram-positive bacteria strains
(Proteus vulgaris ATCC 8427, Staphylococcus aureus ATCC 25923, f8-streptococcus ATCC 19563,
and Bacillus cereus ATCC 6633) and Gram-negative bacteria strains (Klebsiella pneumoniae
ATCC 13883, Proteus mirabilis ATCC 29906, Escherichia coli ATCC 25922, and Pseudomonas
aeruginosa ATCC 27853), Enterococcus faecalis ATCC 51299, Bacillus cereus ATCC 11778,
and the fungi Candida albicans ATCC 32354 were used for analysis. For this purpose,
the 0.5 McFarland unit density suspension (~108 CFU/mL) of the bacterial strain was
inoculated onto the cooled Mueller Hinton Agar (Oxoid, Basingstoke, UK) using sterile
cotton swabs. Wells (J = 6 mm) were punched in the agar and filled with 50 uL of extracts.
Agar plates were incubated at 37 °C for 24 h, and inhibition zones were measured and
tabulated [37,57].

3.11. Statistical Analysis

Experiments were carried out in triplicate. Means and standard deviations were
calculated with STATISTICA 10 (StatSoft, Inc., Tulsa, OK, USA) software. A one-way
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analysis of variance (ANOVA) with the post hoc Tukey’s HSD test was employed for
statistical analysis. Differences were significant at p < 0.05.

4. Conclusions

The dispersed AgNPs were synthesized by the green, sustainable, and eco-friendly
method using medical plant extracts of Hyssopus and Calendula as a capping and reducing
agent. The presented results confirmed that the morphology and properties of silver
nanoparticles are influenced by the selected plant. The size of green AgNPs mediated
by Hyssopus was found to be 16.8 &= 5.8 nm. However, the size range of AgNPs obtained
by Calendula was found to be significantly larger at 35.7 &= 4.8 nm. Phenolic compounds,
tannins, flavonoids, and other phytochemicals found in plant extracts and capped silver
nanoparticles are responsible for their biological activity. The biosynthesized green silver
nanoparticles exerted prominent antioxidant properties and antibacterial potency against
all Gram-positive and Gram-negative bacteria strains. The antioxidant activity values
varied in the range of 14.3 to 43.6 mg CGA g~! DW, with Hyssopus having the highest value
and Calendula the lowest. The antimicrobial activity of CaO-AgNPs and HyO-AgNPs was
obtained at 7.00 to 17.90 mm and 6.00 to 16.50 mm, respectively.
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