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Abstract: The emergence of antibiotic-resistant bacteria, particularly the most hazardous pathogens,
namely Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii,
Pseudomonas aeruginosa, and Enterobacter spp. (ESKAPE)-pathogens pose a significant threat to global
health. Current antimicrobial therapies, including those targeting biofilms, have shown limited
effectiveness against these superbugs. Nanoparticles, specifically silver nanoparticles (AgNPs), have
emerged as a promising alternative for combating bacterial infections. In this study, two types of
AgNPs with different physic-chemical properties were evaluated for their antimicrobial and an-
tibiofilm activities against clinical ESKAPE strains. Two types of silver nanoparticles were assessed:
spherical silver nanoparticles (AgNPs-1) and cubic-shaped silver nanoparticles (AgNPs-2). AgNPs-2,
characterized by a cubic shape and higher surface-area-to-volume ratio, exhibited superior antimi-
crobial activity compared to spherical AgNPs-1. Both types of AgNPs demonstrated the ability to
inhibit biofilm formation and disrupt established biofilms, leading to membrane damage and reduced
viability of the bacteria. These findings highlight the potential of AgNPs as effective antibacterial
agents against ESKAPE pathogens, emphasizing the importance of nanoparticle characteristics in
determining their antimicrobial properties. Further research is warranted to explore the underlying
mechanisms and optimize nanoparticle-based therapies for the management of infections caused by
antibiotic-resistant bacteria.

Keywords: silver nanoparticles; ESKAPE pathogens; antimicrobial activity; antibiofilm activity

1. Introduction

Our attitude to antibiotics has been transformed from “magic pill” to “carefully pre-
scribed medicine” since their discovery. A high number of antibiotics lost their effectiveness
due to the formation of drug resistance within several years after creation. These days,
pharmaceutical companies decrease the interest in new antibiotics investigation due to high
costs and the duration of the research with unpredictable financial and clinical results [1].
To tackle antibiotic resistance, WHO created a list of priority pathogens, which requires the
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development of new antimicrobials [2]. It includes ‘TESKAPE’ pathogens such as Enterococ-
cus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas
aeruginosa, and Enterobacter spp.). Most of them are multidrug-resistant isolates, which is
one of the greatest challenges in clinical practice. It significantly increases hospital stay, cost
of care, and mortality. Moreover, ESKAPE pathogens are the leading cause of nosocomial
infections throughout the world [3]. The formation of antimicrobial resistance in ESKAPE
pathogens is associated with the modification of drugs, changes in bacteria cells, and biofilm
formation [4]. ESKAPE pathogens possess a high ability to colonize various surfaces and
form biofilms, which are substantial features of antimicrobial-resistant strains [5]. The
formation of biofilm consists of several steps, starting with attachment. Bacterial cells can
recognize and attach to specific proteins, promoting bacterial colonization. From this point,
the biofilm grows by the formation of a matrix of extracellular polymeric substances (EPS)
around bacterial cells [6]. The ESKAPE pathogens provide cell-cell communication via a
quorum sensing system to control the genes that modulate drug resistance and pathogenic
behaviors [7]. All listed mechanisms provide bacteria in biofilm a 10- to 1000-fold higher re-
sistance to antibiotic treatment [8]. Consequently, searching for new therapeutic approaches
for the management of the infections caused by ESKAPE pathogens is crucial.

The combination of antibiotics with adjuvants, bacteriophages, antimicrobial peptides,
and photodynamic light therapy has been tested to control infection caused by ESKAPE
pathogens [9]. Unfortunately, these strategies have not yet shown greater effectiveness [10].
Nanomaterials are considered promising alternatives to existing antimicrobial agents [11].
Metallic nanoparticles (NPs) possess many unique features [12]. Studies over the past
decades have provided important information on the use of silver NPs [13], zinc oxide
NPs [14], copper NPs [15], composite Cu2ZnSnS4 monograins [16], composite Pd/MoS2/Ti-
based coatings [17] for the killing of pathogenic microbes. Silver nanoparticles show
both antibacterial and anti-biofilm activities [18], unlike antibiotics. The antimicrobial
effect of AgNPs is complex and includes several pathways that prevent the formation of
antimicrobial resistance [19,20]. In addition, silver nanoparticles could be used for the
delivery of other antimicrobial substances. However, wide clinical application of the silver
nanoparticles is limited due to their potential cytotoxicity and lack of complex studies.

Previous research has demonstrated that the physical and chemical parameters of the
nanoparticles and the method of their synthesis influence their antimicrobial activity [21].
Some studies suggest that smaller particle sizes, higher surface-area-to-volume ratios [22],
and a particular shape of nanoparticles are associated with higher antibacterial effective-
ness. Another important parameter of NPs is Zeta potential, which explains the stability,
dispersion, and surface charge of the nanoparticles. Zeta potential greater than +30 mV or
less than —30 mV indicates high stability of nanoparticles in dry powder form [23].

Chemical synthesis is the most widely used method of AgNP production. The essential
components are a salt precursor, a reducing agent, and a stabilizer. They influence the
nanoparticle parameters and reduce drawbacks [24]. Previous studies have demonstrated
the important role of polymer-based capping agents in controlling the size and shape of Ag-
NPs [25]. It was shown that PVP-coated AgNPs were more stable, less toxic, and had better
antimicrobial activity compared to AgNPs stabilized with other chemicals [26]. However,
the influence of these parameters on the effectiveness of AgNPs against microorganisms
is limited.

The study of NPs’ antibacterial mechanisms stays on the priority list for scientists.
Several cross-sectional studies suggest following antimicrobial mechanisms as oxidative
stress, metal ion release, and non-oxidative mechanisms [27]. However, the generalizability
of much-published research on this issue is problematic, and the nature of NPs” antibac-
terial mechanisms remains unclear. Aside from this, several studies have recognized the
effectiveness of AgNPs against individual ESKAPE pathogens [28,29], but there is no single
comparative investigation of silver nanoparticles” effect on clinical strains of all ESKAPE
pathogens in one study.
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The aim of this study was to identify the most important factors influencing the
antibacterial and antibiofilm effectiveness of two different types of AgNPs against clinical
ESKAPE pathogens.

2. Materials and Methods
2.1. Silver Nanoparticles” Physical and Chemical Parameters

Two different types of silver NPs were used in this study. AgNPs-1 were synthesized
at Sumy State University with the polyol method and characterized earlier [30]. Briefly, the
mixture of ethylene glycol (40 mL) and PVP (6.8 g) was heated to 155 °C for 30 min. Then,
AgNO3 (0.68 g) was added to ethylene glycol (40 mL) and stirred at room temperature.
Then, it was added dropwise to the preliminary heated mixture, and the synthesis reaction
was allowed to proceed for 1 h, constantly stirring with a magnetic stirrer. The sample was
washed three times by re-dispersion in isopropanol (1:1) and centrifugation. The precipitate
was dried in a vacuum dryer and then diluted in sterile distilled water. AgNPs-2 were
provided using Nano Pure Co., Warsaw, Poland. AgNO3, PVP, and NaClO were mixed in
borosilicate bottles. The reaction was performed in an aqueous environment and utilizes
light emitted by commercially available 1 W light-emitting diodes (A = 420 nm) as the
catalyst. A detailed description of AgNPs-2 synthesis and their structural and chemical
parameters is represented in [31].

To evaluate the influence of AgNP morphological parameters on antimicrobial activity,
we characterized them using both scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) at the Umea Core Facility for Electron Microscopy (UCEM),
Umed, Sweden; (Figure 1c) SEM microscope Carl Zeiss Merlin FESEM (GmbH, Hamburg,
Germany); (Figure 1d) TEM microscope Talos L120C (Thermo Fisher Scientific, Waltham,
MA, USA), Image] 1.50c. software (https://imagej.nih.gov/ij/) (Version 1.5, University of
Wisconsin, Madison, WI, USA). Based on size measurement, the surface area to volume
ratio (SA:V) was calculated by Equations for (1) cube, (2) sphere:

6a> 6
@ @
47r? 3
T @

a—length of the cube side of NPs, r—radius of the sphere NPs.

To assess the stability, dispersion, and surface charge of the nanoparticles and their
influence on the antibacterial activity of the nanoparticles, we defined the average value of
Zeta potential (AZP). The zeta potential of nanoparticle suspension was evaluated with a
Malvern zetasizer nano ZS at room temperature.

To estimate the influence of silver ions release on the antibacterial activity of nanopar-
ticles, the stock solution of AgNPs-1 and Ag-NPs-2 were diluted with distilled water up
to 129.0 ng/mL and 194.7 ug/mL, respectively. For the separation of Ag+ ions from Ag-
NPs, 10 mL of a solution containing silver nanoparticles was centrifuged in a centrifuge
(8000 rpm) for 5 min. Concentrations of silver ions in the initial solutions of nanoparticles
and in the supernatants formed after centrifugation of these solutions for 2 days were
measured using the atomic absorption spectroscopy method (AAS) using an S-115 M1
spectrophotometer. The parameters of analysis were the following: a lamp with a hollow
cathode for silver (A (Ag) = 328.1 nm), an oxidizing flame is a mixture of propane-butane-
air gases.
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Figure 1. Scanning electron microscopy image of the AgNPs-1 (a) and AgNPs-2 (c), Transmission
electron microscopy image of the AgNPs-1 (b) and AgNPs-2 (d), and particle size distribution of the
AgNPs-1 (e) and AgNPs-2 (f).

2.2. Bacterial Strains and Culture Conditions

ESKAPE pathogens (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae,
Acinetobacter baumannii, Pseudomonas aeruginosa, Enterobacter spp.) were isolated from pa-
tients with respiratory infections. Identification of the bacterial strains was performed by
examining their morphological, staining, biochemical, and antigenic features. Microorgan-
isms were tested on sensitivity to beta-lactams, glycopeptides, cephalosporins, aminogly-
cosides, fluoroquinolones, and azalides. The strains resistant to at least one antimicrobial
drug in three or more antimicrobial categories were selected as multi-resistant and stored
at —80 °C for further research. This study protocol was approved by the Institutional
Ethics Committee (Sumy State University, Protocol 7/15 from 18 November 2020) after the
informed consent collection from the patients.

Media (Mueller-Hinton broth and agar) for the cultivation of microorganisms were
purchased at Hi Media (Maharashtra, India). Sigma Aldrich (St. Louis, MO, USA) provided
gentian violet and resazurin.

2.3. Antimicrobial Activity of AgNPs

Minimum inhibitory concentration (MIC) was determined using the broth microdi-
lution method established by CLSI [32] using Mueller-Hinton broth. Briefly, overnight
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cultures were diluted in Mueller-Hinton broth to a concentration of 5 x 10° CFU/mL per
well. A volume of 180 uL of each diluted bacterial suspension was dispensed into a flat-
bottom polystyrene 96-well plate, and then a serially diluted stock solution of the AgNPs
(20 puL) was added into each well to reach the concentrations in the range 0.31-200 pg/mL.
Wells without AgNPs and without bacteria were set up as positive and negative controls,
respectively. Plates were incubated at 37 °C for 24 h. The assay was performed in triplicate.
MIC was established based on the wells with the lowest concentration of the investigated
samples that completely inhibit the visual growth of bacteria (no turbidity).

A time-kill assay was performed to determine the killing kinetics of stationary-phase
bacteria. The overnight culture of ESKAPE strains was diluted to 5 x 10> CFU/mL in
Mueller-Hinton broth. Silver nanoparticles were added in triplicates at concentrations
equal to 1 MIC for every strain. Bacteria were incubated aerobically at 37 °C. Aliquots
from each well (10 uL) were taken in 1, 3, 6, 12, 24 h and inoculated onto Mueller-Hinton
agar. CFUs were counted after the incubation of plates at 37 °C for 24 h. This involved
calculating all visible colonies formed on the Petri dish.

2.4. Antibiofilm Activity of AGQNPs

To assess the ability of nanoparticles to inhibit the initial stages of biofilm formation,
the suspensions of the overnight cultures of ESKAPE strains were placed in polystyrene
96-well plates containing Mueller-Hinton broth with 1 MIC AgNPs. Control wells were
untreated with AgNPs. The plates were incubated at 37 °C for 24 h. Then, the culture media
were discarded to remove non-adherent cells, followed by triple rinsing with phosphate-
buffered saline (PBS). To evaluate the volume of biofilm mass attached to the wells, 0.1%
(w/v) gentian violet staining was used. After that, the plates were rinsed and air-dried,
and 200 puL of 80% v/v ethanol was put into each well for the dissolving of connected
dye. We measured the optical density (OD) of each well at a wavelength of 595 nm using
a Multiskan FC spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). To
quantify the reduction in biofilm mass ratio in the wells treated with silver nanoparticles,
we used the following Formula (3):

OD of Treated Wells
OD of Untreated Wells

Reduction in Bio film Mass(%) = < ) x 100% 3)

This Formula calculates the percentage reduction in biofilm mass by comparing the
optical density of wells treated with silver nanoparticles to those that were untreated.

For the assessment of the viability of the attached cells under AgNP treatment, we
used resazurin assay. Treated and untreated wells with microorganisms were incubated for
24 h. Then, they were washed with PBS and added to 0.05% resazurin solution (200 uL). It
was followed by plate incubation at 37 °C for 4 h and the optical density measurements at
570 and 595 nm. With the resazurin solution, medium and microorganisms, but without
AgNPs, were used as a positive control. The percentage of cell viability was calculated with
a formula proposed by the resazurin manufacturer. Each test was repeated six times, and
the OD average was calculated.

To examine the effect of AgNPs on the viability and biomass volume of the established
biofilm, the cultures of ESKAPE microorganisms were incubated in the plates for 48 h
before treatment with silver nanoparticles. Then, the non-adherent bacteria were removed
from plates, and each well was rinsed in triplicate with PBS. After that, AgNPs diluted
with Mueller-Hinton broth at concentrations 10, 20, 30, and 40 ng/mL were added to the
wells to treat the established biofilm. The assessment of the biofilm viability and biofilm
mass quantity reduction was performed as it was previously described.

2.5. The Effect of Silver Nanoparticles on Biofilms Structure

The cell morphology and arrangement of ESKAPE pathogens in biofilms were assessed
using SEM. Small glass slides (0.5 x 0.5 cm) were placed in 24-well plate wells containing
2 mL Mueller-Hinton broth with bacterial cells at 5 x 10> CFU/mL concentration and
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incubated for 48 h at 37 °C. Then, samples were divided into three groups. The first and
second groups were added with AgNPs-1 and AgNPs-2 diluted in Muller-Hinton broth at
20 pg/mL concentration. The third group was added to Muller-Hinton broth. After that, all
samples were incubated for 24 h. Then, the media were discarded. Samples were washed
three times with PBS, fixed with glutaraldehyde 2.5% in 0.1 M phosphate buffer (pH 7.2) for
60 min, dehydrated in ethanol-water mixture with increasing ethanol concentrations (65%,
75%, 85%, 95%, and 100%), and air-dried overnight. Dehydrated specimens were coated
with a thin film of silver in a sputter coater. Morphological analysis was performed by the
examination of the SEM (Inspect S50-B, FEI, Brno, Czech Republic; accelerating voltage
—15 kV) images.

2.6. Statistical Analysis

Statistical significance was determined using an analysis of variance with Graph Pad
Prism 9 software, where p-value < 0.05 was considered statistically significant.

3. Results
3.1. Silver Nanoparticles” Physical and Chemical Parameters

The structural analyses showed higher surface-area-to-volume ratios in spherical
particles (AgNPs-1) compared to cubic shape particles (AgNPs-2) (Table 1).

Table 1. Morphology parameters of the AgNPs.

AgNPs-1 AgNPs-2
Average radius (r) + Average length (a) +
SD, nm Average SA/V £ SD SD, nm Average SA/V £ SD
223 4+3.22 0.14 £ 0.021 70£35*% 0.1£0.03*

* Significant difference with AgNPs-1 group, SA/V—surface area to volume ratio, SD—standard deviation.

The size distribution of the cubic nanoparticles is wide and ranges between 35 and
100 nm (Figure 1). However, a significant part of NPs constitutes particles with a size
of 45-75 nm. The spherical particles were with a diameter of 10-60 nm. The bulk of the
spherical particles was 35-50 nm.

Silver ions released from AgINPs were measured at the supernatant on the first and
second days after the preparation of the working solution. The colloidal systems contain-
ing nanoparticles differed in their ability to release silver ions. The obtained results are
presented in Table 2.

Table 2. Silver ions release from AgNPs.

AgNPs-1 AgNPs-2
ug/mL % ug/mL %
Silver content in the working solution 129.0 - 194.7 -
The content o'f silver ions in the supernatant 23 17 197 101
on the first day after preparation
The content of silver ions in the supernatant 11 0.85 257 131

on the second day after preparation

Colloidal solution AgNPs-2 was characterized by a greater ability to form ions in
comparison with AgNPs-1, which were slightly more than 10% of the total concentration of
silver nanoparticles in the solution. Storing of the AgNPs-2 solution for a day led to a slight
increase in the ions” production. Colloidal solution AgNPs-1 possesses a lower ability to
form silver ions in the solution that decreased after storing.

In our study, we measured zeta potential in order to estimate the stability and possible
charges on the surfaces of the nanoparticles. Zeta potential measurement of the AgNP-1 and
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AgNP-2 colloidal solution demonstrated significantly lower results for AgNPs-2 compared
to AgNPs-1 (—29.07 £ 0.26 mV, —31.73 & 0.36 mV, respectively). The evaluation of the silver
nanoparticle colloidal solution conductivity revealed significantly higher conductivity of
AgNPs-2 than AgNPs-1 (0.101 mS/cm and 0.01 mS/cm, respectively).

3.2. Bacterial Strains

We isolated several strains of the ESKAPE pathogens from patients and tested them
on sensitivity to antibiotics. For further investigation, we selected one multi-resistant strain
of each species. Antibiotic resistance profiles of the selected strains are presented in Table 3.

Table 3. Resistance profiles of isolated microorganisms.

Profile of Strains Sensitivity to Antibiotics

Strain 5 . .
Amo Imi Van Gat Cep Cet Ami Azi
E. faecium S
S. aureus R

K. pneumoniae

A. baumannii

AR R AR
A" n| AR
Al " »w|l®v
AR R AR
AR AR AWV

S
R
S
S
R

wnw| "R A RA

P. aeruginosa

Enterobacter spp. R R - - R S S R

R—resistant, S—sensitive, Amo—amoxicillin, Imi—imipenem, Van—vancomycin, Gat—gatifloxacin,
Cep—cefepime, Cet—cefotaximum, Ami—amikacin, Azi—azithromycin.

3.3. Antimicrobial Activity of AQNPs

In this study, AgNPs-1 and AgNPs-2 were used for the investigation of their antibacte-
rial activity against multi-resistant clinical strains of Enterococcus faecium, Staphylococcus
aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobac-
ter spp. Both samples were effective against all pathogens. MIC of examined nanoparticles
varied from 2.5 to 25 ug/mL (Figure 2). MICs of AgNPs-2 were significantly lower than
for AgNPs-1. However, there was no strict correlation between the NP activity and the
structure of bacteria cell walls (Gram-negative or Gram-positive germs).

g 30

= O AgNPs-1
= <0.0001 <0.0001 <0.0001
= 1 — 1 @ AgNPs-2
ke B B B

in!

<

B

£ 207

Q

c

o)

; <0.0001 <0.0001 <0.0001

=

g - L T

% 107

£

o] —

£

5

=

Figure 2. Minimum inhibitory concentration of AgNPs against ESKAPE pathogens.
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The kill kinetics profile of AgNPs-1 and AgNPs-2 demonstrates a gradual drop in
the viable cells’ numbers over the experimental time. The number of bacteria cells in
all samples decreased to 0 log CFU/mL within incubation time. However, the speed of
bacteria response to AgNPs-1 and AgNPs-2 action was various (Figure 3). In most cases
(except S. aureus), AgNPs-2 killed bacteria rapidly compared to AgNPs-1. Almost all
Gram-negative bacteria were killed with AgNPs-2 by 6 h of incubation.

E.faecium A.baumannii
10 10
T T T
8 L 8L 1
) )
S 6 S 6
41\ 4 e
@) | @) [ N\
i\ .\ | .
N\ \
2 I\\ 2 \ .
\\\\ \\ L
0 r r r X\EGWTWT’”T* — 0 ;\. -
0 3 6 9 12 15 18 21 24 0 2 4 6 8 101214 16 18 20 22 24
Time of incubation (hours) Time of incubation (hours)

P.aeruginosa

S.aureus
1
10 0
T
8 1 8
) B
g s = %
S 5> i
=~
N o4t
| R
21\ 2 [N
04 - - 0 $l S
0 2 4 6 8 1012 14 16 18 20 22 24 0 2 4 6 8 101214 16 18 20 22 24
Time of incubation (hours) Time of incubation (hours)
, Enterobacter spp.
K.pneumoniae PP
10 10
8 8
_— &0
g S 6
= [ |
D ke—§ 2
= \ 4{m o
54t T4t
2 c 2 e
o = g - o
0 2 4 6 8 101214 16 18 20 22 24 0 2 4 6 8 10121416 18 20 22 24
Time of incubation (hours) Time of incubation (hours)

© AgNPs-1 = AgNPs-2 Control

Figure 3. Time-dependent bactericidal activity of the tested silver nanoparticles against ESKAPE
pathogens (log CFU/h).

3.4. Antibiofilm Activity of AGQNPs

The ability of AgNPs-1 and AgNPs-2 to inhibit the early stages of biofilm formation is
demonstrated in Figure 4. It revealed the various sensitivity of the ESKAPE pathogens to
silver nanoparticles as well as the effectiveness of different kinds of AgNPs-1 and AgNPs-2.
Both types of AgNPs at a concentration equal to 1 MIC (2.5 to 25 nug/mL, respectively, to
AgNPs 2 and AgNPs 1) inhibited the formation of the biofilm mass to varying degrees.
AgNPs-1 at concentration 1 MIC more effectively prevented the accumulation of the biofilm
mass of S. aureus, K. pneumoniae, and A. baumannii (p < 0.05) than AgNPs-2. The pattern of
the AgNPs’ action on the biofilm cell viability in most cases replicated the effect of silver
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nanoparticles on the biofilm mass with one exception. AgNPs-2 more effectively reduced
biofilm cell viability of S. aureus than biofilm mass in comparison with AgNPs-1.

150 B AgNPs1

§ <0.0001 B AgNPs2
0.0217 i

? <0.0001 L ns
I
=

100
£ |
=
2
N
80
g
&
I
£
3]
~

& . DN & o
Q&\\ § \)‘@ “\0*\\09" . @N\N og*\o‘o &%QQ
%\ 9 @‘L\} «0@\‘\\ &{\\ ¢
KR B R &
@'{\
200
E Ag NPs-1
B AgNPs-2

<0.0001

Viable cell quantity (%)

Figure 4. The anti-adhesion activity of AgNPs against ESKAPE pathogens (p-value is above the bars,
ns—nonsignificant difference).

The influence of silver nanoparticles on mature biofilm mass is reflected in Figure 5.
The destruction of biofilms formed with E. faecium was caused by AgNPs-1 at all concentra-
tions and AgNPs-2 at a concentration of 40 ug/mL. The biofilms formed by S. aureus were
destroyed with AgNP-1 and AgNPs-2 at all concentrations. The efficacy of AgNPs-1 and
AgNPs-2 in disrupting mature biofilm mass varied among the tested Gram-negative bacte-
ria. Specifically, AgNPs-1, at concentrations ranging from 20-40 ug/mL, was effective only
against the biofilm formed by K. pneumoniae. In contrast, AgNPs-2 demonstrated a variable
degree of effectiveness in disrupting the biofilms of all tested Gram-negative microbes,
including A. baumannii, P. aeruginosa, K. pneumoniae, and Enterobacter spp. However, the
significant difference between AgNPs-1 and AgNPs-2 activity was detected only against K.
pneumoniae biofilm.
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[l Ag NPs-1
3 [ Ag NPs-2
=)
% 150 150
g
g
= 100 100
2
&
£ 50 50
o]
g
&
0 0
10 pg/mL 20 pg/mL 30 pg/mL 40 pg/mL 10 pug/mL 20 pug/mL 30 pug/mL 40 pug/mL
E.faecium A.baumannii
150

50

Remaining biofilm mass (%)

10 pg/mL 20 pg/mL 30 pug/mL 40 pg/mL

10 ug/mL 20 ug/mL 30 ug/mL 40 ug/mL P. aeruginosu

S.aureus

0.0436

I <0.0001 I

<0.0001 !

150

0.0001

100

50

Remaining biofilm mass (%)

10 pg/mL 20 ug/mL 30 ug/mL 40 pg/mL

K.pneumoniae Enterobacter spp.

10 pg/mL 20 pg/mL 30 pg/mL 40 pg/mL

Figure 5. Reduction in the biofilm mass volume of the ESKAPE pathogens treated with AgNPs.

The results of the biofilm cells’ viability after silver nanoparticle treatment are shown
in Figure 6. The effect of AgNPs on the biofilm cells of E. faecium was not revealed. Cell
viability in mature biofilms formed by S. aureus was decreased by treatment with both types
of AgNPs at all concentrations with a statistically significant difference at concentration
10 ug/mL. AgNPs-2 caused the statistically reliable decline of the A. baumannii biofilm
viability at a concentration of 30-40 ug/mL. There was a slight decrease in the viable cell
count in the biofilm formed with K. pneumoniae, P. aeruginosa, and Enterobacter spp. At the
same time, the ANOVA (one way) did not show a significant difference between AgNPs-1
and AgNPs-2 activity.
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Figure 6. The influence of AgNPs-1 and AgNPs-2 on cell viability of mature biofilms formed with
ESKAPE pathogens.

3.5. Effect of Silver Nanoparticles on the Biofilms Structure

All bacteria in the control group formed the structured biofilms. S. aureus biofilms were
dense and highly hydrated, with clusters of bacterial cells enclosed in a matrix composed
of exopolysaccharides. In the control group (Figure 7), we observed the E. faecium biofilm
biomass as a monolayer with visible 3D architecture. E. faecium biofilm was embedded
into the EPS wrapping. The biofilm formed by A. baumannii in the control sample was
characterized by the presence of pili or cellular filaments between bacterial cells. A similar
picture was found in the case of the K. pneumoniae where biofilm was presented as cell-
associated bacterial clusters. SEM micrograph of the Enterobacter spp. bacteria in the control
group showed the aggregation and cohesion of the cells with visible intimate contact
between bacteria and the surface. Biofilm architecture of untreated P. aeruginosa biofilm
appeared as aggregated rod chains by pili.
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Figure 7. The morphology of the mature biofilms formed by ESKAPE pathogens (SEM). The red
arrows demonstrate A. baumannii pili.

The influence of AgNPs-1 on the structure of the biofilms formed by ESKAPE pathogens
is shown in Figure 8. There is a clear trend of AgNPs-1 effect on bacterial biofilm. It was
found that AgNPs-1 destroyed the biofilm formed by S. aureus. SEM findings revealed the
disrupted biofilm structure. There were only a few scattered bacteria adhered to the glass
surface. A decrease in E. faecium cell numbers was observed after treatment with AgNPs-1
as well because of cell death. Morphological changes in the cell wall of E. faecium were
indicated using SEM analysis. Figure 8 clearly shows the absence of A. baumannii biofilm
after treatment with AgNPs-1. AgNPs-1 treatment caused the changes in A. baumannii cell
morphology. The cell surface, conformation, and size are drastically affected. K. pneumoniae
cell clusters lose their pili after cultivation with AgNPs-1. SEM micrographs revealed that
some Enterobacter spp. Cells treated with AgNPs-1 were more elongated compared to the
control strain (red arrow). There was a lower number of adhered cells. Enterobacter spp.
cells were arranged in the form of aggregates or simply as individualized cells without
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slimy material in their vicinity. P. aeruginosa cells in the presence of AgNPs-1 showed a
lawn of separated and aggregated bacteria with fewer rod chains as well.

Figure 8. The influence of AgNPs-1 on the structure of mature biofilms formed by ESKAPE pathogens
(SEM). The red arrows demonstrate cell changes after AgNPs-1 treatment.

Figure 9 demonstrates the effectiveness of AgNPs-2 against almost all tested strains.
SEM images showed abnormalities of the cell membrane. Membrane disintegration and
perforation were detected, as well as shrinkage and leakage of intracellular cytoplasmic
content (marked with a red arrow). AgNPs-2 destroyed the mature biofilm formed by
S. aureus and E. faecium. The last one formed distinct cell aggregates under AgNPs-2
action. AgNPs-2 altered K. pneumoniae cell morphology. There was severe disruption of
the cell surface, cytoplasmic leakage, and lysed cells. AgNPs-2 demonstrates a severe
effect on Enterobacter spp. biofilm. There were signs of cell wall damage under AgNPs-2
treatment. P. aeruginosa cells were ruptured, shrunken, and lost cellular components under
the influence of AgNPs-2.
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Figure 9. The influence of AgNPs-2 on the structure of mature biofilms formed by ESKAPE pathogens
(SEM). The red arrows demonstrate cell changes after AgNP treatment.

4. Discussion

ESKAPE pathogens are considered the most dangerous germs due to their antimicro-
bial resistance mechanisms and accelerated ability to form biofilm [33,34]. Thus, there is an
urgent need for new, effective antimicrobial drug development to combat these microor-
ganisms [34]. Nanomaterials are promising alternatives to conventional antibiotics [12].
Several publications report the antibacterial effectiveness of silver nanoparticles against
different bacteria [35], fungi [36], and viruses [37]. However, the results obtained by differ-
ent authors are often controversial and have low reproducibility [38]. Besides this variety
of the applied study design, nanoparticle synthesis, and examined microorganisms make
cross-interpretation between these studies complicated. Moreover, there is no data about
the investigation of the silver nanoparticles” action on the whole list of ESKAPE pathogens
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in the frame of one research. Due to these, there is a need to investigate and compare the
sensitivity of these pathogens to silver nanoparticles.

4.1. Nanoparticle Size and Shape

In this study, the antimicrobial activity of two types of AgNPs was evaluated against
multi-resistant clinical ESKAPE isolates in planktonic and biofilm forms. We used AgNPs
prepared using the chemical reduction method with the capping substance PVP, but with
some differences in preparation techniques. It leads to the formation of different shapes and
sizes of nanoparticles. AgNPs-1 were round-shaped with an average size of 44.6 + 3.22 nm
and a particle size distribution of 10-60 nm. AgNPs-2 were cube-shaped with an average
length of 70 &= 35 nm and particle size in the range from 35 to 100 nm. Several reports
have indicated the significant impact of the AgNPs’ size and shape on their antimicrobial
activity. It was shown that smaller and round-shaped particles [21] demonstrate higher
antimicrobial activity. Researchers attribute the higher antibacterial activity of these NPs to
their greater release of silver ions [39]. Contrary to expectations, this study found that bigger
cube-shaped particles (AgNPs-2) exhibited five times higher antimicrobial effectiveness
compared to smaller round-shaped ones (AgNPs-1) against all tested microorganisms.
MICs varied from 2.5 to 5.0 and from 12.5 to 25 ug/mL, respectively, to AgNPs-2 and
AgNPs-1. Aside from this, AgNPs-2 also demonstrated a higher release of the Ag™ ions,
and these findings are not consistent with previous research. Future studies will be required
to consider these variables.

4.2. Antibacterial Mechanisms

Researchers suggest three main mechanisms for the antimicrobial activity of AgNPs
such as the formation of reactive oxygen species (ROS), the ion release process, and non-
oxidative mechanisms [39]. The effectiveness of a non-oxidative mechanism or contact
killing depends on the contact surface area and surface-to-volume ratio (SA:V). Some
authors demonstrated that a high surface area allows an enhanced antimicrobial effect [40].
The charge status of NPs also has a significant impact on their affinity to bacterial cell
membranes and their subsequent entry into the bacteria [41]. The current study found
that AgNPs-1 possesses a higher contact surface area and a zeta potential below —30 mV,
which indicates its high stability. Several publications indicate that positively surface-
charged AgNPs provide more effective electrostatic interaction with the negatively charged
bacterial cell than negatively charged NPs, which ensures their antibacterial activity [42].
Despite all this, AgNPs-2 exhibited higher antibacterial activity against a planktonic form
of the examined bacteria compared to AgNPs-1. We suggest the proper polymeric barrier
effectively prevents aggregation and provides better antimicrobial activity of AgNPs-2.
The SEM images confirmed the ability of the tested AgNPs to attach to the bacteria cell,
resulting in disruption of the cell membrane. Probably, the non-oxidative mechanism takes
place as a mode of AgNP antimicrobial activity.

Differences in AgNPs-1 and AgNPs-2 antibacterial activity may be attributed to sharp
edges of the nanoparticles. Previous studies noted that the higher antibacterial properties of
the cubic nanostructures could be associated with an increase in the strength of electric field
intensity, higher surface energy, and more highly reactive facets [43—45]. As a result, these
nanostructures have stronger interaction with bacterial cell membranes, which leads to
rapid interactions with oxygen-containing groups of bacterial lipopolysaccharides and in-
duces cell membrane damage [46]. Mammari N. et al. [42] suggested that the generation of
abiotic ROS is the leading mechanism by which AgNPs target cell wall components, result-
ing in disordered states of the fatty-acid tail of the phospholipid phosphatidylethanolamine
(PE). Considering these two suggestions, we assume that AgNPs-2’s antimicrobial activity
is based mostly on ROS production.

This study has been unable to demonstrate the stronger antibacterial effect of AgNPs
against Gram-negative bacteria than Gram-positive bacteria. Our results are consistent
with data obtained in [44]. Obviously, we cannot narrow down the understanding of the
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AgNPs’ antibacterial action only based on their Gram-staining characteristics. These results
support the idea of Ferreyra A.P. [47], who supposes the individual combination of AgNP
antibacterial mechanisms for every species.

Another important aspect of this work was to analyze the minimum time necessary
to reach bactericidal effect. Several studies have shown that the effect of AgNPs is time-
dependent [25,36]. Different reports demonstrated the entire mortality in four [44] or eight
hours of incubation at MIC [48]. The current study found that AgNPs-2 inhibited the
growth and reproduction of the most number of isolates faster than AgNPs-1. In general,
these data align with previous results and support the hypothesis that the antimicrobial
activity of AgNPs might be linked to NP’s particular features, such as zeta potential and
level of ion release.

4.3. Biofilm Formation

Despite microbes that exist predominately within biofilms in natural and clinical
settings, the biggest part of AgNPs” antimicrobial activity investigation is focused mostly
on the planktonic form. Biofilm resistance to antimicrobial treatment is 100-1000 times
higher compared to planktonic cells [49]. In our investigation, we evaluated the ability of
AgNPs to prevent cellular attachment and destroy mature biofilm. Both types of examined
NPs inhibited the attachment of the ESKAPE pathogens at a concentration equal to 1.0 MIC,
with significantly higher effectiveness of AgNPs-1 against S. aureus, K. pneumoniae, and A.
baumannii (p < 0.05). It confirms the effectiveness of AgNPs as antiadhesive compounds at
comparatively low concentrations.

After primary attachment, bacterial cells start to divide and produce EPS as a main
component of a biofilm matrix [49]. We used a comparatively lower concentration of AgNPs
(1040 pg/mL) in the treatment of the mature biofilms than what was reported earlier [50].
Both types of examined AgNPs destroyed the mature biofilms formed by all tested ESKAPE
strains. There was a decrease in mature biofilm mass of all tested microbes treated with
AgNPs-1 and AgNPs-2. The SEM images confirmed the data obtained with gentian violet
and resazurin assays. Both types of nanoparticles demonstrated effectiveness against all
tested Gram-positive strains and different degrees of antibiofilm activity against Gram-
negative germs. Statistically reliable, the higher effectiveness of AgNPs-2 in decreasing
K. pneumoniae biofilm mass was detected in comparison to AgNPs-1 according to the
gentian violet assay. AgNPs-2 exhibited a more pronounced reduction in cell viability
compared to AgNPs-1 when tested against mature biofilms formed by S. aureus and A.
baumannii, achieving reductions of up to 28% and 59%, respectively. The underlying
reasons for the variations in species sensitivity to AgNPs remain unclear. It is noteworthy
that the anti-biofilm activity of AgNPs is due to their ability to destroy the extracellular
polymeric substance (EPS) matrix and induce cell death [51]. A recent systematic literature
review highlighted that the EPS matrix comprises exopolysaccharides, extracellular DNA
(e DNA), lipids, proteins, and other macromolecules, with its composition being unique
for each ESKAPE pathogen [52]. SEM analyses revealed the disruption of the mature
biofilm structure and different changes in cell morphology under the AgNP treatment. The
variation in biofilm formation among ESKAPE pathogens is related to the differences in
species-specific components within the EPS matrix. These findings underscore the need for
further research to elucidate the species-specific mechanisms through which nanoparticles
disrupt biofilms.

Based on the findings reported here, we can assume that some unmeasured variables
could account for some aspects of the results. Consequently, key issues of the AgNP’s
influence on interactions between host surfaces and microbes in the formation of biofilms
need to be resolved in the following investigations to ensure successful clinical applications.

5. Conclusions

In conclusion, this study demonstrates the potential of silver nanoparticles (AgNPs)
as effective antimicrobial agents against clinical strains of ESKAPE pathogens, including
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multidrug-resistant bacteria. The results indicate that the physical and chemical properties
of AgNPs, such as size, shape, and surface charge, play a crucial role in determining
their antimicrobial and antibiofilm activities. The cubic-shaped AgNPs exhibited superior
antimicrobial efficacy compared to spherical AgNPs. Both types of AgNPs showed the
ability to inhibit biofilm formation and disrupt established biofilms, leading to membrane
damage and reduced viability of the bacteria. These findings support the potential of
AgNPs as a promising alternative to conventional antibiotics for combating biofilm-related
infections caused by ESKAPE pathogens. Further research is warranted to elucidate the
underlying mechanisms of AgNPs’ action, optimize their formulation, and evaluate their
safety and efficacy in preclinical and clinical settings. Harnessing the antimicrobial potential
of nanomaterials like AgNPs offers new possibilities for addressing the urgent global
challenge of antibiotic resistance and improving the management of infectious diseases.
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