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Abstract

In this work, we focused on the green synthesis of silver nanoparticles (AgNPs). In the green synthesis, plant
extracts are used as reducing agents. AgNPs contain surface-bound biomolecules from the used plant extract.
We used an aqueous extract from sage (Salvia officinalis). This plant is known for its high content of secondary
metabolites with excellent antibacterial activity. Antibacterial activity of AgQNPs prepared by green synthesis
was investigated. Gram-positive bacteria Staphylococcus aureus and Gram-negative bacteria Escherichia coli
were selected for testing. Methods such as agar diffusion assay and inhibition of bacterial growth curves were
used. Minimum inhibitory concentrations (MICk coi = 250 pg/mL; MICs. aureus = 50 ug/mL) were determined.
The radiuses of inhibition zones were about 1.5 cm in both bacterial strains. AQNPs prepared by this method
can play an important role in dealing with the problem of bacterial resistance. Bacteria develop resistance not
only to typical antibiotics. Bacterial cells are also able to eliminate the effect of AgNPs. By modifying their
surface with antibacterial molecules, resistance can be effectively combatted.
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1. INTRODUCTION

Sage (Salvia officinalis) is used in traditional medicine for its antibacterial effects [1,2]. The antitumor activity
of sage was also reported [3]. This plant is found in the temperate, subtropical, and tropical areas [4]. Sage is
known for its content substances, especially phenolic compounds with the highest content of caffeic acid,
vanillic acid, ferulic acid, luteolin, apigenin, quercetin, rosmarinic acid and their derivatives [5-7]. The main
secondary metabolites playing an important role in antibacterial activity are primarily phenolic substances,
such as salviol and thujone [8-11] (Figure 1).
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Figure 1 The most common secondary metabolites of sage (Salvia officinalis)

The antibacterial effect of silver nanoparticles (AgNPs) has been well known for more than 10 years [12].
AgNPs disintegrate into silver ions upon pH change, producing free oxygen radicals and inhibiting cell growth
(Figure 2).
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Figure 2 (A) The antibacterial activity of the silver nanoparticles is based on their disintegration into silver
ions, which bind into the cell wall and produce oxygen free radicals. (B) Reactive oxygen species (ROS)
increase both cell wall and membrane permeability, causing immediate cell death. (C) In addition, they
inactivate the enzymes, thereby inhibiting the many chemical reactions required for the bacterial life. (D)
Silver ions interact with DNA to which they bind and damage transcription and translation. (E) They act on -
SH groups of proteins and inhibit their synthesis.

In the procedure of green synthesis aqueous extract of sage was used to replace classical chemical reducing
agents. When using green synthesis, the antibacterial activity of AQNPs is supported by bound antibacterial
molecules found in the plant extract. Recently, there have been discussions about the possibility of modifying
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AgNPs with molecules of antibiotics and other antibacterial agents or various cytostatics to improve the
chemotherapeutic effect.

World population is facing problems associated with resistant bacteria. According to the European Center for
Disease Prevention and Control (ECDC), these bacteria cause 33,000 deaths in Europe annually. Our work is
focused on investigation of antibacterial activity of AgQNPs prepared using the so-called green synthesis
process. Because of the bonded biomolecules on the surface of AgNPs prepared by this synthesis, AgNPs
can be used to treat infections caused by antibiotic resistant bacteria.

2, MATERIAL AND METHODS
AgNPs green synthesis and characterization

An aqueous extract of S. officinalis was used for green synthesis. The dried plant was purchased from
Valdemar GreS$ik - Natura s.r.o. The plant was homogenized to fine dust by grinding. An aqueous extract
(10 g/100mL) was prepared at 60 °C. The mixture was stirred on a magnetic stirrer for 1 hour. The mixture
was further centrifuged (14,000 g, 15 min) and filtered. The obtained extract was mixed with 0.1 M AgNOs in
1:1 ratio. A visible color change occurred during the reaction (24 hrs) with stirring. After the reaction, the mixture
was stirred with methanol for 1 hour in 1:1 ratio, centrifuged (30 min, 14,000 g), the supernatant was pipetted
off and the pellet was dried (60 °C, 24 hrs). An aqueous dispersion of AQNPs was prepared by sonication (40
min) with which was used for further experiments.

AgNPs were characterized by spectral analysis (Single-beam spectrophotometer VWR, USA) and by
hydrodynamic light scattering (Zetasizer Nano ZS ZEN3600 from Malvern Instruments, UK). The shape and
size of nanoparticles was characterized by TEM and SEM. Moreover, the surface of AQNPs was characterized
by obtaining XRD spectrum. Total protein concentration was measured using two methods (biuret and
pyrogallol red-molybdate) using an BS-300 chemical analyzer (Mindray, China). Aluminium chloride
spectrophotometric method was used to measure the concetration of total flavonoids. Antioxidant activity
(ABTS, DPPH methods) was measured by BS-300 chemical analyzer (Mindray, China). VIS absorption
spectrum was obtained by using spectrophotometer (UV 3100 PC).

Agar diffusion assay

10 mL of Luria-Bertani (LB) medium (tryptone, yeast extract, NaCl, agar) was applied to a Petri dish. The
bacterial suspension in LB medium was diluted to OD = 0.01. 50 pL of the diluted suspension was spread on
a Petri dish and 10 pL of AgNPs (c = 10; 5; 2.5; 1.25 mg/mL) was applied. The resulting inhibition zones were
observed.

Measurement of growth curves

Infinite F50 (TECAN, Switzerland) was used to measure growth curves. 248 uL of LB medium, 2 uL of bacterial
suspension (OD = 0.01) and 10 yL of AgNPs (c =10, 9, 8, 7, 6, 5, 4, 3, 2, 1 mg/mL) were pipetted into the
microtiter plate. Growth curves were measured for 12 h. They were evaluated in the Qinslab system
(Prevention Medicals, s.r.0). Minimal inhibitory concentrations were calculated using Probit analysis.

3. RESULTS AND DISCUSSION

Various shapes and sizes of AgNPs in the prepared dispersion were detected by gel electrophoresis and
gradient centrifugation. Different nanoparticle shape and size affect antibacterial activity [13]. In AgNPs, total
protein concentration was determined using both the biuret (54.9 mg/L) and pyrogallol red-molybdate (22
mg/L), methods, and the content of flavonoids was found using the aluminium chloride spectrophotometric
method (25 mg/L). Antioxidant activity of AQNPs was determined by ABTS (90.2 mg GAE/L) and DPPH
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methods (953 mg GAE/L). The hydrodynamic size of AQNPs was about 35 nm. Absorption spectra reached a
maximum at 450 nm. AgNPs inhibition zones obtained using agar diffusion assay at AQNPs concentrations
used 10, 5, 2.5, and 1.25 mg/mL showed radiuses in S. aureus culture - 1.6, 1.5, 1.4, and 1.2 cm, respectively,
and in E. coli culture - 1.5, 1.2, 1.2, and 1.3 cm, respectively. No significant difference in the effect of AgNPs
on G* or G- bacteria was observed. We believe that due to the relatively large size of AgNPs, their ability to
diffuse through the medium is reduced. (Figure 3A). Minimal inhibitory concentrations were determined using
Probit analysis: (MICk. coi = 250 pg/mL; MICs. aureus = 50 pug/mL). Measurement of growth curves showed a
significantly better antibacterial effect on Gram-positive bacteria. While monitoring the inhibition of S. aureus
growth, the shift at the beginning of the kinetic phase of the growth curve with increasing AgNPs concentration
was very well seen. In E. coli, this shift was not observed using the same concentrations as in S. aureus. We
assume an increased amount of bound silver ions into the wider cell wall of G* bacteria. More ions produce
more ROS and thus more effectively inhibit bacterial cell growth (Figure 3B).
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Figure 3 (A) Agar diffusion assay with inhibition zones obtained. The schema shows the AgNPs
concentrations used in the Petri dish. (B) Box plots comparing the area of inhibition zone of AgQNPs to E. coli
and S. aureus. The purified sterilised water was used as a control. 4 different amounts of AgNPs of every
sort was pipetted to a Petri dish (200, 150, 100, 50 ug). The inhibition area was calculated from the picture
by using laboratory information system. (C) Assumed differential effect of AQNPs on G* and G- bacteria.
More AgNPs bind to the wider cell wall of the bacterium leading to higher ROS production. G* bacterial cell is
inhibited faster than G-cell. (D) Confirming the supposed fact by inhibiting bacterial growth curves. At the
same AgNPs concentrations used, there was a significant difference in the effect on both G* and G- bacteria
[14].

4, CONCLUSION

Green synthesized silver nanoparticles provide the possibility to effectively combat bacterial resistance.
Bound biomolecules from the plant extract of S. officinalis support the antibacterial effect of AQNPs alone. S.
officinalis is rich in secondary metabolites of phenolic nature; it contains flavonoids in relatively high
concentrations, which play an important role in the process of green synthesis and subsequent antibacterial
activity of prepared AgNPs. We have prepared AgNPs using green synthesis and have demonstrated their
great antibacterial effect both on G* and G- bacteria. In our other experiments, the AgNPs activity on other
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bacterial cells and on penicillin-resistant bacteria will be tested. AQNPs can be used to treat bacterial infections
in synergy with various antibiotics.
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