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Purpose: Biofilms, which are created by most microorganisms, are known for their widely developed drug resistance, even more than
planktonic forms of microorganisms. The aim of the study was to assess the effectiveness of agents composed of farnesol and
nanoparticles (silver, gold, copper, and zinc oxide) in the degradation of biofilms produced by pathogenic microorganisms.
Methods: Escherichia coli, Enterococcus faecalis, Staphylococcus aureus, Pseudomonas aeruginosa, and Candida albicans were
used to create the biofilm structure. Colloidal suspensions of silver, gold, copper, and zinc oxide (Ag, Au, Cu, ZnO) with the addition
of farnesol (F) were used as the treatment factor. The size distribution of those composites was analyzed, their zeta potential was
measured, and their structure was visualized by transmission electron microscopy. The viability of the microorganism strains was
assessed by an XTT assay, the ability to form biofilms was analyzed by confocal microscopy, and the changes in biofilm structure were
evaluated by scanning electron microscopy. The general toxicity toward the HFFF2 cell line was determined by a neutral red assay and
a human inflammation antibody array.

Results: The link between the two components (farnesol and nanoparticles) caused mutual stability of both components. Planktonic
forms of the microorganisms were the most sensitive when exposed to AgF and CuF; however, the biofilm structure of all
microorganism strains was the most disrupted (both inhibition of formation and changes within the structure) after AgF treatment.
Composites were not toxic toward the HFFF2 cell line, although the expression of several cytokines was higher than in the not-treated
group.

Conclusion: The in vitro studies demonstrated antibiofilm properties of composites based on farnesol and nanoparticles. The greatest
changes in biofilm structure were triggered by AgF, causing an alteration in the biofilm formation process as well as in the biofilm
structure.
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Introduction

A bacterial biofilm is a conglomeration of microorganisms where cells are ensconced within a self-formulated matrix of
extracellular polymeric substances, which is primarily composed of polysaccharides, proteins, lipids, and extracellular
DNA. '™ Differing from planktonic bacteria, which can move freely within a bulk solution, cells within a biofilm undergo
cell-to-cell interactions. These interactions occur either within the biofilm, with direct contact to the solid surface, or
within flocs, where mobile biofilms form without adhering to the surface. The formation of biofilm is an intricate
microbial process that encompasses various developmental phases, with some being highly specific to the types of

bacteria engaged.* According to Funari and Shen,® three basic stages can be distinguished in biofilm formation. In the
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first stage, adhesion of planktonic bacteria takes place, which is promoted by bacterial appendages such as curli, cilia,
and flagella, followed by aggregation and biofilm formation by bacteria. In the second stage, the biofilm grows and
matures primarily through the stabilization of the bacteria and interaction with surface which is facilitated by extra-
cellular polymeric substances, enhancing surface adhesion and ensure chemical as well as mechanical protection for the
microorganisms. Finally, during the third stage, as the biofilm nears a critical thickness, it initiates the release of bacteria
into the surrounding environment to colonize new surfaces. In the course of biofilm formation, microorganisms own the
capability to communicate via quorum sensing. This mechanism regulates the metabolic activity of planktonic cells and
has the potential to trigger microbial biofilm formation along with heightened virulence.” In contrast to free-living
bacterial cells, extracellular polymeric substances can establish a distinctive local microenvironment that serves various
functions, including enhanced resource uptake and surface adhesion, intercellular interactions, and horizontal gene
transfer. The matrix offers digestion capacity; protection from external factors such as antibiotics,® disinfectants,” and
dynamic environments;® and inhibition of bacterial dehydration.” Furthermore, the gradient of nutrients and bacterial
metabolites in the biofilm results in areas where cells are in a “dormant” state, which means that the cells have extremely
reduced metabolic activity.'"® These dormant cells are highly resistant to traditional antibiotics, that typically focus on
growing and metabolically active. Consequently, addressing bacterial biofilms demands antibiotic doses that are hundreds
or even thousands of times higher than those needed to eradicate planktonic forms.*'' The situation is all the more
serious and complicated because, according to Dalton and March,'? approximately 99% of the global bacterial population
exists in the form of biofilms, manifesting at different stages of growth. Recent strategies for controlling biofilms,
implemented in both hospitals and the food industry (such as cleaning, disinfection, and surface preconditioning),
demonstrate some degree of efficacy.'® Nevertheless, their effectiveness falls short of the desired outcomes, and biofilm-
induced infections frequently experience recurrence. Hence, there is a need for novel strategies to target bacterial
biofilms. One potential option is the use of natural agents, such as farnesol, against bacterial biofilm formation.

Farnesol, a sesquiterpene alcohol, is present in essential oils and is a hydrophobic compound extracted from various
sources such as lemongrass, citronella, cyclamen, rose, balsam, neroli, and musk."*1® It can be endogenously synthe-
sized by dephosphorylating farnesyl pyrophosphate as part of the cholesterol biosynthesis pathway.'”'® Farnesol
possesses the capacity to impede the growth of medically significant pathogens,'® as acknowledged by its safety
designation from the Food and Drug Administration (USA) as well as by the European Chemicals Agency. This
compound impacts the cell membranes of various bacterial species, leading to ion imbalance, ion leakage, and ultimately,
cellular death. Farnesol can also interfere with the rate of glycan synthesis in the biofilm matrix, impairing biofilm
establishment.>**! For example, in Streptococcus mutans, momentary exposure to farnesol influenced the growth and
metabolism of bacteria by disturbing the bacterial membrane and elevating the polysaccharide content within strepto-
coccal biofilms.?° Studies focused on the mode of action of terpenic alcohols (including farnesol) on Staphylococcus
aureus suggested that cell membrane damage may be one of the main antibacterial mechanisms. The leakage rate of K"
ions in bacterial suspensions increased in the presence of farnesol, suggesting that it has antibacterial activity.”
Moreover, studies demonstrate an antifungal effect of this compound by preventing biofilm formation.”®> When applied
externally, farnesol—tested on a Candida albicans strain lacking endogenous farnesol production—undermines hyphal
formation by causing morphological alterations in the yeast cell wall and suppressing the expression of aspartyl
proteinases.”* In spite of the encouraging therapeutic effectiveness demonstrated by farnesol against bacterial cells and
their biofilms, its poor retention and hydrophobicity limit its use in practice.’

Nanoparticles are objects that in all three dimensions range from 1 to 100 nm. Because of their small size,
nanoparticles have different magnetic, optical, and electronic properties (compared with macroscopic materials such as
dust, aggregates, and particles) and thus possess different physical and chemical properties. The properties of nanopar-
ticles are related to their size and shape. Nanoparticles have a higher surface-to-volume ratio, and they can interact with
bacteria at many levels. Among other things, they act at the membrane level by destabilizing and damaging coatings. The
result is increased membrane permeability, leakage of cytoplasm, and subsequent cell death. It has also been shown that
nanoparticles can interact with cell wall proteins that include sulfur. By combining with sulfur, nanoparticles cause
structural damage, leading to the disruption of the cell wall.>**” Nanoparticles can penetrate the interior of a bacterial cell
and then combine with proteins and nucleic acids. Once combined, the structure of the molecules, and thus their function,
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is altered. In the same way, nanoparticles can damage genetic material and elements of the respiratory chain, eg, by
binding to ATPase and impairing its function. The accumulation of reactive oxygen species through the interaction of
nanoparticles with cellular enzymes can lead to further damage inside the cell.”*?° Some nanoparticles (eg, silver,
copper) have the ability to inhibit the formation of biofilms by bacteria, thereby increasing the exposure of bacteria to
antibacterial agents.’® Efflux pumps also contribute significantly to excluding or including quorum-sensing biomolecules
responsible for biofilm formation by bacterial cells. The transit of quorum-sensing biomolecules into or out of bacterial
cells can be disrupted by impeding the functionality of efflux pumps. Metallic nanoparticles might block efflux pumps in
bacterial cells, thus preventing active pumping of nanoparticles out of the cytoplasm.’' Generally, metal-based nano-
particles, such as silver nanoparticles, copper nanoparticles, zinc oxide nanoparticles, or gold nanoparticles, are widely
used in the biomedical sciences. Due to their well-described antimicrobial activity against Gram-positive and Gram-
negative bacteria and their antifungal features, these particles offer an alternative to traditionally used antibiotics.*
Considering the antimicrobial properties of metal nanoparticles and farnesol, we hypothesized that biocomponents of
metal nanoparticles and farnesol may have the potential to be used as coadjuvants in therapies against bacterial or fungal
infections. Thus, the aim of the study was to evaluate the effect of nanocomposites consisting of metal/metal oxide
nanoparticles with farnesol on both bacterial and yeast species. We hypothesized that metal/metal oxide nanoparticles
damage individual cells, whereas farnesol negatively affects the biofilm’s structure, hindering biofilm formation. Thus,
both materials act at two different levels, thereby enhancing each other’s properties.

Materials and Methods

Nanoparticles and Farnesol

Silver (Ag), gold (Au) were obtained from Nano-Koloid (Warsaw, Poland), copper (Cu) from Nano-Tech (Warsaw,
Poland) in the form of colloidal water suspensions, and zinc oxide (ZnO) nanopowder was obtained from SkySpring
Nanomaterials (Houston, TX, USA). Farnesol (F) (3,7,11-trimethyl-2,6,10-dodecatrien-1-0l, 95%) was purchased from
Sigma-Aldrich (Sigma-Aldrich, Hamburg, Germany). Each nanomaterial and farnesol were sonicated at 500 W and 30
kHz for 2 min using a Vibra-Cell™ Ultrasonic Liquid Processor (Sonics & Materials, Newton, CT, USA) before their use
in experiments. Nanocomposites were prepared by mixing F with Ag, Au, and Cu, and they were left for 15 min for self-
organization.

Microorganisms

Escherichia coli (ATCC 25922), Enterococcus faecalis (ATCC 51299), Staphylococcus aureus (ATCC 25923),
Pseudomonas aeruginosa (ATCC 27853), and Candida albicans (ATCC 90028) were obtained from LGC Standards
(Teddington, UK) in the form of frozen spore suspensions (in 20% (v/v) glycerol at —20 °C). Before their use in
experiments, glycerol was removed by washing with distilled water, and microbial strains were cultured in the following
media: tryptic soy agar (TSA) for S. aureus, Luria-Bertani agar (LB) for E. coli, brain heart infusion agar (BHI) for
E. faecalis, and yeast nitrogen base (YNB) for C. albicans.

Cell Line

The HFFF2 cell line was obtained from ATCC (American Type Culture Collection, Manassas, VA, USA). The cell line
was cultured in DMEM (Dulbecco’s Modified Eagle Medium, Gibco) supplemented with 10% FBS (fetal bovine serum,
Thermo Fisher Scientific) and 1% penicillin/streptomycin (Thermo Fisher Scientific) at 37 °C in a humidified atmosphere
that contained 5% CO, in an incubator (NuAire DH AutoFlow CO, Air-Jacketed Incubator, Plymouth, MA, USA).

Physicochemical Analysis

The zeta potential of the nanomaterials was measured using a Smoluchowski approximation at room temperature (23 °C),
followed by a measurement of the hydrodynamic diameter by dynamic light scattering (DLS) with the use of a Zetasizer
Nano-ZS ZEN 3600 (Malvern Instruments Ltd., Malvern, UK). The nanoparticles were diluted in ultrapure water to
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a concentration of 25 pg/mL, and farnesol was diluted to a concentration of 1%. Thereafter, they were sonicated at 500
W and 30 kHz for 2 min using a Vibra-Cell™ Ultrasonic Liquid Processor (Sonics & Materials, Newton, CT, USA).

Moreover, each probe (nanoparticles, farnesol, and complexes) was observed using a transmission electron micro-
scope (TEM, JEM-1220, JEOL, Tokyo, Japan) operated at a voltage of 80 keV. The samples were placed onto TEM grids
(3 mm 200 mesh Cu grids, Formvar, Agar Scientific, Stansted, UK), dried, and observed immediately.

Bacteria Viability Assay (XTT)

The viability of the microorganisms after exposure to metal nanoparticles and farnesol (separately and in complexes) was
determined by Cell Proliferation Kit II (Cat. No. 11465015001, Merck, Darmstadt, Germany). XTT (sodium 3'-
[1-[(phenylamino)-carbony]-3,4-tetrazolium]-bis(4-methoxy-6-nitro)  benzene-sulfonic acid hydrate), which is
a tetrazolium salt, is reduced to colored formazan by dehydrogenase enzymes in metabolically active cells. Microbial
suspensions were prepared in distilled phosphate-buffered saline to 0.5 on the McFarland scale (1.5 x 10® cells/mL) and
transferred to a 96-well plate. Then, the nanoparticles were added in the following concentrations: 25, 12.5, 6.25, 3.125,
1.56, and 0.78 pg/mL. Farnesol was added in the following percentages: 5%, 2.5%, 1.25%, 0.625%, 0.3125%, and
0.156%. A combination of the two was also used (nanoparticles 10 ng/mL and farnesol 1%). The prepared plates were
incubated for 24 h at 37 °C in a microbiological incubator (NUAire, Plymouth, MN, USA). After incubation, 20 pL of
XTT mix was added into each well and incubated for 3 h at 37 °C. Absorbance was measured at 450 nm (with
a reference wavelength of 690 nm) using a microplate Elisa reader (Infinite M200, Tecan, Durham, NC, USA). The
experiments were repeated at least six times for each group. Cell viability was expressed as a percentage of the control
samples, consisting of cells without any substances added.

Analysis of Biofilm Formation

The ability to form a biofilm structure was assessed using DAPI (Sigma-Aldrich, Hamburg, Germany). The microorgan-
isms were placed in an ibiTreat 15 p-Slide (ibidi GmbH, Griéfelfing, Germany) in 300 pL of growth medium per well
containing nanoparticles and farnesol complexes (the final concentrations were 10 ng/mL for nanoparticles and 1% for
farnesol). After 48 h, the microorganism cells were washed with PBS three times, and 100 pL of DAPI solution (1 pg/
mL) was added for 5 min, protected from light. Thereafter, the solution was removed, and the cells were washed with
PBS three times. The formed biofilm was observed with a confocal microscope, FV-1000 (Olympus Corporation, Tokyo,
Japan), using a 40x objective at an excitation/emission wavelength of 358/461 nm. Each well was imaged three times,
and all images were taken using the same laser parameters.

Analysis of Biofilm Structure

In order to determine changes in biofilm density and changes in microorganism cells, an analysis of structure was
performed using scanning electron microscopy (SEM). The microbial cells (3 x 10® cells/mL) were treated with
nanoparticles and farnesol complexes (nanoparticles 10 pg/mL with farnesol 1%) and incubated for 48 h at 37 °C in
a microbiological incubator (NUAire, Plymouth, MN, USA). Thereafter, the medium with nanoparticles and farnesol was
removed, and the cells were washed with PBS three times. The cells were fixed with 2.5% glutaraldehyde (GA) for 30
min at room temperature. Then, the cells were washed with PBS three times and post-fixed with 1% OsO, in dH,O for 30
min. Subsequently, the cells were washed twice with PBS and dehydrated with a graded ethanol series, as follows: 25%
EtOH for 5 min, 50% EtOH for 5 min, 75% EtOH for 5 min, 95% EtOH for 5 min, and 100% anhydrous EtOH for 10
min. The analysis of biofilm structure was performed using SEM (type FEI, Quanta 200, Jeol, Tokyo, Japan) in a low
vacuum mode at an accelerating voltage of 20 kV. The pictures of all samples were taken at 10,000x magnification.

Cell Culture Viability

For the evaluation of the viability of the cells exposed to nanoparticles and farnesol, a neutral red (NR, Sigma-Aldrich,
Hamburg, Germany) test was performed. HFFF2 cells (1.5 x 10° cells/mL) were seeded on a 96-well plate and incubated
for 24 h (37 °C, 5% CO,) so that they could fully attach to the well. Thereafter, nanoparticles and farnesol were added at
a concentration of 10 pg/mL and 1%, respectively, for 24 h (37 °C, 5% CO,). Then, 20 pL of NR reagent was added into

110 hetps: Nanotechnology, Science and Applications 2024:17

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Lange et al

each well and incubated for 2 h. Absorbance was measured at a wavelength of 570 nm using a microplate Elisa reader
(Infinite M200, Tecan, Durham, NC, USA). The experiment was performed at least three times for each group. Viability
was expressed as the percentage ratio of the absorbance values of the test sample (cells exposed to nanoparticles and
farnesol) to those of the control sample (untreated cells).

Cytokine Array

In order to determine the cytokine expression in HFFF2 cells, a Human Inflammation Antibody Array — Membrane
(ab134003, Abcam, Cambridge, UK) for 40 targets was performed. The HFFF2 cells were treated with nanoparticles and
farnesol complexes (at concentrations of 10 pg/mL for nanoparticles and 1% for farnesol) and incubated for 24 h. Then,
the cells were trypsinized and harvested, and the protein extract was prepared using a TissueLyser LT (Qiagen, Hilden,
Germany) at 50 Hz for 10 min with frozen metal balls. After that, the samples were centrifuged at 13,000% g for 10 min
at 4 °C, and the pellets were collected. The protein concentration was measured using the BCA Protein Assay (Thermo
Scientific) according to the manufacturer’s protocol. The cytokine array was conducted in accordance with the
manufacturer’s instructions, and the membranes were imaged using Azure Biosystem C200 (Dublin, CA, USA). The
images were then analyzed with ImagelJ software (version 1.50e, National Institutes of Health, USA) using the Protein-
Array Analyzer plugin.

Statistical Analysis

All the data are presented as mean values + standard deviation. The data were analyzed with a one-way analysis of
variance (ANOVA) with a post hoc Tukey (HSD) test using GraphPad Prism 9 software (version 9.2.0, San Diego, CA,
USA). Differences at p < 0.05 were considered statistically significant.

Results

Physicochemical Analysis

Figures 1 and 2 show the values of the average hydrodynamic diameter (in nm) and the zeta potential (in mV) of the
materials used in the experiments, respectively. The hydrodynamic diameter of the bare nanoparticles except ZnO (Ag,
Au, Cu) was smaller than that in the complexes with farnesol (Table 1). Ag itself had the smallest diameter of all
samples. Of all the metal/metal oxide nanoparticles, the ZnO sample had the highest average hydrodynamic diameter (>1
um), although the size of ZnO indicates the formation of agglomerates, as was also supported by the value of the zeta
potential, which was positive (5.0 = 0.2 mV) and the least different from zero, indicating low colloidal stability. The zeta
potential of the other samples was negative. Of the single particles, F had the most negative value (—44.5 + 0.6 mV),
indicating moderate stability of the sample. ZnO, which had a positive zeta potential, showed a highly negative value
(—36.1 £ 0.7 mV) after combination with F, indicating a stability similar to that of single F. The zeta potential of Cu, on
the other hand, changed from less negative (=7.7 = 3.3 mV) to more negative (—32.8 £ 3.4 mV) when combined with
F. The reduction in stability between Cu and CuF is also evident in Figure 2. The sample with the lowest zeta potential
was AgF (—54.1 + 3.2). The polydispersity index (PdI) fluctuated between 0.3 and 1. AuF and ZnOF had the highest
value (1.0), and Ag, Cu, ZnO, and CuF had the lowest value (0.3).

The visualization of the materials used is presented in Figure 3. All the metal nanoparticles (Ag, Au, Cu, and ZnO)
created agglomerates, with particles clumped together into larger structures. Farnesol, on the other hand, created round
droplets with various diameters. The combination of nanoparticles with F resulted in a structure in which the nanopar-
ticles were more separated from each other than without F but in which they formed a denser layer.

Viability Assay (XTT)

The evaluation of the viability of the microorganisms after F treatment showed decreased viability in most micro-
organisms except P. aeruginosa (Figure 4). However, F caused the highest percentage of viability reduction in
E. faecalis and S. aureus (in both cases, the maximum value of the viability did not exceed 11%). At
a concentration of 25 to 6.25 pug/mL, Ag caused statistically significant differences in all microorganism species.
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Table | Physicochemical Parameters of the Materials Used in the Experiments: the Average
Hydrodynamic Diameter (in Nm), the Diameter of the Individual Nanomaterials (in Nm) Based on the
TEM Analysis, the Zeta Potential (in mV), and the Polydispersity Index (Pdl)

Material/Parameter | Average Hydrodynamic | Diameter (in nm) | Zeta Potential Pdl
Diameter (in nm) Estimated by TEM (in mV)

Ag 121.0 £ 10.9 5-30 274 %12 0300
Au 212.0 £ 358 43-72 —26.6 £ 3.3 04 0.1
Cu 130.2 + 85.6 5-35 -7.7 £33 03 %00
ZnO 1345.0 = 167.1 78-100 5002 03 0.1
AgF 262.7 £ 108.5 5-110 —54.1 £3.2 0.6 £ 0.0
AuF 1334.8 + 570.9 33-117 -526 £ 1.0 1.0 £ 0.0
CuF 3353.3 £ 759.1 22-145 -328 £ 34 03 0.1
ZnOF 608.3 + 77.6 10-35 -36.1 £0.7 1.0 £ 0.0
F 1132.7 £ 107.3 110-3500 —44.5 + 0.6 0405

Note: The results are presented as a mean * standard deviation.

Au limited the viability only at concentrations of 25 and 12.5 pg/mL in E. coli and E. faecalis and at the highest
concentration (25 pg/mL) in P. aeruginosa and S. aureus and C. albicans. Cu significantly limited the viability at all
concentrations in all microorganism strains. ZnO caused a decrease in cell viability of less than 50% in E. coli,
E. faecalis, and S. aureus. The complexes AgF, CuF, and ZnOF resulted in a significant decrease in viability in all
microorganism strains.

Analysis of Biofilm Formation
Biofilm formation of all microbial species is presented in Figure 5. Changes in biofilm formation after F treatment
were especially visible in E. faecalis and S. aureus. In the three other microbial species (E. coli, P. aeruginosa,
and C. albicans), biofilm formation was also disturbed, but to a lower extent than in the abovementioned species.
For E. coli, AgF and CuF were the factors that most hindered the creation of a biofilm structure. ZnOF contributed
to the thinning of the structure, although clustered cells were present. For E. faecalis, most nanocomposites
significantly reduced the ability to create a biofilm structure; AuF was the only one that enabled biofilm formation.

For C. albicans and S. aureus, changes in biofilm formation were visible in all nanocomposite samples with F. However,
the cells were arranged in clusters, without being divided into individual cells, despite the limited quantitative structure they
exhibited in the aforementioned cases. AuF was the least restrictive factor, and therefore the most developed structure was
created in its presence. Reduced biofilm formation by S. aureus was observed after exposure to all substances. Only single
cells were visible, which did not form a spatial structure. Limited formation of a biofilm, in which only a few cells were
present, was noticed for F, AgF, and CuF, while for AuF and ZnOF, the number of cells was slightly higher.

Interestingly, reduced biofilm formation by P. aeruginosa was observed after AgF exposure and to a lesser extent after
F treatment. AuF contributed to a biofilm with a flatter shape. CuF and ZnOF treatment resulted in a slightly thinned
structure, albeit to a small degree, compared with the control sample.

Analysis of Biofilm Structure
Figure 6 shows representative SEM images for all tested species after exposure to nanocomposites (AgF, AuF, CuF,
ZnOF) in the presence of the control group (untreated cells).

For E. coli, the number of bacteria treated with nanocomposites was comparable to that in the control, but their
appearance was different in the other samples. Cells exposed to nanocomposites were flattish, with visible cell wall
defects. Even though partially degraded, the cells were still arranged in groups.

114 https: Nanotechnology, Science and Applications 2024:17

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dovepress Lange et al

200 nm | w2 200 nm

Figure 3 TEM visualization of the materials used in the experiments. (A) Ag; (B) AgF; (C) Au; (D) AuF; (E) Cu; (F) CuF; (G) ZnO; (H) ZnOF; (I) F
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Figure 4 Viability (in %) of the microorganisms exposed to farnesol (F), silver nanoparticles (Ag), gold nanoparticles (Au), copper nanoparticles (Cu), zinc oxide
nanoparticles (ZnO), and complexes of nanoparticles with farnesol (farnesol 1% and nanoparticles 10 pg/mL). The results are presented as mean * standard deviation,
the C column is the control group (untreated), and asterisks (¥) show statistically significant differences (p < 0.05) compared with the control.
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E. faecalis S. aureus P. aeruginosa C. albicans

Figure 5 Confocal scanning laser microscopy images of biofilm formation by E. coli, E. faecalis, S. aureus, P. aeruginosa, C. albicans after treatment with farnesol (F) and farnesol
complexes (AgF, AuF, CuF, ZnOF). C is control group.
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Figure 6 Biofilm structure of E. coli, E. faecalis, S. aureus, P. aeruginosa, C. albicans treated with nanocomplexes (AgF, AuF, CuF, ZnOF) in the presence of the control
(untreated) group (C). All images were captured at a magnification of 10,000%.

E. faecalis cells treated with nanocomposites were more separated without a spatial structure (except CuF). Both AuF
and AgF caused the cells to be much more flattened, making them appear more elongated than in the control, in which
they were arranged in characteristic short chains. In the case of CuF and ZnOF, E. faecalis cells were combined in pairs
or small aggregates, although after exposure to CuF, their cell walls were not as smooth and intact as in the ZnOF sample.

For S. aureus, the addition of each nanocomposite reduced the biofilm structure, dividing it into single or slightly merged
cells. Only after AuF exposure were the cells still organized in clusters; however, there were fewer clusters than in the control
sample, and the cells were more flattened. In all other cases, the cells were partially damaged, with evidence of cell wall
rupture and collapse as well as leaking out of intracellular components. After exposure to the nanocomposites, the destroyed
structure was less three-dimensional, which, in contrast, was a noticeable feature in the control.

Like E. coli cells, Paeruginosa cells treated with nanocomposites were more flattened. In the control sample, the cells
were surrounded by a layer of extracellular matrix, which was not observed in the samples. The addition of AgF led to
cell degradation, even though the cells formed clusters. More biofilm fragments were observed in the AuF sample,
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although there were degraded cells in the spatial forms as well. Cells exposed to CuF were shrunken, with a collapsed
cell wall, mostly not resembling the shape of P. aeruginosa. Similarly shrunken and damaged cells were visible after
ZnOF treatment, except that they were still arranged in multidimensional structures.

C. albicans treated with nanocomposites showed a partially reduced structure compared with the control, but the cells
were not degraded in all samples. AgF contributed to a significant reduction in the number and morphology of the
remaining individual cells that were destroyed. In contrast, AuF did not result in significant cell defects, despite the
reduced number of cells present. A reduced number of cells was observed after CuF treatment, and the cells were stacked
individually, albeit numerous cells were combined into clusters after ZnOF treatment; however, some cells were
destroyed.

Cell Culture Viability

A decrease in cell viability was not observed after exposure to any type of nanocomplex (Figure 7). The HFFF2 viability
increased statistically significantly when the cells were treated with AgF, AuF, CuF, and ZnOF. Interestingly, the
metabolic activity of the cells did not increase during the treatment with the individual components of the complexes
(F, Ag, Au, Cu, ZnO) (Figure 7A).

Cytokine Membrane Assay

Protein expression was analyzed using 40 targets: eotaxin, eotaxin-2, GCSF, GM-CSF, ICAM-1, IFN-y, 1-309, IL-1a, IL-
1B, IL-2, IL-3, IL-4, IL-6, IL-6sR, IL-7, IL-8, IL-10, IL-11, IL-12p40, IL-12p70, IL-13, IL-15, IL-16, IL-17, IP-10,
MCP-1, MCP-2, M-CSF, MIG, MIP-10, MIP-1B, MIP-15, RANTES, TGF-B1, TNF-a, TNF-B, sSTNF RI, sTNF-RIL,
PDGF-BB, and TIMP-2. The results are shown in Figure 8. In the HFFF2 cell line, an increase in expression of the
following proteins was noticed: IL-8, MIP-18, RANTES, and TIMP-2. The expression of the aforementioned proteins
increased the most for the groups treated with AgF and ZnOF.

Discussion

Antibiotics were once the most effective agents for combatting potentially lethal diseases. However, such efficient factors
are associated with certain side effects that significantly affect their original effectiveness. Unfortunately, the incorrect
use of important remedies leads to changes in the functioning of bacteria, which over time adapt to external agents. For
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Figure 7 HFFF2 viability (in %) after treatment with nanoparticles and farnesol (A) (at final concentrations of | ug/mL for nanoparticles and 0.1% for farnesol) and after
treatment with nanocomplexes (B). The results are presented as mean # standard deviation. The C column is the control (untreated) group. Asterisks (*) show statistically
significant differences (p < 0.05) compared with the control.
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Figure 8 Protein expression in the HFFF2 cell line using a Human Inflammation Antibody Array Membrane (original drafts). (A) control (untreated); (B) F; (C) AgF; (D)
AuF; (E) CuF; (F) ZnOF. The results are normalized and compared with the control groups.

this reason, the main problem in antibiotic therapy is antibacterial resistance. The causes of antibiotic resistance vary and
include the overuse of antibiotics in agriculture and animal husbandry and the inappropriate prescription and use of
antibiotics in medicine. This necessitates the introduction of new or additional agents with antimicrobial activity.
Nanoparticles seem to be good candidates for antibacterial agents. Their small size facilitates penetration through the
cell wall and membrane of microorganisms, and the large active surface enables the addition of active substances. In this
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work, we have investigated the influence of complexes of Ag, Au, Cu, and ZnO nanoparticles with farnesol on the
viability of some microorganisms (E. coli, E. faecalis, S. aureus, P. aeruginosa, and C. albicans) and biofilm formation.
Additionally, the toxicity of the complexes for HFFF2 line fibroblasts was tested.

Analysis of the nanomaterials used is required when performing toxicological studies, as the properties that
nanoparticles possess affect their biological effect. Metal nanoparticles tend to agglomerate once they are placed in
solution, and this in turn impacts their properties.” In our study, the hydrodynamic diameter of each type of nanoparticle
used (Ag, Au, Cu, ZnO) exceeded 100 nm (Table 1). The formed agglomerates were visible by transmission electron
microscopy (Figure 3), although individual nanoparticles had much smaller sizes than the analysis of the average
hydrodynamic diameter indicated. However, after combining the nanoparticles with farnesol, an increase in the hydro-
dynamic diameter was observed for most nanoparticles (Ag, Au, and Cu). Farnesol itself formed particles of various
sizes, which were visible during the TEM analysis (Figure 3). Regarding the polydispersity index (PdI), which describes
the inhomogeneity of the distribution of particle sizes, the values of the samples ranged from 0.3 to 1.0. A value of PdI
exceeding 0.7 means that the sample should not be analyzed by dynamic light scattering because of the broad size
distribution of the particles.’® All metal nanoparticles showed a PdI in the range of 0.1 to 0.4, which means that the
samples were moderately polydisperse.®> Metal nanoparticles with farnesol had a higher PdI than bare nanoparticles,
which may be attributed to the large variety of particles that F exhibited itself. Despite the polydispersity of the
complexes with farnesol, the value of the zeta potential increased significantly, surpassing the limit value of + 30 mV,
which is recognized as indicating good colloidal stability of nanoparticles in suspension. This is particularly important in
biomedical applications, as unpredictable processes that pose a risk are often the result of poor stability.*® In comparison,
none of the metal nanoparticles used alone showed a zeta potential exceeding = 30 mV (Table 1), although F was a stable
factor despite its diverse particle sizes (zeta potential = 44.5 = 0.6 mV). It can therefore be claimed that the two
components (farnesol and metal/metal oxide nanoparticles) are mutually stable, which is particularly important because
nanoparticles combine easily with other components owing to their high reactivity surface.*®

Metal nanoparticles caused the largest drop in bacterial viability, especially in E. faecalis and S. aureus, which were
the two bacterial species that were the most susceptible when treated with Ag, ZnO, and Cu (along with E. coli in this
case) (Figure 4). In general, it is believed that Gram-positive bacteria are more resistant to metal nanoparticles than
Gram-negative bacteria due to the structure of their cell wall. The wall of Gram-positive bacteria is several times thicker
than that of Gram-negative bacteria and therefore may constitute an additional protective barrier.’” However, according
to the priority list of pathogens of the World Health Organization (WHO), Gram-negative bacteria are more resistant to
antibiotics than Gram-positive bacteria. This is caused by the outer membrane of Gram-negative bacteria, which possess
some properties, such as hydrophobicity, that contribute to reduced sensitivity and, consequently, better bacterial
resistance.>® In our study, the reaction of Gram-negative bacteria to the exposure to nanoparticles may be caused by
the presence of an outer layer with LPS molecules, which increase the negative charge of the whole cell membrane and
repel nanoparticles due to their mutual interaction, especially since some regions in the mosaic structure of the LPS
molecules in the outer membrane may be more negatively charged.>® Interestingly, C. albicans demonstrated higher
sensitivity to metal nanoparticles than Gram-negative bacteria species, but its viability was significantly decreased only
in the highest concentrations of nanoparticles tested. The fungal cell wall is composed of substances different from those
found in bacteria, eg, glucan, chitin, chitosan, and glycoproteins, which are responsible for its rigidity.*> The effective-
ness of metal nanoparticles against C. albicans has nevertheless been proven by showing, among other things, that they
attach to the cell wall and membrane and accumulate inside both structures, causing ion release or dysfunction of
enzymes and DNA.*' A similar action is observed when nanoparticles interact with bacteria. Exposure of nanoparticles to
bacterial cells results in the adhesion of metal nanoparticles to the cell surface, which leads to damage to the cell
membrane and penetration of the nanoparticles into the cell. It has already been demonstrated that metal nanomaterials
can interact physically with the cell membrane/wall or with other intracellular components.*> Adsorption of nanoparticles
on the cell membrane disrupts the transfer of electrons and increases the membrane’s permeability. Nanoparticles are
constantly undergoing dissolution in solutions, and the released ions can affect cellular structures. Nanoparticles that
interact with the bacterial surface produce a concentrated source of ions, continuously releasing ions and causing more
toxicity to the cells. The mechanism of the antimicrobial action of metal ions is closely related to their interaction with
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sulfhydryl groups in enzymes and proteins, resulting in cell dysfunction.>”** Metal nanoparticles are well known for their
high capacity to produce reactive oxygen species (ROS) and free radicals, the excessive production of which is
responsible for lipid oxidation and protein and DNA damage.** Such a multifaceted interaction of metal nanoparticles
with bacterial cells provides many opportunities for their use as antimicrobial agents.

F was a factor that significantly reduced microorganism viability (up to a maximum value of 11%) in two species,
namely E. faecalis and S. aureus, in all concentrations used (Figure 4). It also reduced the viability of the yeast
C. albicans, but to a smaller extent. As was mentioned in the Introduction, farnesol is recognized as an agent able to
inhibit a broad spectrum of relevant pathogens, and its antibacterial properties have already been proven against both
E. faecalis and S. aureus. " A different situation is observed in the case of C. albicans, since farnesol is a fungal
quorum-sensing molecule; however, when added in the form of an exogenous agent, it contributes to cell wall changes,
meaning that it may also be useful as an antifungal compound.?* Quorum sensing is closely related to the formation of
a biofilm, which is the spatial three-dimensional structure that most microorganisms form in the environment. Bacteria
embedded in a biofilm are able to tolerate 10-1000 times higher concentrations of bactericides and fungicides than
planktonic forms of cells.*® Therefore, biofilm formation was limited for C. albicans, but also for the bacterial species
used, both during exposure to F alone and during exposure to nanocomposites, especially AgF, with additional toxicity
exhibited by Ag, which is known for its antibacterial properties (Figure 5). As mentioned before, metal nanoparticles
may be broad-spectrum antibacterial and antifungal agents, destroying both bacterial and yeast cells, meaning that
biofilm formation during exposure to nanocomposites may have caused damage within individual cells. In general, most
bacteria species produce a negatively charged matrix, so positively charged nanoparticles can easily penetrate it.* In our
study, most nanoparticles, as well as all nanocomposites with F, had a negative charge (except ZnO), suggesting that
nanocomposites can better penetrate the biofilm structure, especially because hydrophobic particles (such as F) exhibit
a better distribution within biofilm structures than hydrophilic particles.® Such a distribution of nanocomposites may
explain the reduction in biofilm structure, which was observed in the SEM analysis (Figure 6). Moreover, the SEM
analysis showed that individual cells, in spite of their limited number, were damaged and had a shape that differed from
that of the control samples. In all microorganism samples exposed to AgF, there were fewer cells (or they were separated,
as in C. albicans), and they seemed to be more flattened. In this case, the cells did not form clusters, but they existed as
individual cells that were not merged together, as opposed to the samples after AuF exposure, in which there were also
fewer cells, but they were clumped. Biofilm damage can be caused by the action of F; however, the molecular mechanism
of farnesol is not completely clear.”’' Interestingly, farnesol may inhibit quorum-sensing molecules such as 2-heptyl-
3-hydroxy-4-quinolone in P. aeruginosa, known as the Pseudomonas quinolone signal (PQS). As PQS regulates the
synthesis of eDNA (extracellular DNA), which in turn is responsible for cell-to-cell communication and maintenance of
the biofilm structure, inhibition of PQS production results in the formation of weak and thin biofilms.* Such
a phenomenon may have occurred in studies that found an arrangement of individual rather than clustered cells. Other
research in which the biofilm structure was treated with farnesol and antibiotics, eg, B-lactams, suggested that farnesol
interferes with peptidoglycan biosynthesis and, as a consequence, cell wall formation, enhancing the effect of B-
lactams.>® Such an effect seemed to be possible in our study, especially as metal nanoparticles may contribute to cell
wall damage.

When testing substances with general applicability, it is extremely important to examine the toxicity that the new
substance may cause to cells with proper morphology. Farnesol is considered safe by the Food and Drug Administration
(USA) as well as by the European Chemicals Agency; however, its effect depends on the concentration: the higher the
concentration of farnesol, the greater the damage to cells. There are multiple studies in which farnesol affects cancer cells
but, at the same time, does not exhibit toxicity toward healthy cell lines.** In our research, farnesol with nanoparticles did
not show toxicity toward the HFFF2 cell line (Figure 7); however, there was increased expression of cytokines, such as
IL-8, MIP-1B3, RANTES, and TIMP-2 (Figure 8), especially after treatment with AgF and ZnOF. The results seem to be
probable, as F is considered a contact allergen in humans, as well as a mild irritant for rabbit skin.> Interestingly, F can
be both a pro- and an anti-inflammatory agent. Some reports show that F increased the level of IL-6 in macrophage cells,
but it also led to inactivation of the Ras-Raf-ERK1/2 signaling pathway, resulting in suppression of inflammatory gene
expression.'® Farnesol may be toxic in the proposed nanocomposites, but metal nanoparticles can also cause undesirable
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effects in both in vitro and in vivo models. Nevertheless, the effects of nanoparticles are dependent on the various
properties that they have, including size, shape, and colloidal stability.’® In our research, the AgF composite had the
smallest diameter of all samples, and smaller particles pass more easily through the cell membrane and into the cells.>’
A similar situation is observed in ZnOF, which had the second-largest size, although zinc oxide nanoparticles release zinc
ions, which alter Zn-dependent intracellular enzymes and transcriptional factors in cells.’® Despite some speculation
about the toxicity of the listed substances, each cell line may react differently to each substance. For this reason, it is
crucial to conduct research on a larger number of cell lines. An important point, however, is the lack of a reduction in cell
viability, which was demonstrated in our study and which gives hope for the potential use of those agents without
inducing additional general toxicity.

Conclusion

To summarize, nanocomposites composed of metal/metal oxide nanoparticles (silver, gold, copper, and zinc oxide) and
farnesol may constitute an effective and safe antibiofilm agent due to the damaging effect that both compounds have.
Firstly, metal/metal oxide nanoparticles may damage microorganism cells by a wide range of effects, including cell wall
destruction. Secondly, farnesol may impair quorum sensing, leading to the formation of weaker and thinner biofilms than
in favorable conditions. However, because different microorganisms have different reactions, metabolic functions, and
cell structures and because each nanomaterial has its characteristic properties, many aspects must be considered when
selecting a particular antibiofilm compound.
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