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Abstract

Silver nanoparticles (AgNPs) synthesized by ‘green” methods using plant extracts have
emerged as promising antimicrobial agents for combating soilborne pathogens. In this
study, the antimicrobial activity of four AgNP formulations prepared using various re-
ducing agents (AgNP#1, AgNP#2, AgNP#3, AgNDP#4) against sanitary-indicator bacteria
(Escherichia coli ATCC 25922, Enterococcus faecalis ATCC 29213, Staphylococcus aureus ATCC
25923, Pseudomonas aeruginosa ATCC 27853) and phytopathogenic Pseudomonas syringae
strains isolated from Zea mays plants was estimated. The results demonstrated that AgNP#3
and AgNP#4 exhibited the greatest antibacterial efficacy, with minimal inhibitory concen-
trations (MIC). The soil incubation studies confirmed that AgNPs reduced the population
of P. syringae without significant effects on beneficial soil microbiota. AgNP#1 and AgNP#2
exhibited a stimulatory effect on the Zea mays seed germination, bringing out their potential
for agricultural applications. Thus, the developed biogenic AgNPs could serve as efficient
antimicrobial agents for sustainable soil sanitation while minimizing environmental risks.

Keywords: silver nanoparticles; green synthesis; antimicrobial activity; soil sanitation;
sanitary-indicator bacteria; phytopathogenic bacteria; Pseudomonas syringae; Zea mays;
nanobiotechnology

1. Introduction

Soil serves as a critical reservoir for various microorganisms, facilitating their trans-
mission to humans and animals. The application of organic farming practices, particularly
the use of livestock farm waste as fertilizer, increases the risk of pathogen proliferation in
arable soils [1]. Soil contamination with animal waste contributes to the dissemination of
antibiotic-resistant bacteria and zoonotic diseases [2]. Even well-composted manure can
harbor Escherichia coli O157:H7 and Salmonella spp., which remain viable for months in
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soil [3]. Pathogens such as Clostridium spp., Salmonella spp., E. coli, and Listeria monocyto-
genes persist in soil for extended periods [4]. Thus, sustainable soil management practices,
such as pre-treatment of organic fertilizers, are crucial for mitigating microbial risks [5]. De-
veloping effective soil sanitation methods using antiseptics that are non-toxic to eukaryotic
organisms is currently a pressing need.

Modern sanitary and epidemiological practices are focused on protecting soil from con-
tamination by pathogenic microorganisms. Chemical and biological antiseptics are used to
sanitize soil. Traditional disinfectants, such as chlorine compounds and hydrogen peroxide,
can be effective, but they can also disrupt soil microbial communities. Silver nanoparti-
cles (AgNPs) and plant-based antimicrobials have emerged as alternative nanopesticides
due to their selective toxicity to pathogens while preserving beneficial microbes [6-8].
AgNPs exhibit strong antimicrobial activity against a broad spectrum of bacteria, fungi,
and viruses [9-11]. Their mechanism of action is to break down microbial cell mem-
branes, produce reactive oxygen species (ROS), and disrupt DNA replication [12]. Some
researchers proved AgNPs’ effectiveness against the gram-negative and gram-positive phy-
topathogenic bacteria, including E. amylovora, C. michiganensis, R. solanacearum, X. campestris
pv. campestris, and D. solani, which are responsible for significant crop losses [13] as well
as P. syringae [14], Pythium sp., Colletotrichum sp., X. compestris, B. sorokiniana, M. grisea, F.
culmorum, etc. [15]. Among the mechanisms that can generally influence the interactions of
AgNPs with GPB and GNB, it should be noted that the differences in the structure of their
cell membrane should be pointed out. Gram-negative bacteria have an outer membrane
with lipopolysaccharides, which acts as a barrier limiting penetration of AgNPs [16]. In
turn, the GPBs have a thicker peptidoglycan layer, more permeable to nanoparticles. Lam-
sal et al. [17] confirmed that S. aureus is more sensitive to AgNPs than E. coli. Similar results
were obtained by Morones et al. [12], who proved that P. aeruginosa had greater resistance
to AgNPs due to its outer membrane. The lack of an outer membrane in the GPB structure,
as well as the presence of a thick peptidoglycan layer, can allow AgNPs to interact more
readily with the cell wall, making these bacteria more susceptible to the AgNP-induced
damage. The mechanisms of AgNPs’ action depend on the structure of the bacterial cell
and AgNPs’ properties, namely, size, concentration, crystal structure, and stabilizing agents.
AgNPs can adsorb onto the surface of the bacterial cell, disrupting the integrity of the cell
wall and membrane, leading to a loss of ionic balance and membrane permeability. This
can cause cell lysis [18]. In addition, silver ions (Ag™") released from nanoparticles can bind
to the thiol groups of proteins, inhibiting their functions [19]. Once inside the bacterial cell,
AgNPs and Ag™ ions can interact with DNA and ribosomes, inhibiting DNA replication
and protein synthesis as well as affecting metabolism. Thus hindering bacterial growth and
leading to cell death. AgNPs can also induce the production of ROS, such as superoxide
radicals and hydrogen peroxide, leading to oxidative stress [19]. This damages cellular
components, including lipids, proteins, and DNA, ultimately resulting in bacterial cell
death. Finally, AgNPs can interfere with bacterial energy production by disrupting the
electron transport chain and ATP synthesis. This interaction leads to energy depletion and
impairs bacterial viability.

In addition to controlling soil-borne pathogens, AgNPs contribute to plant health and
growth improvement. These species can improve seed germination and plant resistance
to bacterial infections [17]. Thus, their incorporation into hybrid hydrogels should also be
beneficial, i.e., reducing microbial contamination without significant improvement of soil
microorganisms [20]. Biologically synthesized AgNPs sometimes have a more pronounced
antimicrobial effect compared to AgNPs synthesized using chemical reducing agents. After
their application, the number of soil bacterial populations was significantly reduced, and
minimal impact on the antibiotic resistance of soil microbiota was noted [21,22]. The
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controlled release of AgNPs through nanocomposites further enhances their efficacy and
minimizes environmental risks [23]. However, concerns regarding their long-term impact
on soil microbial diversity and ecosystem balance warrant further investigations [24]. For
example, AgNPs can pose a threat to soil bacteria, damaging their cell wall. Moreover, the
delayed effect of AgNPs on living organisms, including humans, animals, and plants, is
particularly important [25-28].

In the previous paper, the influence of ‘green’ synthesis conditions and structural
features of the obtained AgNPs on their biosafety was tested [29]. The prospects for the
use of ‘green” AgNPs to solve environmental problems due to the absence of geno- and
cytotoxicity were pointed out. The AgNPs’” effectiveness against soil pathogens remained
unexplored. As a result, it is still unknown whether AgNPs can be incorporated into
hydrogels intended for soil applications. To fill this literature gap, the effect on pathogens
in such agroecosystems as E. coli, E. faecalis, S. aureus, P. aeruginosa, and P. syringae, posing a
serious threat to crop production and human health, as well as on the specific plant (Zea
mays) pathogen, was investigated in the current study. These microorganisms can cause
plant diseases, reduce yield and product quality, and be a source of infections for humans.

2. Materials and Methods
2.1. Silver Nanoparticles (AgNPs) Formulations

A series of AgNPs was prepared using environmentally friendly (“green”) reduction
methods employing plant-derived extracts as reducing and stabilizing agents [29]. AgNP#1
was synthesized by reducing silver nitrate with a water-alcohol extract of Eucalyptus
viminalis Labill leaves in the presence of potassium carbonate. An aqueous solution of
AgNO3 was mixed with the K,COj3 solution, followed by the addition of the alcohol-water
extract. The mixture (pH ~ 5.2) was subjected to autoclaving at 121 °C and 1.04 atm for
15 min to complete the reduction. AgNP#2 was obtained by reacting silver nitrate with
the aqueous Eucalyptus viminalis Labill leaf extract. The AgNOj solution and plant extract
(pH ~ 4.4) were combined and autoclaved under the same conditions. AgNP#3 was formed
by reducing silver nitrate with the tannin solution in the presence of potassium carbonate
(pH =~ 5.9), using the identical autoclaving conditions. AgNP#4 was prepared at room
temperature by adding the aqueous aloe (Aloe arborescens Mill) extract to a silver-ammonia
complex solution (pH ~ 8.4), with the final volume adjusted using distilled water.

These procedures utilize renewable plant materials, avoid toxic chemical reducing
agents, and follow mild reaction conditions, consistent with the principles of green nanopar-
ticle synthesis.

The structural characterization of AgNPs was performed using transmission electron
microscopy (TEM, Tecnai G2 T20 X-TWIN, FEI Company, Hillsboro, OR, USA) operating
at an accelerating voltage of 200 kV with an electron beam source. 5 pL of the AgNP
formulations was carefully deposited onto carbon-coated copper TEM grids and left to
air-dry under ambient conditions.

2.2. Antimicrobial Activity of AQNPs Against Indicator Bacteria

The antimicrobial activity of AgNPs against sanitary-indicator bacteria was studied
using the disk diffusion method [12,13,30,31] with the bacterial strains obtained from
the Laboratory of Microbiology and Chemotherapy of the State Institution “Institute of
Traumatology and Orthopedics of the National Academy of Medical Sciences of Ukraine”
(Kyiv, Ukraine): Escherichia coli ATCC 25922; Enterococcus faecalis ATCC 29213, Staphylococcus
aureus ATCC 25923; Pseudomonas aeruginosa ATCC 27853.

Bacterial cultures were grown in the liquid nutrient medium Luria Bertani broth
(LB, Condalab, Torrejéon de Ardoz, Spain) for 18-20 h at 37 °C. A standard inoculum
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corresponding to the 0.5 McFarland standard was used. A 100 pL bacterial suspension was
spread over the surface of Mueller-Hinton agar plates using a sterile spreader. Sterile 6 mm
diameter paper discs were placed on the agar surface with sterile tweezers, and 20 pL
of the tested silver nanoparticle formulations were applied to each disc. Then the Petri
dishes were incubated at 37 °C for 24 h. After incubation, the diameters of the inhibition
zones were measured to the nearest millimeter, considering the area of complete bacterial
growth suppression.

The minimum inhibitory concentration (MIC) and the minimum bactericidal concentra-
tion (MBC) of the tested AgNPs against the sanitary-indicator pathogenic and opportunistic
bacterial strains were determined using a resazurin assay [32]. A nutrient medium (LB), a
bacterial inoculum of 10° CFU/mL, and various concentrations of the nanoparticles under
study were added to sterile test tubes. The total volume of the mixtures was 0.3 mL. The
negative control was the uninoculated medium, and the positive control was the medium
inoculated with bacteria. Thirty microlitres of resazurin solution were added to each test
tube and incubated at 37 °C for 24 h. No colour changes were observed. A blue-violet
colour indicated the absence of bacterial growth, whereas a pink or colourless appearance
indicated bacterial growth. The MIC value was taken as the lowest concentration of an-
tibacterial agents that inhibited bacterial growth (the colour remained blue). Samples from
tubes where the medium remained blue were cultured on a solid nutrient medium, and the
presence or absence of bacterial growth was recorded. The absence of growth indicated the
established MIC.

2.3. Antimicrobial Activity of AQNPs Against Phytopathogenic Bacteria

The antimicrobial activity of AgNPs against the phytopathogenic bacterium Pseu-
domonas syringae was studied using two strains of this species isolated from infected Zea
mays plants in Ukraine (PE “KARATUL SEEDS” Ukraine, Kyiv region, Velyka Karatul).

To isolate P. syringae phytopathogens, leaves and Zea mays ears showing signs of
infection were collected. Infected tissue fragments (1 g) were ground and resuspended in
2 mL of 0.56% NaCl solution, pH 6.5. A 0.1 mL suspension was spread on Luria Bertani agar
(LA, Condalab, Spain) and incubated for 2448 h at 21-24 °C. The colonies growing on the
agar surface were characterized morphologically. Further identification of bacterial isolates
was performed based on the biochemical properties and the presence of a characteristic
phytopathogenic gene. Strains identified as P. syringae were stored in a laboratory collection
for subsequent antimicrobial testing of AgNPs.

Identification of P. syringae was made as follows. DNA was extracted from the obtained
isolates by prolonged heating (boiling) of an aqueous bacterial suspension at 95 °C. P.
syringae was identified by detecting a characteristic phytopathogenic Psy gene using a
specific pair of oligonucleotide primers [33]: (i) Psy_F ATGATCGGAGCGGACAAG and
(ii) Psy_R GCTCTTGAGGCAAGCACT

PCR was performed in a 25 pL reaction mixture containing 0.5 ug DNA and 10 pmol
of each primer. The amplification conditions were: 1 cycle at 93.5 °C for 8 min, followed by
40 cycles of 93.5 °C for 35 5, 55 °C for 35 s, and 72 °C for 40 s. PCR products were separated
in a 1.8% agarose gel and visualized using ethidium bromide staining. The fragment size
corresponding to the Psy gene was 144 bp.

The antimicrobial activity of AgNPs against P. syringae was assessed using the disk
diffusion method, similar to the testing of the sanitary-indicator bacterial strains (E. coli, E.
faecalis, S. aureus, P. aeruginosa). Cultures of P. syringae strains were grown in Luria Broth
for 18-20 h at 21 °C. MBC values for AgNP against P. syringae were determined using the
serial dilution method in Luria Broth, followed by plating on Luria Agar. The samples
from tubes exhibiting no visible bacterial growth were inoculated onto the LA plates and
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incubated for 24 h at 21 °C. MBC was determined as the lowest AgNP concentration at
which no bacterial growth was observed on LA.

Statistical analysis of antimicrobial activity was performed by calculating mean val-
ues and standard deviations, following standard protocols for biological studies. The
significance level for all statistical tests was set at p < 0.05.

2.4. Soil Analysis and Antimicrobial Testing in Soil

Ukrainian soil classified as sandy silt loam was used in the study. The soil was
characterized as neutral in terms of pH (water and hydrolytic), with optimal salinity,
low organic matter content, moderate cation exchange capacity (CEC), and very low
exchangeable potassium levels.

The antimicrobial dynamics of AgNPs against P. syringae in soil were studied by intro-
ducing 1 x 107 CFU/g soil of both phytopathogen strains and AgNPs at their respective
MBC:s into sterile soil (autoclaved at 121 °C for 30 min). The inoculated soil was incu-
bated at 21 °C. Microbiological control of P. syringae populations was conducted by plating
aliquots of the soil onto LA medium after 4, 8, and 12 days of incubation.

The antimicrobial activity of AgNP against soil microbiota was assessed by introducing
AgNPs at their MBCs into the non-sterile soil. Soil was incubated at 21 °C, and microbial
populations were monitored by counting colony-forming units (CFU) on LA after 4, 8, and
12 days of incubation.

The method for determining CFU (colony-forming units) was based on microbiological
culture of the sample on a solid nutrient medium, followed by incubation and counting
of the formed colonies. For this purpose, the soil extract sample was applied in various
dilutions (10~4-1078) to into a Petri dish with a nutrient medium (LA), incubated for
24-48 h in a thermostat at a temperature of +21-24 °C, and then the formed colonies were
counted. The resulting number was used to calculate the CFU per unit of soil mass.

2.5. Antimicrobial Activity in P. syringae: Contaminated Soil with Zea mays Seed Germination

The antimicrobial effects of AgNPs in the P. syringae-contaminated soil were studied
during Zea mays seed germination. 100 g of non-sterile soil was inoculated with P. syringae
at1 x 107 CFU/g, treated with AgNPs at their MBCs, and sown with five Zea mays seeds.
Germination was conducted at 15-17 °C, which is considered ‘friendly germination” under
the agronomic standards and lasts up to 15 days. On day 16, the presence of seedlings was
recorded, and stem length as well as morphological features were measured. The control
group included untreated soil with the Zea mays seedlings.

All experiments were conducted in duplicate with two technical replicates.

3. Results
3.1. Antibacterial Activity of Silver Nanoparticles Against Sanitary-Indicator Bacteria

The study of antimicrobial activity by the disk diffusion method (Table 1) as well as the
resazurin test showed a significant antimicrobial activity of the developed AgNPs against the
selected indicator microorganisms: E. coli ATCC 25922, E. faecalis ATCC 29213, S. aureus ATCC
25923, and P. aeruginosa ATCC 27853. Figure 1 presents the data of the disk diffusion test.

The obtained data indicated a large antimicrobial activity of AgNP#1, AgNP#3, and
AgNP#4 against all tested sanitary-indicator microorganisms. In contrast, AgNP#2 did not
demonstrate antimicrobial activity against E. faecalis ATCC 29213, making it not appropriate
for soil decontamination from these pathogens.
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Table 1. Inhibition zones (mm) of sanitary-indicator bacteria induced by AgNPs.
Test Culture AgNP#1 AgNP#2 AgNP#3 AgNP#4
E. coli ATCC 25922, GNB 11+1 0 10+1 10+1
E. faecalis ATCC 29213, GPB 125+05 0 10 105+ 05
S. aureus ATCC 25923, GPB 115+ 05 85+25 105 £ 05 85+25
P. aeruginosa ATCC 27853, GNB 11+1 105+ 0.5 105+ 0.5 11+1

Figure 1. Antimicrobial activity of AgNPs (1—AgNP#1, 2—AgNP#2, 3—AgNP#3, 4—AgNP#4) assessed
based on the disk diffusion method against the sanitary-indicator microorganisms: (A)—E. coli ATCC
25922, (B)—E. faecalis ATCC 29213, (C)—S. aureus ATCC 25923, (D)—P. aeruginosa ATCC 27853.

The sensitivity of the studied bacterial strains to the tested nanosilver formulations
was similar: E. faecalis and S. aureus were most sensitive to AgNP#1, while the sensitivity of
P. aeruginosa and E. coli to AgNP#1, AgNP#3, and AgNP#4 was the same. Gram-negative
bacteria (GNB) have an outer membrane containing lipopolysaccharides, which makes
it difficult for antibacterial agents, such as AgNPs, to penetrate. On the other hand,
Gram-positive bacteria (GPB) have a thick peptidoglycan layer, which can also affect their
susceptibility to antimicrobial agents. As follows from the data in Tables 1 and 2, AgNP#1,
AgNP#3, and AgNP#4 demonstrated antimicrobial activity against both GNB and GPB. P.
aeruginosa (GNB) was the most sensitive to all AgNPs, which have the largest inhibition of
growth zones (in the range of 6-12 mm). In turn, E. coli was the least sensitive, exhibiting
the smallest inhibition zones (10-11 mm).

Table 2. MIC and MBC values of AgNPs against sanitary-indicator bacteria.

Test Culture

AgNP#1 AgNP#2 AgNP#3 AgNP#4

MIC, MBC, MIC, MBC, MIC, MBC, MIC, MBC,
ug/mL pg/mL  pg/mL pg/mL  pg/mL  pg/mL pg/mL  pg/mL

E. coli ATCC 25922 15 >30 15 23 15 30 1.5 3.5

E. faecalis ATCC 29213 15 >30 23 >30 15 30 <15 1.5
S. aureus ATCC 25923 7.5 30 15 >30 7.5 30 <15 1.5
P. aeruginosa ATCC 27853 15 >30 15 >30 15 30 1.5 3.5

Minimum inhibitory concentration (MIC) and minimum bactericidal concentration
(MBC) of AgNPs were determined using the resazurin assay. The obtained results are sum-
marized in Table 2. The MIC values of the AgNPs formulations synthesized using alcohol
and aqueous extracts of eucalyptus leaves, as well as tannin, ranged from 7.5 to 23 pug/mL
(based on silver content), while the MBC parameter ranged from 23 to 30 pug/mL for all
tested strains. The MIC of the aloe leaf extract-based formulation was 1.5 pg/mlL, and its
MBC ranged from 1.5 to 3.5 pg/mL. The results of studies of antimicrobial activity, i.e., the
disc diffusion assay and the MIC and MBC tests, coincided in the case of AgNP#1, AgNP#3,
and AgNP#4. For AgNP#2, despite the fact that the results of the disc diffusion test showed
the absence of growth inhibition for E. coli ATCC 25922 and E. faecalis ATCC 29213, the
MIC method indicated that the growth inhibition occurred at 15 pg/mL for E. coli ATCC
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25922 and 23 ug/mL for E. faecalis ATCC 29213, whereas the MBC values were equal to
23 and 30 ug/mL, respectively.

This can be dictated by the imperfection of the disk diffusion test for determining the
antimicrobial activity of metal nanoparticles. Additional comprehensive studies should be
carried out, as presented below. The MIC parameter of AgNP#1, AgNP#3, and AgNP#4 was
the lowest for S. aureus ATCC 25923, indicating the greatest sensitivity of these bacteria to
AgNPs. The gram-negative bacteria, P. aeruginosa and E. faecalis, required almost the same
concentrations of AgNPs to achieve a bactericidal effect. This indicated the universality of
the AgNPs” antimicrobial activity.

According to the general trends reported in the literature [34-36], the antimicrobial
properties of AgNPs depend largely on their size and morphology. Reducing the AgNPs’
size contributes to an increased specific surface area, which enhances the NPs’ interactions
with microorganisms and consequently, their antimicrobial activity. The developed Ag-
NPs [29] were synthesized using ‘green” methods and differed in size and aggregation
degree (Figure 2).

(0) (d)

Figure 2. TEM images of the studied AgNPs formulations: (a)—AgNP#1, (b)—AgNP#2, (c)—AgNP#3,
and (d)—AgNP#4.

AgNP#1 and AgNP#3 had a relatively narrow size distribution, with the particle
diameters ranging from 10 to 35 nm, while AgNP#2 exhibited a broader size range—from
15 to 60 nm. AgNP#4 was characterized by the smallest individual nanoparticles (below
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10 nm), but showed a higher degree of aggregation. The synthesized AgNPs exhibited a
predominantly face-centered cubic crystalline structure, which is characteristic of metallic
silver; namely, AgNP#1 and AgNP#3 displayed greater crystallinity with sharper and more
intense peaks, suggesting a well-ordered atomic arrangement and lower levels of internal
defects. AgNP#2 exhibited broader diffraction peaks, indicating a smaller crystallite size
and potentially higher structural disorder. AgNP#4 showed lower crystallinity. As follows
from Figure 2 and our previous studies [29], the AgNP#2 formulation has the largest
particle size with a diameter exceeding 20 nm, which may be the reason for the lack of
its antimicrobial activity against E. coli ATCC 25922 and E. faecalis ATCC 29213 (Table 1).
At the same time, the lowest MIC and MBC values were observed for AgNP#4, which is
characterized by the smallest particle size. AgNP#4 also showed the lowest (4 ug/mL)
non-toxic concentration, i.e., this formulation had the largest cytotoxicity. Therefore, when
choosing the optimal drug, one should be guided not only by its antimicrobial activity
indicators, but also by geno- and cytotoxicity.

Regarding cytotoxicity and genotoxicity, all synthesized AgNPs were biosafe, with
no significant genotoxic effects [29]. However, cytotoxicity varied among the samples.
AgNP#3 had the highest non-toxic concentration (30 nug/mL), while AgNP#4 showed the
lowest one (4 ug/mL), indicating a larger cytotoxic effect. AgNP#1 and AgNP#2 were
characterized by intermediate cytotoxic thresholds (15 pg/mL and 10 pug/mL, respectively).
Thus, the synthesis method significantly influenced not only the size and morphology
of nanoparticles, but also the biological safety of AgNPs. AgNP#3 exhibited the most
favourable balance of stability, low aggregation, and minimal cytotoxicity. The bactericidal
and bacteriostatic activities of this formulation proved to be optimal.

3.2. Impact of AgNPs on the Soil Microbiota

Extensive studies are currently being carried out on the penetration of metallic
nanoparticles (M-NPs) into air, water, and soil ecosystems. It is known that in soil M-
NPs, in particular AgNPs, exhibit different degrees of dissolution, agglomeration, and
aggregation depending on their properties (size, shape, surface charge) and physicochemi-
cal characteristics of the soil (pH, ionic strength, amount of organic matter, clay content,
etc.). These factors determine their mobility and bioavailability to soil organisms, and
consequently, their potential toxicity to soil microbiota [37-39]. It was proved that at the
concentrations 1-2 ppm, AgNPs did not affect aerobic microbial denitrification, indicating
a lack of negative impact on soil microflora [40]. However, according to other researchers,
AgNPs can decrease the abundance of Sphingomonas and Lysobacter, while increasing the
populations of Flavobacterium and Niastella in soil layers with a larger metal content [41-43].
Taking it into account, it is necessary to assess the possible negative impact of the tested
AgNPs formulations on the soil microbiota.

Thus, the next phase of this study focused on the estimation of antimicrobial effects of
AgNPs at MBC against sanitary-indicator microorganisms on the naturally occurring soil
microbiota. The impact of the tested AgNPs formulations was assessed in sandy silt loam
soil, characterized by its pH, salinity, organic matter content, exchangeable calcium and
magnesium, cation exchange capacity (CEC), and exchangeable potassium levels.

The effect of the AgNPs formulations on bacteria in the soil was studied, which, ac-
cording to the indicators of water pH and hydrolytic pH, salinity, organic matter level,
exchangeable calcium and exchangeable magnesium, cation exchange capacity, and ex-
changeable potassium, was identified as the sandy silt loam. The dynamics of total bacterial
abundance in the selected soil after exposure to AgNPs are shown in Table 3.



Materials 2025, 18, 4952

90f19

Table 3. Investigations of changes in the number of bacteria in soil with added AgNPs.

AgNP Formulation

Number of Microorganisms, CFU

3 Days

7 Days

10 Days

15 Days

AgNP#1
AgNP#2
AgNP#3
AgNP#4
Control

(3.7 £0.2) x 107
(3.5 £ 0.3) x 107
(4.1£0.1) x 107
(3.7 £ 0.2) x 107
(3.5 4 0.3) x 107

(3.7 £0.1) x 107
(32+0.1) x 107
(4.8 £0.1) x 107
(4.440.1) x 107
(3.4 +0.3) x 107

(3.5 +£0.2) x 107
(3.3+0.2) x 107
(5.9 £0.1) x 107
(4.9 £0.1) x 107
(3.6 +0.1) x 107

(34 £0.1) x 107
(3.3 +0.1) x 107
(6.1 £0.1) x 107
(5.8 4+0.1) x 107
(3.540.1) x 107

It was observed that the application of all tested AgNPs formulations did not cause a
decrease in the total number of soil microorganisms, even though these NPs were applied
at the bactericidal concentrations for E. coli, E. faecalis, S. aureus, and P. aeruginosa (the
concentrations of AgNP#1, AgNP#2, AgNP#3 were 30 ug/g soil, and one of AgNP#4 was
3.5 ug/g soil). A positive effect of the tested AgNPs on soil bacteria was found. AgNP#3
stimulated an increase in the total microbial population; that is, the total bacterial number
in the soil increased 1.74-fold in 15 days after the AgNP#3 application compared to the
control. A similar stimulating effect was noticed for AgNP#4. Thus, it can be concluded
that none of the studied AgNPs caused inhibition of the vital activity of soil bacteria, even
in the bactericidal concentrations for sanitary indicator bacteria.

3.3. Antibacterial Activity of AGQNPs Against Pseudomonas syringae

At the next stage of the study, the antimicrobial properties of AgNPs against phy-
topathogenic bacteria were determined. 11 isolates of potentially phytopathogenic bacteria
were isolated from infected Zea mays leaves and ears. To determine isolates that would have
a known phytopathogenic gene Psy of bacteria P. syringae, the PCR analysis was performed
using specific oligonucleotide primers for the specific determination of the Psy gene. As
shown in Figure 3, in the two studied isolates, N10 and N11, there were DNA fragments,
the size of which corresponded to the Psy gene being 144 bp. The bacteria of isolates N10
and N11 were registered as the laboratory collection of the F.D. Ovcharenko Institute of
Biocolloidal Chemistry of the NAS of Ukraine, strain P. syringae N1 and strain P. syringae
N2, respectively.

Figure 3. Electrophoregram of PCR products of Psy gene detection: 1—isolate #1, 2—isolate #2,
3—isolate #3, 4—isolate #4, 5—molecular mass marker Generunner 100 bp, 6—isolate #5, 7—isolate
#6, 8—isolate #7, 9—isolate #8, 10—isolate #9, 11—isolate #10, 12—isolate #11, 13—molecular mass
marker pUC19/Hinf1 (1419, 517, 396, 214, 75, 65 bp).
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The bacteria of strain N1 were isolated from Zea mays cobs with signs of bacterial
disease (blackening of grains, soft, sometimes rotten grains). On the surface of LAgar, after
24 h of cultivation, bacteria of this strain grew in the form of large white colonies with a
diameter of up to 6 mm with a smooth surface, whereas in LBroth after 18-24 h—evenly
without films and conglomerates. Microorganisms of strain N2 were isolated from corn
leaves with signs of bacterial disease (dry spotted fragments).

On the surface of LAgar after 24 h of cultivation, bacteria of this strain grew in the form
of small yellowish-white colonies with a diameter of 3 mm, with a smooth surface, whilst in
LBroth after 18-24 h, with the formation of films. Both strains were Gram-negative, motile
rods, non-spore-forming, oxidase-negative, unable to reduce nitrates, and did not produce
hydrogen sulfide or indole. They did not utilize glucose or salicin anaerobically, consistent
with P. syringae characteristics. The strains showed weak production of fluorescent pigments
and utilized glucose and galactose as carbon sources.

The study of the antimicrobial properties of all AgNPs against the phytopathogenic
bacteria of two strains of P. syringae showed a large degree of antimicrobial activity. Figure 4
presents the results of the disk diffusion test.

Figure 4. Results of studies of the antimicrobial activity of AgNPs formulations (1—AgNP#1,
2—AgNP#2, 3—AgNP#3, 4—AgNP#4) against bacteria of the following strains: (A)—P. syringae N1,
(B)—P. syringae N2 by the disk-diffusion method.

As follows from the data in Table 4, the zones of inhibition of phytopathogen growth
are from 11 to 13 mm, which is an expression of antimicrobial activity and is consistent
with the literature data [44]. It is known that the expression of the toxic, and therefore
bactericidal, effect of M-NPs is the formation of reactive oxygen species in living bac-
terial cells, which damage biomacromolecules, DNA, and cell components, leading to
their death [45].

Table 4. Antimicrobial effect of AgNPs against P. syringae bacteria according to the disk-diffusion
method and MBC.

AgNP Formulation P. syringae N1 P. syringae N2
Zone of MBC, Zone of MBC,
Inhibition, mm ug/mL Inhibition, mm pug/mL
AgNP#1 13+1 30 12+1 30
AgNP#2 12+1 30 13+1 30
AgNP#3 11+1 30 12+1 30
AgNP#4 12+1 3.5 13+1 3.5

Experimental data on the MBC of AgNPs fully coincided with the data for assessing
the MBC of test sanitary indicator microorganisms. The MBC for both strains of P. syringae
bacteria of AgNP#1-3 was 30 pg/mL, and for the AgNPs#4, 3.5 ug/mL. So, all AgNPs
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demonstrated antibacterial activity against both P. syringae strains, which is consistent with
the results for sanitary-indicator microorganisms.

To assess the antimicrobial activity of AgNPs in the soil, a study in the soil contami-
nated with bacteria of both strains of P. syringae was carried out. The soil contaminated
with phytopathogens without AgNPs was used as a control. Microbiological control of
the total number of P. syringae bacteria was made after 3,7, 10, and 15 days. The results of
microbiological analysis are presented in Table 5.

Table 5. Changes in the number of phytopathogenic bacteria P. syringae (P. syringae N1 and P. syringae
N2) in the soil with added AgNPs.

AgNP Formulation

Inoculation Dose
of Bacteria, CFU *

3 Days

Number of Microorganisms, CFU

7 Days

10 Days

15 Days

AgNP#1
AgNP#2
AgNP#3
AgNP#4
Control **

(1.5 +0.1) x 107
(1.5 +£0.1) x 107
(1.540.1) x 107
(1.5 40.1) x 107
(1.5 £0.1) x 107

(12 +0.2) x 10*
(2.2 +0.1) x 10*
(2.340.2) x 104
(1.6 £0.1) x 10*
(1.1 £0.1) x 107

(44+0.1) x 103
(22 +0.2) x 103
(4.3 +0.1) x 103
(1.3+0.1) x 103
(1.7 £0.1) x 10°

(1.1 £ 0.1) x 102
(1.0 £0.1) x 102
0
0
(1.1 £0.1) x 10°

(0.8 +£0.1) x 102
(0.5 £ 0.1) x 10?
0
0
(1.0 £0.1) x 10*

* CFU—Colony forming unit; ** Control—the soil not treated with AgNPs, but kept under the conditions similar
to those used in the experiment-time, temperature.

It was noted that the introduction of AgNP#1 into the soil decreased the number of
phytopathogens by 5 orders of magnitude in 15 days. A similar effect was observed for
AgNP#2. Regarding the formulations AgNP#3 and AgNP#4, the antimicrobial effect was
manifested to a higher degree. When these formulations were applied, the presence of
phytopathogenic bacteria P. syringae was not reliably recorded in the soil after 10 days.

The next stage of our research involved studying the nature of Zea mays seed ger-
mination in the soil contaminated with both strains of P. syringae in the presence of the
AgNPs formulations. The contaminated soil without nanosilver, as well as the soil not
contaminated with P. syringae, served as controls. Figure 5 presents the data from the
vegetation tests on the germination of corn seeds in soil with and without AgNP#1-4.

Figure 5. Vegetative tests on germination of Zea mays seeds in not contaminated soil (a) and
soil contaminated with P. syringae (b) without (K) and with nanosilver formulations: 1 —AgNP#1,
2—AgNP#2, 3—AgNP#3, 4—AgNP#4.

In the non-contaminated soil, AgNP#1 and AgNP#2 formulations stimulated the
germination of Zea mays seeds. The seedlings were larger than in the control, and the
number of germinated seeds was the same everywhere (all 5 seeds germinated) (Table 6).
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Therefore, it can be stated that AgNP#1 and AgNP#2 had a stimulating effect on seed
germination, which can be associated with the biological activity of the eucalyptus extract,
with the use of which these formulations were obtained. On the other hand, AgNP#4
inhibited the germination of Zea mays significantly.

Table 6. Study of Zea mays seed germination in clean and phytopathogen-contaminated soils contain-
ing AgNPs.

AeNP Uncontaminated Soil Soil Contaminated with P. syringae
S a;o’nple Number of Germinated Length of the Number of Germinated Length of the
Seeds, Units Seedling, mm Seeds, Units Seedling, mm

AgNP#1 5 36 £12 1 64 + 18

AgNP#2 5 34+11 3 34 +£29

AgNP#3 5 31+5 4 36+7

AgNP#4 5 62 4 31+8

Control 5 17 +4 4 11+4

The vegetation tests data on germination of Zea mays seeds in the soil contaminated
with AgNPs formulations showed a slightly different germination pattern. Although the
phytopathogenic strains used in the experiments were isolated from tissues of adult plants,
the phytopathogenic effect of P. syringae N1 and P. syringae N2 was manifested at the stage of
seed germination. The seedlings developed extremely slowly and looked morphologically
exhausted, as shown by the data in the control groups. It was observed that 4 seeds
germinated there. In the P. syringae-contaminated soil with AgNP#1, germination of only
1 out of 5 seeds was noted, with AgNP#2, of 3 seeds, with AgNP#3 and AgNP#4, of
4 seeds. The use of AgNP#3 as an antimicrobial agent demonstrated the highest degree of
antibacterial action in the soil.

4. Discussion

Thus, based on the purpose of this study, namely the evaluation of the antimicro-
bial potential of biogenically synthesized AgNPs against the sanitary indicator and phy-
topathogenic bacteria as well as the evaluation of their impact on soil microbiota and
plant development, the experimental results showed that all the studied “green” AgNPs
exhibited antimicrobial activity against both Gram-positive (GPB) and Gram-negative bac-
teria (GNB). The working hypothesis assumed that AgNPs obtained by “green” synthesis
had sufficient antimicrobial efficacy, while remaining biocompatible with beneficial soil
bacteria and non-toxic to plants. The results confirmed this assumption to a large extent
and provided new insights into the selective activity of AgNPs under different biological
and environmental conditions.

The varying degrees of antimicrobial activity are due to the diverse chemical structure
of the synthesized silver NPs. Considering that the syntheses were conducted using
different plant extracts and pure tannin, all four types of NPs are different and have
different coatings. The coating shell can enhance the antimicrobial effect of some of
them. NPs obtained using tannin (AgNP#3) can have a surface coating that enhances
the antimicrobial effect. It is known that AgNPs adhere to the surface of bacteria and
affect the membrane function [46]. The silver atom is inert and stable, but it becomes
reactive when it reaches an oxidation state of Ag*. Silver ions (Ag") bind to proteins in
the plasma and nuclear membranes, forming a complex that causes structural changes
in the membrane [47]. Antimicrobial Ag* is also released through the dissolution of
AgNPs. Ag* ions react non-selectively with the electron-donating groups such as thiols,
hydroxyls, imidazoles, and phosphates [48]. AgNPs accumulate on the surface of bacteria
and form aggregates. As a result, AgNPs create perforations in the cell wall, disrupting
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the integrity of the membrane, which leads to cell death. It is shown using the example of
AgNPs obtained by means of glycosylated polyphenol-flavonoid luteolin, a smaller-sized
AgNP is characterized by the strongest antimicrobial activity [49]. The shape and size
of nanoparticles can be important even in the case of nanoparticles that have the same
area-to-volume ratio. In addition to size and shape, surface modification and heterogeneity
affect the antibacterial ability of AgNPs. A recent study showed that surface modification
of AgNPs introduces a physical mechanism of antibacterial activity in addition to their
inherent ability to interfere biologically [35,50].

In our previous paper [29], a detailed study of the structure of synthesized nanopar-
ticles and their colloidal behaviour was carried out. Table 7 presents the data about the
particle size and their (-potential.

Table 7. Average particle size (D) and their (-potential AgNPs [29].

AgNP Def, nm )
: : (-Potential, mV
Sample According to TEM *  According to DLS **
AgNP#1 16 nm 101 nm —28.3
AgNDP#2 28 nm 103 nm -19.2
AgNP#3 17 nm 7 nm, 30 nm —35.2
AgNP#4 5nm, 35 nm 10 nm, 93 nm —-17.5

* TEM—Transmission Electron Microscopy. ** DLS—The dynamic light scattering method.

The synthesized AgNPs displayed diverse size distributions and colloidal properties.
The TEM analysis showed core sizes of 5-35 nm, with AgNP#4 exhibiting a bimodal distri-
bution (5 nm and 35 nm), while DLS measurements indicated some degree of aggregation
in the aqueous media, particularly for AgNP#1 and AgNP#2 (101-103 nm). The (-potentials
ranged from —17.5 mV to —35.2 mV, indicating moderate electrostatic stabilization, with
AgNP#3 being the most negatively charged (—35.2 mV) and thus most colloidally stable.
These physicochemical characteristics correlated with the antimicrobial activity: AgNP#3,
which combines a small core size (~17 nm), small aggregation, and large colloidal stability,
exhibited the strongest antibacterial effect against Pseudomonas syringae. Smaller, stable
nanoparticles had a higher surface-area-to-volume ratio and better dispersion, enhancing
their interactions with bacterial cells and promoting silver ion release, which likely underlay
their superior activity.

The antimicrobial activity observed against both GPB and GNB is consistent with the
earlier reports demonstrating the broad-spectrum action of AgNPs [9,12,14]. However,
unlike some previous studies that suggested a larger sensitivity of GPB due to the absence of
an outer membrane [46,47], our findings did not reveal a significant difference in sensitivity
between GPB and GNB. Instead, bactericidal (killing bacteria) and bacteriostatic (inhibiting
bacterial growth) effects were observed for the tested AgNPs formulations across all tested
strains, regardless of their Gram classification, suggesting that factors such as nanoparticle
size, crystallinity, and surface chemistry can play a more defining role than bacterial cell
wall structure alone.

Among the tested formulations, AgNP#3 and AgNP#4 demonstrated the most pro-
nounced antimicrobial activity, which was likely due to their smaller particle sizes and
larger surface area, facilitating more effective interactions with bacterial cells. The literature
supports the importance of nanoparticle size and shape in determining antimicrobial effi-
ciency [36-39]. Notably, AgNP#4 exhibited the smallest MIC and MBC values, as well as the
largest cytotoxicity in the previous biosafety tests [29], which underscored the importance
of balancing efficacy with safety for practical applications.



Materials 2025, 18, 4952

14 of 19

Thus, the antibacterial activity of AgNPs against both GNB (e.g., E. coli, P. aeruginosa,
P. syringae) and GPB (S. aureus, E. faecalis) involves several interrelated mechanisms. Firstly,
AgNPs attach electrostatically to cell envelopes, causing structural disruption of the pepti-
doglycan layer or lipopolysaccharide outer membrane, which increases permeability and
leads to leakage of intracellular components [12,19]. Secondly, AgNPs act as reservoirs of
silver ions (Ag*), which bind thiol groups of essential proteins, inactivating respiratory
enzymes and disturbing metabolic pathways [51]. Thirdly, both AgNPs and Ag* induce
oxidative stress by stimulating the production of reactive oxygen species (ROS), resulting
in lipid peroxidation, protein oxidation, and DNA damage [7]. Moreover, internalized
AgNPs and Ag* can interact directly with DNA and ribosomes, inhibiting replication
and translation [18]. These mechanisms explain the consistent inhibitory effect of all four
AgNP preparations against the tested bacterial strains observed in our MIC/MBC and
soil-based experiments.

Notably, the magnitude of antibacterial activity differed among the four green-
synthesized AgNP formulations. AgNP#4 (Aloe-based) exhibited the strongest activ-
ity (MIC/MBC < 1.5-3.5 ug/mL), which can be attributed to its smallest particle size
(<10 nm), enabling rapid release of Ag* and extensive surface interactions with bacterial
membranes [34,35]. However, this preparation was also the most cytotoxic, highlighting
the trade-off between efficiency and safety. AgNP#3 (tannin-reduced) showed compara-
bly large antibacterial activity with superior colloidal stability, narrow size distribution
(10-35 nm), and the highest non-toxic concentration in mammalian cell assays, thus offering
the most favourable balance between efficacy and biocompatibility. AgNP#1 (eucalyp-
tus extract, aqueous-ethanolic) demonstrated intermediate effectiveness, consistent with
moderate particle size and crystallinity. In contrast, AgNP#2 (aqueous eucalyptus extract)
was less active in the agar diffusion assays, likely due to its larger particle size (15-60 nm)
and reduced diffusion through solid media. Nevertheless, the liquid culture assays con-
firmed the antibacterial action of AgNP#2, emphasizing the methodological limitation of
diffusion-based assays for nanoparticle evaluation [31,32]. Thus, the most important factor
in antibacterial activity is the rate of release of Ag*, which depends on the size of AgNPs,
their crystal structure, and the phytoshell that reduces and stabilizes the nanoparticles.
However, the size of AgNDPs also affects their cytotoxicity, which makes their practical
application impossible in case of exceeding biosafe concentrations. In the search for an
optimal balance between antimicrobial efficacy and biosafety, AgNP#3 (tannin-reduced)
showed the best results, whereas AgNP#4 (Aloe-based) were unsuitable for practical use
due to their very small particle size and broad size distribution, which make them cyto-
toxic because of the rapid kinetics of silver ion release and their ability to penetrate living
cell membranes.

Besides the size and crystallinity, phytochemical capping agents derived from plant ex-
tracts modulate colloidal stability, Ag* release kinetics, and possibly contribute to intrinsic
antimicrobial or plant-stimulatory activities [30]. This can explain the observed stimula-
tion of Zea mays germination for AgNP#1 and AgNP#2, contrasting with the inhibitory
effect of AgNP#4. Finally, the environmental context plays a decisive role: although soil
organic matter and ionic strength can limit AgNP dispersion, both AgNP#3 and AgNP#4
were able to eradicate P. syringae in soil microcosms completely, whereas AgNP#1 and
AgNP#2 reduced bacterial counts by up to five orders of magnitude. Taken together, these
results highlight that subtle differences in the synthesis route, particle size, crystallinity,
and capping chemistry translate into marked variability in the antibacterial potency and
environmental safety profiles of green-synthesized AgNPs.

An important and novel aspect of this study was the assessment of AgNPs’ activity
in the soil matrix. AgNP#3 and AgNP#4 suppressed completely Pseudomonas syringae



Materials 2025, 18, 4952

15 of 19

populations in the contaminated soil within 10 days, without causing a measurable decline
in the total number of beneficial soil microorganisms. On the contrary, both formulations
promoted microbial growth, particularly AgNP#3, which increased total bacterial count by
1.74-fold after 15 days. This finding is especially promising in the context of sustainable
agriculture, as it suggests that certain “green” AgNPs can sanitize soil from phytopathogens
without compromising ecological balance.

Moreover, the vegetative tests with Zea mays provided further insight into the biologi-
cal activity and selectivity of AgNPs. AgNP#1 and AgNP#2, synthesized using eucalyptus
extracts, stimulated seed germination in non-contaminated soil. However, only AgNP#3
maintained both antimicrobial efficacy and favourable plant response in the P. syringae-
infected soil. These results emphasize the potential of AgNP#3 as a candidate for integrated
plant protection solutions that combine pathogen suppression with plant growth support.

Taken together, the findings of this study support the hypothesis that green-
synthesized AgNPs, particularly AgNP#3, can serve as multifunctional agents for soil
sanitation and plant health improvement. These results align with the prior evidence on the
role of biologically derived AgNPs in plant protection [14,15,17,20], while also advancing
the field by demonstrating their selective action under the actual soil conditions.

Thus, the in vitro studies, in addition to demonstrating the positive properties of
AgNPs, such as antimicrobial and antifungal activities, also revealed their adverse and
toxic effects on the health of cells or bacteria after exposure to these nanoparticles. The
toxicological studies involved exposing a range of cells and organs to different doses of
chemicals and monitoring their response over a specified period of time [52].

The antimicrobial properties of silver nanoparticles depend on their size. The small
size of silver nanoparticles has an increased active surface area that reacts with bacterial
cells, which increases the number of extract molecules attached to the surface [53]. Once
released into the environment, AgNPs can undergo various transformations, such as
aggregation, agglomeration, or dissolution, resulting in the formation of various chemical
compounds (e.g., sulphides or chlorides) [54].

Another transformation of AgNPs in the environment is their combination with
various substances, which are predominantly natural organic materials. Depending on the
composition of the organic material and the agent forming the nanomaterial, the solubility
and aggregation of nanoparticles can vary. For example, the aggregation of AgNPs can be
reduced when AgNPs interact with the organic material, forming a coating that stabilises
the nanoparticles. Organic compounds found in the environment can also form silver
nanoparticles by reducing silver ions [55]. Therefore, nanoparticles in the environment are
not found separately, but in combination with various chemical compounds or undergo
transformations, which is why their complex toxicity after such transformations should
be investigated [56].

Nonetheless, several questions remain open. The mechanisms behind the stimulatory
effect of AgNPs on soil microbiota need further clarification, possibly involving microbial
community profiling (e.g., via 165 rRNA sequencing). Additionally, long-term studies are
needed to evaluate potential cumulative effects, environmental persistence, and the risk
of resistance development among soil pathogens. Future research should also explore the
formulation of AgNPs into delivery systems such as hydrogels or biochar to enhance their
environmental stability and targeted release.

5. Conclusions

Thus, in this study, the effective antimicrobial activity of green-synthesized silver
nanoparticles (AgNPs) against a broad spectrum of bacteria, including both the sanitary-
indicator species (E. coli, S. aureus, E. faecalis, P. aeruginosa) and the phytopathogenic strains
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of Pseudomonas syringae isolated from Zea mays, was revealed. Among the tested formula-
tions, AgNP#3 and AgNP#4 exhibited the most pronounced bactericidal and bacteriostatic
effects, which correlated with their smaller particle sizes and larger specific surface area.
A clear relationship was observed between antimicrobial efficiency, particle size, and
(-potential: smaller and more negatively charged nanoparticles (particularly AgNP#3,
—35.2 mV) exhibited stronger antibacterial activity due to better colloidal stability, reduced
aggregation, and enhanced interactions with bacterial membranes. Conversely, formu-
lations with larger particles or lower (-potential (AgNP#2, —19.2 mV) showed reduced
activity, likely because of limited dispersion and slower ion release.

Importantly, the application of AgNPs in the soil environments proved that these
nanoparticles could suppress phytopathogenic bacteria effectively without negatively im-
pacting beneficial soil microbiota. Moreover, some formulations, particularly AgNP#3,
stimulated overall microbial activity and supported Zea mays seed germination in contami-
nated soil, highlighting their potential for sustainable agricultural use.

These findings underscore the potential of biogenic AgNPs as safe and selective
agents for soil sanitation and plant protection. The results also suggest that nanoparticle
formulation and synthesis method critically influence not only antimicrobial performance
but also biocompatibility and environmental behaviour.

This study emphasizes the significant potential of selected biogenic AgNPs for envi-
ronmentally safe pathogen control in agroecosystems. Their dual action—antimicrobial
and growth-promoting—supports further development toward practical applications in
sustainable agriculture and environmental remediation.
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Abbreviations

The following abbreviations are used in this manuscript:

AgNPs Silver Nanoparticles

ATCC American Type Culture Collection (bacterial strain repository)

CFU Colony-Forming Unit (used in microbiology to quantify viable bacteria)

DNA Deoxyribonucleic Acid

GNB Gram-Negative Bacteria

GPB Gram-Positive Bacteria

LA Luria Agar (nutrient medium for bacterial culture)

MBC Minimum Bactericidal Concentration (lowest concentration of an antimicrobial
agent that kills bacteria)

MIC Minimum Inhibitory Concentration (lowest concentration of an antimicrobial

agent that inhibits bacterial growth)
M-NPs Metallic Nanoparticles

PCR Polymerase Chain Reaction (a technique for amplifying DNA)

Psy Pseudomonas syringae-specific phytopathogenic gene

ROS Reactive Oxygen Species (highly reactive molecules causing oxidative stress)
NPs Nanoparticles

TEM Transmission Electron Microscopy (a technique for imaging at the nanoscale)

Zea mays  Scientific name for maize (corn)

References

1.  Garbeva, P.; Van Veen, ].A.; Van Elsas, ].D. Microbial diversity in soil: Selection of microbial populations by plant and soil type
and implications for disease suppressiveness. Annu. Rev. Phytopathol. 2004, 42, 243-270. [CrossRef]

2. Chee-Sanford, J.C.; Mackie, R.I; Koike, S.; Krapac, 1.G.; Lin, Y.F; Yannarell, A.C.; Aminov, RI. Fate and transport of an-
tibiotic residues and antibiotic resistance genes following land application of manure waste. J. Environ. Qual. 2009, 38,
1086-1108. [CrossRef]

3. Hutchison, M.L.; Walters, L.D.; Avery, S.M.; Munro, F.; Moore, A. Analyses of livestock production, waste storage, and pathogen
levels and prevalence. Appl. Environ. Microbiol. 2005, 71, 1231-1236. [CrossRef]

4. VanElsas, ].D.; Semenov, A.V,; Costa, R.; Trevors, ].T. Survival of Escherichia coli in the environment: Fundamental and public
health aspects. ISME J. 2011, 5, 173-183. [CrossRef]

5. Sharma, M.; Reynnells, R. Importance of soil amendments: Survival of bacterial pathogens in manure and compost used as
organic fertilizers. Microbiol. Spectr. 2016, 4, 1-13. [CrossRef] [PubMed]

6.  Singh, R.; Shedbalkar, U.U.; Wadhwani, S.A.; Chopade, B.A. Bacteriagenic silver nanoparticles: Synthesis, mechanism, and
applications. Appl. Microbiol. Biotechnol. 2015, 99, 4579-4593. [CrossRef] [PubMed]

7. Rodrigues, A.S.; Batista, ].G.S.; Rodrigues, M.A.V; Thipe, V.C.; Minarini, L.A.R.; Lopes, P.S.; Lugao, A.B. Advances in silver
nanoparticles: A comprehensive review on their potential as antimicrobial agents and their mechanisms of action elucidated by
proteomics. Front. Microbiol. 2024, 15, 1440065. [CrossRef]

8. Rai, M,; Yadav, A.; Gade, A. Silver nanoparticles as a new generation of antimicrobials. Biotechnol. Adv. 2009, 27,
76-83. [CrossRef] [PubMed]

9. Mohamed, A.; Dayo, M.; Alahmadi, S.; Ali, S. Anti-Inflammatory and Antimicrobial Activity of Silver Nanoparticles Green-
Synthesized Using Extracts of Different Plants. Nanomaterials 2024, 14, 1383. [CrossRef]

10. Trzciriska-Wencel, J.; Mucha, N.; Rai, M.; Tyburski, J.; Golifiska, P. Pre-sowing grain treatment with bio-AgNPs stimulates plant
growth and affects redox homeostasis in maize. Front. Plant Sci. 2023, 16, 202516. [CrossRef]

11.  Doolotkeldieva, T.; Bobusheva, S.; Zhasnakunov, Z.; Satybaldiev, A. Biological Activity of Ag and Cu Monometallic Nanoparticles
and Ag-Cu Bimetallic Nanocomposites against Plant Pathogens and Seeds. J. Nanomater. 2022, 1, 1190280. [CrossRef]

12.  Morones, J.R; Elechiguerra, ].L.; Camacho, A.; Holt, K.; Kouri, ].B.; Ramirez, ].T.; Yacaman, M.]. The bactericidal effect of silver
nanoparticles. Nanotechnology 2005, 16, 2346. [CrossRef]

13. Dzimitrowicz, A.; Motyka-Pomagruk, A.; Cyganowski, P.; Babinska, W.; Terefinko, D.; Jamroz, P.; Lojkowska, E.; Pohl, P.; Sledz, W.
Antibacterial activity of fructose-stabilized silver nanoparticles produced by direct current atmospheric pressure glow discharge
towards quarantine pests. Nanomaterials 2018, 8, 751. [CrossRef] [PubMed]

14. Jiang, L.; Xiang, S.; Lv, X. Biosynthesized silver nanoparticles inhibit Pseudomonas syringae pv. tabaci by directly destroying

bacteria and inducing plant resistance in Nicotiana benthamiana. Phytopathol. Res. 2022, 4, 43. [CrossRef]


https://doi.org/10.1146/annurev.phyto.42.012604.135455
https://doi.org/10.2134/jeq2008.0128
https://doi.org/10.1128/AEM.71.3.1231-1236.2005
https://doi.org/10.1038/ismej.2010.80
https://doi.org/10.1128/microbiolspec.PFS-0010-2015
https://www.ncbi.nlm.nih.gov/pubmed/27726763
https://doi.org/10.1007/s00253-015-6622-1
https://www.ncbi.nlm.nih.gov/pubmed/25952110
https://doi.org/10.3389/fmicb.2024.1440065
https://doi.org/10.1016/j.biotechadv.2008.09.002
https://www.ncbi.nlm.nih.gov/pubmed/18854209
https://doi.org/10.3390/nano14171383
https://doi.org/10.3389/fpls.2025.1494741
https://doi.org/10.1155/2022/1190280
https://doi.org/10.1088/0957-4484/16/10/059
https://doi.org/10.3390/nano8100751
https://www.ncbi.nlm.nih.gov/pubmed/30248904
https://doi.org/10.1186/s42483-022-00148-8

Materials 2025, 18, 4952 18 of 19

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Mishra, S.; Singh, H.B. Biosynthesized silver nanoparticles as a nanoweapon against phytopathogens: Exploring their scope and
potential in agriculture. Appl. Microbiol. Biotechnol. 2015, 99, 1097-1107. [CrossRef]

Naqvi, Q.U.; Kanwal, A.; Qaseem, S.; Naeem, M.; Ali, S.R.; Shaffique, M.; Magbool, M. Size-dependent inhibition of bacterial
growth by chemically engineered spherical ZnO nanoparticles. J. Biol. Phys. 2019, 45, 147-159. [CrossRef]

Lamsal, K; Kim, S.W.; Jung, ] H.; Kim, Y.S.; Kim, K.S.; Lee, Y.S. Application of silver nanoparticles for the control of Colletotrichum
species in pepper plants. Mycobiology 2011, 39, 194-199. [CrossRef]

More, PR.; Pandit, S.; De Filippis, A.; Franci, G.; Mijakovic, I.; Galdiero, M. Silver nanoparticles: Bactericidal and mech-anistic
approach against drug-resistant pathogens. Microorganisms 2023, 11, 369. [CrossRef] [PubMed]

Dakal, T.C.; Kumar, A.; Majumdar, R.S.; Yadav, V. Mechanistic basis of antimicrobial actions of silver nanoparticles. Front.
Microbiol. 2016, 7, 1831. [CrossRef]

Dias Samarajeewa, A.; Velicogna, J.; Schwertfeger, D.M.; Jesmer, A.; Princz, J.; Subasinghe, R.M.; Scroggins, R.P,; Beaudette, L.A.
Effect of silver nanoparticle contaminated biosolids on the soil microbial community. NanoImpact 2019, 14, 100157. [CrossRef]
Sedlakova-Kadukova, J.; Sincak, M.; Demc¢akova, V. Does the silver nanoparticles production route affect the prolifer-ation of
antibiotic resistance in soil ecosystem? Antibiotics 2025, 14, 15. [CrossRef]

Chen, Q.L.; Zhu, D.; An, X.L,; Ding, J.; Zhu, Y.G.; Cui, L. Does nano silver promote the selection of antibiotic re-sistance genes in
soil and plant? Environ. Int. 2019, 128, 399-406. [CrossRef]

Thuesombat, P.; Hannongbua, S.; Akasit, S.; Chadchawan, S. Effect of silver nanoparticles on rice (Oryza sativa L.) seed
germination and seedling growth. Ecotoxicol. Environ. Saf. 2014, 104, 302-309. [CrossRef]

Rajput, V.; Minkina, T.; Mazarji, M.; Shende, S.; Sushkova, S.; Mandzhieva, S.; Burachevskaya, M.; Chaplygin, V.; Singh, A;
Jatav, H. Accumulation of nanoparticles in the soil-plant systems and their effects on human health. Ann. Agric. Sci. 2020, 65,
137-143. [CrossRef]

De Lima, R.; Seabra, A.B.; Duran, N. Silver nanoparticles: A brief review of cytotoxicity and genotoxicity of chemically and
biogenically synthesized nanoparticles. J. Appl. Toxicol. 2012, 32, 867-879. [CrossRef]

Courtois, P,; Rorat, A.; Lemiere, S.; Guyoneaud, R.; Attard, E.; Levard, C.; Vandenbulcke, F. Ecotoxicology of silver nanoparticles
and their derivatives introduced in soil with or without sewage sludge: A review of effects on microor-ganisms, plants, and
animals. Environmental Pollution 2019, 253, 578-598. [CrossRef]

Mohamed, H.I.; Abd-Elsalam, K.A.; Tmam, A.M.M.; Sofy, M.R. Silver-based nanomaterials for plant diseases management:
Today and future perspectives. In Silver Nanomaterials for Agri-Food Applications; Elsevier: Amsterdam, The Netherlands, 2021;
pp. 495-526. [CrossRef]

Akter, M.; Sikder, M.T.; Rahman, M.M.; Ullah, A.A.; Hossain, K.EB.; Banik, S.; Hosokawa, T.; Saito, T.; Kurasaki, M. A
systematic review on silver nanoparticles-induced cytotoxicity: Physicochemical properties and perspectives. J. Adv. Res. 2017, 9,
1-16. [CrossRef]

Dybkova, S.; Goncharuk, O.; Rieznichenko, L.; Terpitowski, K.; Borysenko, L.; Gruzina, T.; Dybkova, K.; Szewczuk-Karpisz, K.
Aqueous dispersions of ‘green’ silver nanoparticles for eco-applications: Synthesis, structure, and biosafety. . Mol. Lig. 2024, 415
Pt A, 126319. [CrossRef]

Roy, A.; Bulut, O.; Some, S.; Mandal, A.K; Yilmaz, M.D. Green synthesis of silver nanoparticles: Biomole-cule-nanoparticle
organizations targeting antimicrobial activity. RSC Adv. 2019, 9, 2673-2702. [CrossRef] [PubMed]

Balouiri, M.; Sadiki, M.; Ibnsouda, S.K. Methods for in vitro evaluating antimicrobial activity: A review. J. Pharm. Anal. 2016, 6,
71-79. [CrossRef] [PubMed]

Chung, E.; Ren, G.; Johnston, I.; Matharu, R K.; Ciric, L.; Walecka, A.; Cheong, Y.-K. Applied Methods to Assess the An-timicrobial
Activity of Metallic-Based Nanoparticles. Bioengineering 2023, 10, 1259. [CrossRef] [PubMed]

Guilbaud, C.; Morris, C.E.; Barakat, M.; Ortet, P.; Berge, O. Isolation and identification of Pseudomonas syringae fa-cilitated by a
PCR targeting the whole P. syringae group. FEMS Microbiol. Ecol. 2016, 92, fiv146. [CrossRef] [PubMed]

Sayed, F.A.Z.; Eissa, N.G.; Shen, Y.; Hunstad, D.A.; Wooley, K.L.; Elsabahy, M. Morphologic design of nanostructures for enhanced
antimicrobial activity. ]. Nanobiotechnology 2022, 20, 536. [CrossRef]

Raza, M.A.; Kanwal, Z.; Rauf, A; Sabri, A.N.; Riaz, S.; Naseem, S. Size- and shape-dependent antibacterial studies of silver
nanoparticles synthesized by wet chemical routes. Nanomaterials 2016, 6, 74. [CrossRef]

Lu, Z;; Rong, K.; Li, J.; Yang, H.; Chen, R. Size-dependent antibacterial activities of silver nanoparticles against oral anaerobic
pathogenic bacteria. |. Mater. Sci. Mater. Med. 2013, 24, 1465-1471. [CrossRef]

Kyziol-Komosinska, J.; Dzieniszewska, A.; Czupiot, ]. Behavior of Silver Species in Soil: Ag Nanoparticles vs. Ionic Ag. Molecules
2024, 29, 5531. [CrossRef]

Griin, A.-L.; Manz, W.; Kohl, Y.L.; Meier, F; Straskraba, S.; Jost, C.; Drexel, R.; Emmerling, C. Impact of silver nano-particles
(AgNP) on soil microbial community depending on functionalization, concentration, exposure time, and soil texture. Environ. Sci.
Eur. 2019, 31, 15. [CrossRef]


https://doi.org/10.1007/s00253-014-6296-0
https://doi.org/10.1007/s10867-019-9520-4
https://doi.org/10.5941/MYCO.2011.39.3.194
https://doi.org/10.3390/microorganisms11020369
https://www.ncbi.nlm.nih.gov/pubmed/36838334
https://doi.org/10.3389/fmicb.2016.01831
https://doi.org/10.1016/j.impact.2019.100157
https://doi.org/10.3390/antibiotics14010015
https://doi.org/10.1016/j.envint.2019.04.061
https://doi.org/10.1016/j.ecoenv.2014.03.022
https://doi.org/10.1016/j.aoas.2020.08.001
https://doi.org/10.1002/jat.2780
https://doi.org/10.1016/j.envpol.2019.07.053
https://doi.org/10.1016/B978-0-12-823528-7.00031-7
https://doi.org/10.1016/j.jare.2017.10.008
https://doi.org/10.1016/j.molliq.2024.126319
https://doi.org/10.1039/C8RA08982E
https://www.ncbi.nlm.nih.gov/pubmed/35520490
https://doi.org/10.1016/j.jpha.2015.11.005
https://www.ncbi.nlm.nih.gov/pubmed/29403965
https://doi.org/10.3390/bioengineering10111259
https://www.ncbi.nlm.nih.gov/pubmed/38002383
https://doi.org/10.1093/femsec/fiv146
https://www.ncbi.nlm.nih.gov/pubmed/26610434
https://doi.org/10.1186/s12951-022-01733-x
https://doi.org/10.3390/nano6040074
https://doi.org/10.1007/s10856-013-4894-5
https://doi.org/10.3390/molecules29235531
https://doi.org/10.1186/s12302-019-0196-y

Materials 2025, 18, 4952 19 of 19

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Ihtisham, M.; Noori, A.; Yadav, S.; Sarraf, M.; Kumari, P; Brestic, M.; Imran, M.; Jiang, F,; Yan, X.; Rastogi, A. Silver Nanoparticle’s
Toxicological Effects and Phytoremediation. Nanomaterials 2021, 11, 2164. [CrossRef]

Tourinho, P.S.; van Gestel, C.A,; Lofts, S.; Svendsen, C.; Soares, A.M.; Loureiro, S. Metal-based nanoparticles in soil: Fate, behavior,
and effects on soil invertebrates. Environ. Toxicol. Chem. 2012, 31, 1679-1692. [CrossRef]

Shahrokh, S.; Hosseinkhani, B.; Emtiazi, G. The impact of nano-silver on bacterial aerobic nitrate reductase. J. Bioprocess Biotech.
2014, 4, 162. [CrossRef]

He, S.; Feng, Y;; Ren, H.; Zhang, Y.; Gu, N.; Lin, X. The impact of iron oxide magnetic nanoparticles on the soil bacterial community.
J. Soils Sediments 2011, 11, 1408-1417. [CrossRef]

Ge, Y.; Schimel, ].P.; Holden, P.A. Identification of soil bacteria susceptible to TiO, and ZnO nanoparticles. Appl. Environ. Microbiol.
2012, 78, 6749-6758. [CrossRef]

Shah, V.; Collins, D.; Walker, K.V.; Shah, S. The impact of engineered cobalt, iron, nickel and silver nanoparticles on soil bacterial
diversity under field conditions. Environ. Res. Lett. 2014, 9, 024001. [CrossRef]

Crisan, M.C.; Pandrea, S.L.; Matros, L.; Mocan, T.; Mocan, L. In vitro antimicrobial activity of silver nanoparticles against selected
Gram-negative and Gram-positive pathogens. Med. Pharm. Rep. 2024, 97, 280-297. [CrossRef]

Liu, J.; Hurt, R.H. Ion release kinetics and particle persistence in aqueous nano-silver colloids. Environ. Sci. Technol. 2010, 44,
2169-2175. [CrossRef] [PubMed]

Le Ouay, B.; Stellacci, F. Antibacterial activity of silver nanoparticles: A surface science insight. Nano Today 2015, 10,
339-354. [CrossRef]

Franci, G.; Falanga, A.; Galdiero, S.; Palomba, L.; Rai, M.; Morelli, G.; Galdiero, M. Silver nanoparticles as potential anti-bacterial
agents. Molecules 2015, 20, 8856-8874. [CrossRef] [PubMed]

Osonga, FJ.; Akgul, A; Yazgan, I.; Akgul, A.; Eshun, G.B.; Sakhaee, L.; Sadik, O.A. Size and shape-dependent antimicrobial
activities of silver and gold nanoparticles: A model study as potential fungicides. Molecules 2020, 25, 2682. [CrossRef]
Majumdar, D.; Jung, K.-H.; Zhang, H.; Nannapaneni, S.; Wang, X.; Amin, A.R.; Chen, Z.; Shin, D.M. Luteolin nanoparticle in
chemoprevention: In vitro and in vivo anticancer activity. Cancer Prev. Res. 2014, 7, 65-73. [CrossRef] [PubMed]

Yin, I.X,; Zhang, J.; Zhao, 1.S.; Mei, M.L.; Li, Q.; Chu, C.H. The antibacterial mechanism of silver nanoparticles and its application
in dentistry. Int. J. Nanomed. 2020, 15, 2555-2562. [CrossRef] [PubMed]

Tran, Q.H.; Nguyen, V.Q.; Le, A.-T. Corrigendum: Silver nanoparticles: Synthesis, properties, toxicology, applications and
perspectives. Adv. Nat. Sci. Nanosci. Nanotechnol. 2018, 9, 049501. [CrossRef]

Noga, M.; Milan, J.; Frydrych, A.; Jurowski, K. Toxicological aspects, safety assessment, and green toxicology of silver nanoparti-
cles (AgNPs)—critical review: State of the art. Int. J. Mol. Sci. 2023, 24, 5133. [CrossRef] [PubMed]

Rezvani, E.; Rafferty, A.; McGuinness, C.; Kennedy, ]. Adverse effects of nanosilver on human health and the environment. Acta
Biomater. 2019, 94, 145-159. [CrossRef] [PubMed]

Jorge de Souza, T.A.; Rosa Souza, L.R.; Franchi, L.P. Silver nanoparticles: An integrated view of green synthesis methods,
transformation in the environment, and toxicity. Ecotoxicol. Environ. Saf. 2019, 171, 691-700. [CrossRef]

Du, J.; Tang, J.; Xu, S.; Ge, J.; Dong, Y.; Li, H.; Jin, M. A review on silver nanoparticles-induced ecotoxicity and the underlying
toxicity mechanisms. Regul. Toxicol. Pharmacol. 2018, 98, 231-239. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/nano11092164
https://doi.org/10.1002/etc.1880
https://doi.org/10.4172/2155-9821.1000152
https://doi.org/10.1007/s11368-011-0415-7
https://doi.org/10.1128/AEM.00941-12
https://doi.org/10.1088/1748-9326/9/2/024001
https://doi.org/10.15386/mpr-2750
https://doi.org/10.1021/es9035557
https://www.ncbi.nlm.nih.gov/pubmed/20175529
https://doi.org/10.1016/j.nantod.2015.04.002
https://doi.org/10.3390/molecules20058856
https://www.ncbi.nlm.nih.gov/pubmed/25993417
https://doi.org/10.3390/molecules25112682
https://doi.org/10.1158/1940-6207.CAPR-13-0230
https://www.ncbi.nlm.nih.gov/pubmed/24403290
https://doi.org/10.2147/IJN.S246764
https://www.ncbi.nlm.nih.gov/pubmed/32368040
https://doi.org/10.1088/2043-6254/aad12b
https://doi.org/10.3390/ijms24065133
https://www.ncbi.nlm.nih.gov/pubmed/36982206
https://doi.org/10.1016/j.actbio.2019.05.042
https://www.ncbi.nlm.nih.gov/pubmed/31125729
https://doi.org/10.1016/j.ecoenv.2018.12.095
https://doi.org/10.1016/j.yrtph.2018.08.003

	Introduction 
	Materials and Methods 
	Silver Nanoparticles (AgNPs) Formulations 
	Antimicrobial Activity of AgNPs Against Indicator Bacteria 
	Antimicrobial Activity of AgNPs Against Phytopathogenic Bacteria 
	Soil Analysis and Antimicrobial Testing in Soil 
	Antimicrobial Activity in P. syringae: Contaminated Soil with Zea mays Seed Germination 

	Results 
	Antibacterial Activity of Silver Nanoparticles Against Sanitary-Indicator Bacteria 
	Impact of AgNPs on the Soil Microbiota 
	Antibacterial Activity of AgNPs Against Pseudomonas syringae 

	Discussion 
	Conclusions 
	References

