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ABSTRACT

Nanoparticles (NPs) are considered a promising tool in the context of biofilm control. Many studies
have shown that different types of NPs can interfere with the bacterial metabolism and cellular
membranes, thus making them potential antibacterial agents; however fundamental understanding is
still lacking on the exact mechanisms involved in these actions. The development of nanoparticle-
based approaches for effective biofilm control also requires a thorough understanding of how the
chosen nanoparticles will interact with the biofilm itself, and in particular with the biofilm self-
produced extracellular polymeric matrix (EPS).

This work aims to provide advances in the understanding of the interaction between engineered
fluorescent pluronic silica (PIuS) nanoparticles and bacterial biofilms, with a main focus on the role
of the EPS matrix in the accumulation and diffusion of the particles in the biofilm. It is demonstrated
that the particle surface chemistry has a key role in the different lateral distribution and specific
affinity to the biofilm matrix components. The results presented in this paper contribute to our
understanding of biofilm-nanoparticle interactions and promote the principle of rational design of

smart nanoparticles as an important tool for anti-biofilm technology.

INTRODUCTION

Bacterial biofilm formation is a phenomenon that has a significant impact in our everyday lives, from
infectious diseases to performance losses in the process industries due to biofouling. Bacterial
biofilms are dynamic, structurally complex, integrated multi-cellular communities of surface-
adhering microorganisms that are embedded in an extracellular polymeric matrix (EPS).! The EPS is
made up of a mixture of components including polysaccharides, proteins, nucleic acids and lipids and
plays an important role in maintaining the integrity of the biofilm, from both a physiological and
mechanical point of view.?

Given the emergence of multidrug resistant bacterial strains, which has severely decreased the

efficacy of antibiotic treatments,® the need for new strategies for biofilm prevention and disruption is
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continuously increasing. Recently, the potential to exploit nanoparticles (NPs) for biofilm control and
eradication has been a growing interest among the scientific community.*

Different families of nanomaterials and NPs have been considered as promising antimicrobial and
antibiofilm agents, and evidence of antibacterial effects has already been demonstrated for various
chemical compositions (Ag, ZnO, Au, chitosan), surface modification® and morphology.® While
many studies in the literature point out that NPs showing antibacterial action most likely interfere
with bacterial metabolism and cellular membranes,® what is not yet fully understood is the role of the
EPS in the general framework of NPs-biofilm interaction.

Being a physical barrier that embeds and shields the bacterial cells, the EPS matrix largely influences
the uptake and reduces the mobility of external agents within the biofilm, including small molecules
(e.g. antibiotics) and nanomaterials.” Recent research reveals that the matrix effectively acts as a
molecular sieve, hindering the penetration of substances that are larger than its pore size; furthermore,
such diffusional-barrier activity has also been correlated to the structural density of the
polysaccharides backbone, the microcolonies distribution, the specific matrix chemical composition,
the presence of gradients in the concentration of biomolecules and other physiological parameters
(e.g. temperature and pH).2 The diffusion of molecules within the matrix has been observed and
extensively investigated in the context of improving antibiotic therapies and disinfection protocols,
and different analytical methods have been developed to assess mass transport and diffusion
coefficients within the EPS matrix.® More recently the same tools have been optimised to study the
dynamics of NP uptake and mobility in bacterial biofilms. The EPS strongly affects the extent of
nanoparticle capture, penetration and diffusion within the biofilm.1° These three variables are
fundamental for the design of efficient nanoparticle-based systems for biofilm control: the particles
must be able to effectively penetrate and diffuse throughout the biofilm thickness to reach their target
(bacterial cells, EPS matrix or both).

In this paper we studied the interaction between engineered fluorescent pluronic silica (PluS) NPs

and bacterial biofilms, with the aim of advancing our understanding on the role of the EPS matrix in
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such interactions. The matrix influence on the particles diffusion and distribution within the biofilm
was thoroughly investigated both in in vivo biofilms and in in vitro studies. Engineered fluorescent
PIusS particles have already shown promise in the context of biomedical applications, such as tissue
and cell labelling and imaging (both in vivo and ex vivo), as well as environmental applications, such
as heavy-metal sensing.! For our investigation, biofilms of the strain Pseudomonas putida (P. putida)
were chosen as the model microorganism. Gram-negative P. putida bacteria are ubiquitous in the
natural environment'? and prevalent in industrial settings. They produce biomolecule-rich biofilms,*3
which have been reported to negatively affect industrial water treatment systems and act as reservoir

for antibiotic resistance determinants in hospital environments.*2 14

EXPERIMENTAL SECTION

e Materials
Pluronic F127, tetraethyl orthosilicate (TEOS, 99.99%), chlorotrimethylsilane (TMSCI, > 98%),
acetic acid (HOAc, > 99.7%), HCI (>37%), sodium alginate, bovine serum albumin (BSA), calcium
chloride (CaCly), ethanol (EtOH), glycerol, King B agar, magnesium sulfate (MgSO4), Mowiol 4-88
and phosphate buffered saline (PBS) and dichloromethane were purchased from Sigma-Aldrich.
Carboxyethylsilanetriol sodium salt (25% w/w water solution, CETS) was purchased from GELEST.
Potassium phosphate dibasic was purchased from Honeywell, Fluka™,
Rhodamine B triethoxysilane derivative (RhB-TES) was synthesized as previously reported.’®
Sypro® Orange and Syto™ 9 were purchased from ThermoFischer Scientific. Fluorescein (FITC)-
labelled Lectin Kit | was purchased from Vector Laboratories.
Clear 96-well plates were purchased from SARSTEDT. Costar® Black 96-well plates were purchased

from Corning.



UF tubes (Amicon Ultra-0.5 mL, cutoff 100 KDa) were purchased from Millipore. Dialysis was
performed versus water at room temperature under gentle stirring with regenerated cellulose dialysis
tubing (Sigma, mol wt cutoff >12 kDa, av diameter 33 mm).

Grade 1 pure water (18.2 MQ cm ), was obtained from an Elga Process Water System (Biopure 15

and Pureflex 2, Veolia).

e Nanoparticles synthesis
Core-shell silica-PEG (poly(ethylene glycol)) NPs bearing carboxylic groups on the PEG surface
(PluS-PEG-COOH) and core—shell silica-PEG NPs with a carboxyl-functionalised silica core (PluS-
PEG) were synthesized adapting previously reported procedures.t'® !¢ 16 The reagents and their
quantities used for each synthesis are listed in Table 1, and a schematic of the synthetic procedure is

presented in Figure 1.
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Figure 1. Scheme of the PIuS particles synthesis.



Table 1. Reagents used for the synthesis of PluS nanoparticles.

NP sample | F127 F127- RhB-TES mg | Acetic TEOS uL | CETS uL | TMSCI
mg COOH (mmol) acid, 1.00 | (mmol) (mmol) uL
(mmol) | mg mol L7, (mmol)
(mmol) ulL
PluS-PEG | 100 -- 1.34 1535 175 (0.78) | 12, 10
(1.57x107) (0.018) (0.079)
PluS- 70 30 1.34 1535 175 -- 10
PEG- (1.57x107) (0.78) (0.079)
COOH

In a typical preparation, Pluronic F127 and RhB-TES dye were initially solubilized with 1-2 mL of
dichloromethane in a 20 mL glass scintillation vial, and the solvent was evaporated from the resulting
solution under vacuum at room temperature. NaCl (67 mg) was added to the solid residue, and the
mixture was solubilized at 25°C under magnetic stirring with 1535 pL of 1.0 M acetic acid. TEOS
(175 uL, 0.78 mmol) was then added to the resulting aqueous homogeneous solutions.

For the preparation of PluS-PEG-COOH particles, TMSCI (10 uL, 0.079 mmol) was added to the
reaction mixture after 3 hours, and the mixture was kept under stirring conditions for 20 h at 25°C
before dialysis treatments. For the preparation of PIuS-PEG particles, TEOS addition was followed
by CETS addition and the mixture was kept under stirring for 12 hours; after this time TMSCI (10
uL, 0.079 mmol) was added, and the mixture was kept under stirring for further 20 h at 25°C before
dialysis treatments.

The dialysis purification steps were carried out against Milli-Q water on a precise amount of

nanoparticle solution (1500 puLL, RC membrane cut-off 12 kDa, 20 hours). The dialyzed dispersion of



nanoparticles was diluted to a final volume of 5000 pL, resulting in a stock solution at 20 pM
concentration, as reported elsewhere.*®

Working solutions of PluS-PEG and PluS-PEG-COOH were prepared through dilution of the stock
solutions with water to a final concentration of 200 nM.

Absorption and fluorescence spectra were acquired at 25°C for both particles solutions (SpectraMax
iD3, Molecular devices). NPs were characterised through dynamic light scattering (DLS) and Zeta
potential measurements (Zetasizer Nano ZS, Malvern Instruments); PluS-PEG and PluS-PEG-COOH
aqueous dispersions at working concentration (200 nM) were analysed in a folded capillary cell. For
size measurements, experiments were run in triplicate, with 10 runs for each measurement. For zeta

potential measurements, all experiments were run three or five times, with 15 scans for each run.

e Bacterial Culture

Pseudomonas putida strains (P. putida) were used in this study, either engineered GFP-expressing
PCL 1482 or wild type PCL 1455. Bacterial cultures were stored at —80°C in 25% glycerol (w/v). For
biofilm cultivation, thawed aliquots were streaked onto King B agar plates, supplemented with
tetracycline (40 ug mL™), and incubated for 24 hours at 30°C. A single bacterial colony was used to
inoculate 50 mL of sterile King B medium in a 250 mL Erlenmeyer flask and incubated at 30°C with
shaking at 200 RPM overnight (16 — 18 hours) to an approximate optical density at 600 nm (ODeoo)
between 2.3 — 2.6 (the medium was supplemented with tetracycline (40 ug mL™) when culturing P.
putida PCL 1482). The overnight cultures were then diluted with fresh sterile King B medium to a
final ODgoo of 1.

For confocal laser scanning microscopy (CLSM) measurements and EPS extraction, biofilms were
grown on glass coverslips, following a procedure adapted from Safari et al.}” The glass coverslips
(24 mm X 50 mm) were inserted vertically in sterile 50 mL centrifuge tubes and 5 mL were added of

diluted culture (ODsoo 1) supplemented with CaCl, to a final concentration of 1.5 mM. The tubes



were plugged with sterile cotton wool and then incubated for 72 hours at 30°C with shaking at 100
RPM. The medium was not refreshed throughout the incubation period.

For the assessment of the NPs entrapment in the biofilms, P. putida PCL 1482 biofilms were cultivated
in black 96-well plates, to reduce the background signal when measuring fluorescence intensity,
following a previously reported procedure.*® Firstly a bacterial culture mix was prepared with
tetracycline (40 pg mL™), calcium chloride (1.5 mM), magnesium sulfate (1.5 mM) and the bacterial
culture (ODeoo 1); 150 pL of this mixture was then added to each well and the plate was then covered
with a gas-permeable rayon membrane, to allow aeration. Biofilm formation was then carried out at
28°C with shaking at 125 rpm for 24 hours. Following biofilm formation in 96-well plates, the
cultures were washed three times with sterile water to remove planktonic cells and residual spent

media from the wells.

e CLSM and colocalisation analysis
Before analyses, biofilm-coated coverslips were carefully removed from centrifuge tubes and gently
washed three times with sterile water to remove loosely attached cells. For both qualitative and
quantitative imaging, biofilms were sequentially labelled with two fluorescent dyes as follows: (1)
Concanavalin A (ConA) conjugated to FITC, which labels polysaccharides in the biofilm matrix by
binding to mannose and glucose residues, 20 pug mL™2; (11) Sypro® Orange (1 in 5000 dilution), which
labels most EPS proteins. For staining, coverslips were placed horizontally on a sample holder and
150 pL of each fluorescent probe solution was drop casted onto the biofilm, followed by incubation
in the dark for 15 minutes. After incubation, the biofilms were gently rinsed three times with water
to remove unbound stains. This was repeated for each probe. Subsequent to fluorescent probe staining
of the biofilm components, 150 uL of each NPs solution (200 nM) was drop casted on top of the
biofilm. Unstained samples with or without exposure to nanoparticle solutions were used as controls.
Tris-buffered Mowiol 4-88 mounting medium was used to mount each coverslip onto a glass

microscope slide (25 mm x 75 mm x 1mm) as previously reported.'® The mounted slides were allowed
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to dry for at least 1 hour at room temperature in the dark. Horizontal plane z-stack images were
acquired with an Olympus FluorView FV1000 CLSM attached to an inverted Olympus 1X81
microscope with a 60x/1.35 NA UPL SAPO oil immersion objective (Olympus Optical, Tokyo,
Japan). The microscope was equipped with 405 nm, 488 nm, 543 nm and 633 nm laser lines. All
images were acquired equally: 1x digital zoom, a scanning speed of 2.0 ps/pixel, with 2x Kalman line
averaging and sequential channel acquisition. At least three image stacks, with a z-step of 1um, from
each of three independent experiments were acquired and analysed using Fiji image processing
software.?® Images were background subtracted and median filtered (0.5 pixel radius) and
colocalisation analysis were performed using the “JaCoP” plugin.?! Mander's correlation coefficients
were used for reporting colocalisation between PluS particles and EPS matrix macromolecules and
therefore the colocalisation ratios were independent of signal intensity and overall abundance of
fluorescence signal.

To quantify the penetration of the NPs into the biofilm, normalized fluorescence signals from the red
channel observed in orthogonal xz and yz views from z-stack confocal imaging were utilized.

Experiments were performed in triplicate, and only representative images are shown.

e Entrapment experiments
The entrapment of PIuS particles in the biofilms was assessed using a previously reported method.8
Briefly, 150 pL of the aqueous particles suspension (200 nM concentration) was added to each well
of the 96-well plate where biofilms were grown. Fluorescence intensity from both the biofilm-
exposed particles and the control sample (150 pL of 200 nM particles solution in water) was measured
every 10 minutes under shaking conditions using a plate reader (SpectraMax iD3, Molecular devices),
with the first reading taking place one minute after initial exposure. The entrapment of the particles

in the biofilm was calculated for each well using the following equation:
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N % 100

NP entrapment =

where I is the fluorescent intensity of the control sample and In is the fluorescent intensity of the
biofilm-exposed particles. By measuring the reduction in fluorescence intensity between solutions of
nanoparticles exposed to the biofilms and the control particles solution, the overall entrapment of
particles in the biofilm samples can be calculated, independently of particles size or concentration.
Four independent experimental replicates were carried out for each particle sample, with 24 biological

replicates in each run.

e Stability measurements via Zeta potential and DLS analysis of PluS-EPS solutions

For these experiments, PluS NPs were exposed to solutions of extracted EPS, in order to assess in
vitro the interaction between the particles and the matrix, and to find a relationship with the data
obtained from entrapment measurements and confocal imaging.

EPS was extracted from 72 hours biofilms grown on glass coverslips, using a procedure based on
cation-exchange resin (CER) extraction adapted from Jachlewski et al.?? Briefly, the biofilms were
scraped from the glass coverslips, gently washed with PBS buffer and then resuspended in 0.5 mL of
a NaCl 0.9% (w/v) solution. After sonication for 2 minutes, the cation exchange Dowex® resin was
added (1% w/v) and the EPS extracts were shaken at 300 RPM for 2 hours at 4°C in the dark. An EPS
solution was obtained from the supernatant centrifugation (20,000 g for 20 minutes at 4°C) and
filtration (Millipore® 0.22 um pore membrane filter). The obtained EPS extracts were stored at -80°C
until their use.

For PIuS-PEG and PIluS-PEG-COOH solutions in water the final concentration (used for sample
analysis) was of 200 nM for all the measurements, consistently with environmentally-relevant

concentrations.?® For the stability experiments, unbuffered aqueous dispersions were used in order to

11



ensure that no interactions or particle surface modification were accidentally induced before the
exposure to biomolecules.

The particles solutions were exposed to extracted EPS solutions at concentrations ranging from 100.0
to 0.5 ug mL™. The concentration range was extrapolated from EPS matrix quantification after
extraction, to be representative of the actual EPS concentration in the biofilm.

After 30 minutes of incubation, the PIuS-EPS complexes were analysed by DLS and Zeta potential
measurement, in the same instrument and experimental conditions previously described for
nanoparticles characterisation.

In order to identify the contributions of polysaccharides and proteins, PluS particles were also
exposed to solutions of sodium alginate (5.000 to 0.025 pg mL™) and BSA (10.00 to 0.05 pg mL™),
and DLS and zeta potential analysis were carried out in the same experimental conditions already
described for the characterisation of the dispersions of NPs alone. Alginate and BSA were chosen as
model polysaccharide and protein, respectively; the concentrations used are representative of the
concentrations of proteins and carbohydrates in the matrix, which were quantified on the EPS extracts
through Lowry and phenol-sulphuric acid assays, respectively.

EPS, BSA and alginate solutions were all prepared in NaCl 0.9% (0.15 M), and the same NaCl
concentration was maintained for the samples by adding appropriate volumes of a 5% NaCl stock
solution. All the NP-biomolecules test solutions were analysed immediately after the incubation
period without any purification procedure, consistent with an in vitro assessment of the colloidal

stability.

e Statistical analysis
One-way analysis of variance (ANOVA) was used to evaluate statistical significance (p < 0.05). Error

bars represent standard error of the mean, extrapolated on at least three separate experiments.

RESULTS AND DISCUSSION
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e NPs characterisation

PIuS-PEG and PluS-PEG-COOH NPs present a core-shell structure, featuring a silica core and an
outer shell of PEG. The particles differ in the position of the carboxylic groups in the core shell-
structure, localised on the silica core for PluS-PEG and on the PEG shell for PluS-PEG-COOH,
respectively. The carboxylic groups are also responsible for the negative charge of the particles;
depending on the group position, the charge will be either exposed on the outer PEG shell or buried
beneath the polymeric layer. The two particles have the same core size (= 10 nm) and similar
hydrodynamic diameter, as measured by, respectively, TEM (Figures S1-S2) and DLS (Table 2,
Figures S3-S4). The difference in particle size obtained with the two techniques is expected, and it is
due to the different physical variables measured (i.e. hydrodynamic diameter dH of the NP in solution
for DLS, which accounts also for the solvation sphere surrounding the particles, and diameter of the
dry particles for TEM, always smaller than dH).?

It is well established that surface functionality and properties of nanomaterials dictate their behaviour
in biological media, including bacterial biofilms.?® As the two PIuS particles have similar structure,
composition and size, it is expected that any difference in the way they behave once in contact with
the biofilm and its components is caused by the different position of the carboxylic group on the

particle surface.

Table 2. DLS and Zeta potential measurements for 200 nM aqueous dispersions of PluS-PEG and

PIuS-PEG-COOH NPs.

Sample dn (nm) PDI Zeta potential (mV)
PIuS-PEG 45+ 1 0.20 -16 (1)
PluS-PEG-COOH 36+3 0.38 -8 (x2)

du: hydrodynamic diameter; PDI: polydispersity index.
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e Distribution and penetration into the biofilm

Initial investigations focussed on the ability of the particles to penetrate into the biofilm and analysis
of their distribution (both in the lateral and axial directions within the biofilm thickness). These
variables are key to many applications, such as effective nanoparticle-based drug-delivery and biofilm
dispersing agents.?®

In Figure 2 the entrapment results are shown for both PluS-PEG and PIuS-PEG-COOH. In absolute
percentage of captured particles, PIuS-PEG show a greater entrapment percentage by the biofilm
compared to PluS-PEG-COOH, by 25% and 12%, respectively. The time profiles show slight
differences: the entrapment of PIuS-PEG particles by the biofilm increases until a plateau is reached,
whereas for PluS-PEG-COOH the trend indicates an initial increase in the uptake, quickly followed

by a slight decrease and then stabilisation.
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Figure 2. NPs entrapment profiles for aqueous dispersions of PluS-PEG (200 nM) and PluS-PEG-
COOH (200 nM). Error bars represent standard error of the mean (n = 4). Statistical differences were

assessed by one-way ANOVA (p < 0.05).
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In Figure 3 confocal images and orthogonal xz and yz views are presented for P. putida exposed to

PIuS-PEG and PIuS-PEG-COOH aqueous dispersions (200 nM). Both sets of particles can be

observed as penetrating through the entire thickness of the biofilm, as shown in the orthogonal

projections. Penetration inside the microcolonies is observed, with a higher concentration of particles

in the biofilm inner core (white arrows). Such accumulation of NPs within the biofilm is often

observed and can be explained with a diffusion-driven penetration of the nanoparticles within the

matrix.2’” The particle accumulation in the inner core is more pronounced for PIuS-PEG-COOH, as it

can be concluded from the penetration profiles (Figure 3c)): the sigmoidal curve for Plus-PEG-COOH

is correlated to a higher percentage of particles distributed towards the inner portions of the biofilm,

showing preference for the inner core of the microcolonies (seen as yellow in Figure 3b)) while the

linear profile for Plus-PEG shows a more even distribution throughout the entirety of the biomass.

With regards to the particle lateral distribution, important differences are observed (

NPs

Plus-PEG

Plus-PEG-COOH

Cells

Merge

Figure 4).
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Figure 3. Confocal z-stack images with xz and yz orthogonal views of P. putida PCL 1482 exposed
to a) PluS-PEG and b) PluS-PEG-COOH dispersions (white arrows indicate biofilm inner core, scale
bars are 20 um); c) penetration profiles of PIuS-PEG and PluS-PEG-COOH into P. putida biofilms
(the x-axis shows penetration depth, where 0 pm represents the top layer of biofilm and ~18.4 um
(represented by dashed vertical line) represents the bottom layer of biofilm; the y-axis shows the

normalised fluorescence intensity of red channels).
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NPs Cells Merge

Plus-PEG

Plus-PEG-COOH

Figure 4. Single slice confocal images of P. putida PCL 1482 exposed to Plus-PEG (top) and PluS-
PEG-COOH (bottom) particles dispersions. Images are taken in the same position on the biofilm
sample. Arrowheads indicate particular nanoparticle distribution features, which are emphasised in
the high-magnification insets. Scale bars are 20 um, except for the high-magnification insets where

they are 5 pum.

For PIuS-PEG the binding pattern results mostly in an even lateral distribution throughout the EPS
matrix between cells (white arrowheads), but also very well-defined circular agglomerates of ~ 1 um
size are observed (yellow arrowheads and high-magnification detail). For PluS-PEG-COOH the
binding pattern shown is either string-like network (white arrowheads and related inset) or

agglomeration in clumps (yellow arrowheads and related inset).
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From the confocal image sections (Figure 3) it is clear that both nanoparticle types are able to
effectively penetrate through the entire biofilm thickness. There is no evidence of accumulation of
the particles on the outer surface of the biofilm. In general, it is understood that the nanoparticle
penetration into the biofilm is largely determined by the particle size, with particles having diameter
of less than 50 nm being able to readily diffuse within the matrix;’ this size limit has been associated
to the dimension of the water-filled channels (pores) of the matrix. The particles used in this work
have comparable size, and in both cases smaller than 50 nm, therefore this justifies the similar
penetration profile. However, the two particles exhibit a different lateral distribution (

NPs Cells

Plus-PEG

Plus-PEG-COOH

Figure 4): PIuS-PEG are evenly distributed and some circular agglomerates can be observed
uniformly spread, whereas PluS-PEG-COOH are localised in more specific areas following a string-
like pattern. From these data it can be inferred that the particle distribution in the biofilm is driven by
selective binding preferences with matrix components, seemingly non-specific for PluS-PEG
(resulting in uniform distribution and aggregation) and more specific for PluS-PEG-COOH (well
defined binding patterns). The spatial distribution of biomolecules in the matrix is known to be highly

heterogeneous;?® in addition, it has been already reported that specific binding affinities and
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interactions with different EPS biomolecules can occur as a function of the surface chemistry and
composition of the particles, to the extent that the NPs can be purposely tailored to exploit such

interactions for specific biomolecules targeting.> 25¢ 2

e Colocalisation of PluS NPs to EPS matrix proteins and polysaccharides

Colocalisation analysis was carried out to further investigate if specific binding affinities are
occurring for the two particles with particular matrix components.®® The analysis was carried out on
confocal z-stack images of biofilm samples firstly stained with either Sypro Orange or ConA-FITC,
and subsequently exposed to PluS particles dispersions; the two stains are specific for proteins and
polysaccharides, respectively. Representative single slice confocal images of stained samples are
presented in Figure S6 and Figure S7. By analysing the degree of nanoparticle-stain colocalisation,
information can be extrapolated on specific binding affinities of the particles to biofilm components.
The results are reported in Table 3. The terminology for describing colocalisation data classifies weak
colocalisation ranging from 0 to 0.39, moderate colocalisation from 0.4 to 0.69, and strong
colocalisation from 0.7 to 1.0.%!

Both types of nanoparticle exhibit a moderate colocalisation to polysaccharides, with a ratio of 0.53
for PIuS-PEG and 0.49 for PIuS-PEG-COOH, respectively. A different trend is observed for the
colocalisation to proteins, namely moderate for PIuS-PEG (0.62 ratio) and strong for PluS-PEG-

COOH (0.81 ratio).

Table 3. Colocalisation analysis of PluS NPs and EPS matrix proteins and polysaccharides.

Sample Polysaccharides Proteins
Colocalisation SD Colocalisation SD
ratio (*) ratio (*)

PluS-PEG 0.53 0.07 0.62 0.04
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PluS-PEG-COOH 0.49 0.03 0.81 0.04

(*) Fiji’s JaCoP colocalization analysis (Mander’s correlation coefficients) was conducted to examine pixel to pixel
correlation in separate channels over space in several z-stack CLSM images. Data are representative of three separate

experiments, each of which contained at least three z-stack CLSM images.

According to these data both particles show moderate colocalisation to the polysaccharide
components of the matrix; this finding is consistent with the axial distribution that both sets of PIuS
particles show through the biofilm depth, considering that the polysaccharide network is one of the
main constituent of the biofilm matrix scaffold.?® 32 Interestingly, a different trend is shown for the
colocalisation to proteins, namely moderate for PIuS-PEG and high for PluS-PEG-COOH particles,
respectively. In general, nanoparticle interaction with proteins is a spontaneous phenomenon that
occurs whenever any nanoparticle enters into contact with a biological medium, and leads to the
formation of a protein-corona on the particle surface.>® The affinity of both PluS particles for proteins
(moderate for PIuS-PEG and strong for PluS-PEG-COOH) might be the consequence of this
interaction. Our data are also consistent with previously published results, where a certain affinity for
matrix proteins was observed for PEG and PEG-carboxy-functionalised cadmium selenide quantum
dots within P. aeruginosa biofilms.3*

In comparison to PluS-PEG, the more significant colocalisation of PluS-PEG-COOH to proteins can
be ascribed to the interaction of the carboxylic groups, exposed on the particle shell, with amino acid
residues on the matrix proteins; this type of particle-protein interaction has been reported for different
carboxy-functionalised particles via electrostatic interaction and hydrogen bonding.*® In contrast, in
the case of PIuS-PEG the carboxyl groups are buried under the PEG shell, so a potential interaction
with EPS biomolecules is likely hindered by the polymeric layer, and this would be consistent with

the lower colocalisation ratio to proteins calculated for PluS-PEG.
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e Stability tests on PIuS-EPS solutions

To further elucidate the mechanism involved in the interaction of the PluS particles with the EPS
matrix and its components, stability experiments were carried out in solution, exposing the particles
to aqueous solutions of the biofilm matrix. These experiments aimed to analyse the degree of colloidal
stability of particles dispersions in aqueous solutions of model main components of the biofilm matrix
(proteins and polysaccharides) as well as in solutions of EPS extracts; the resulting data can provide
insights on the particles interaction with the biofilm matrix.* It should be pointed out that although
in vivo biofilms are rather complex and heterogeneous systems, in vitro simplified models provide a
useful tool in biofilm research for understanding fundamental questions and complement in situ
studies.®’

DLS size (hydrodynamic diameter, dH) and zeta potential measurements are presented in Figure 5
and Figure 6, respectively, for PluS-EPS, PluS-alginate and PluS-BSA samples. The concentration
of the test solutions was normalised so that to that each measurement point is representative of the
concentration of proteins (modelled with BSA) and polysaccharides (modelled with alginate) present
for a specific concentration of EPS.

A general increase of the hydrodynamic ratio (p < 0.05) is reported for PIuS-PEG at increasing
concentrations of all the test solutions (Figure 5a)). This supports that particle aggregation is

promoted by all the aqueous model solutions of the main components of the biofilm matrix.
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Figure 5. Hydrodynamic ratio measured by DLS for a) PIuS-PEG and b) PluS-PEG-COOH
dispersions exposed to P. putida EPS solutions. Error bars represent standard error of the mean (n =

3). Statistical differences were assessed by one-way ANOVA (p < 0.05).

A completely different pattern is observed for PluS-PEG-COOH particles (Figure 5b)). The exposure
to EPS extract seems to decrease the partial interaction between PluS-PEG-COOH NPs, with a sharp
hydrodynamic size decreases to a value of 25 nm, which remains constant with further increase in the
concentration of the matrix solution (p > 0.05). The same trend is observed for the NP-alginate
samples. In the case of NP-BSA samples the size increases to a constant value of 70 nm, independent
of the protein concentration, with the only exception being the sample containing 0.1 ug/mL of BSA

(p < 0.05). On the whole, for PluS-PEG-COOH no aggregation is observed.

With respect to the zeta potential measurements, for both particles there is no significant or specific
trend of the surface charge of the different samples as a function of test solutions concentration. Both
PluS samples exhibit zeta potential in the range -1 + -5 mV (p > 0.05), which indicates lack of

electrostatic stabilisation of the colloidal dispersion.
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Figure 6. Zeta potential values measured for a) PIuS-PEG and b) PluS-PEG-COOQOH dispersions
exposed to P. putida EPS solutions. Error bars represent standard error of the mean (n = 5). Statistical

differences were assessed by one-way ANOVA (p < 0.05).

In the case of PluS-PEG-COOH, the substantially constant particles size at all concentrations of both
EPS extract and alginate solutions (Figure 5b)), suggests that a stabilising interaction could be
happening between the particles and the polysaccharides present in the EPS extract. Instead, the small
size increment seen for NP-BSA samples suggests that the protein interacts with the particles, likely
forming a protein corona promoted by the interaction with the carboxylic groups present on the
nanoparticle surface.®® Such preferential interaction is consistent with the preferential binding pattern
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shown on confocal images (
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Plus-PEG-COOH

Figure 4) and with the colocalisation analysis data (Table 3).

For PIuS-PEG, instead, the increase in hydrodynamic ratio exhibited in all the test solutions (Figure
5a)) indicates aggregation of the particle dispersions in all the conditions analysed. This decrease in
colloidal stability in buffered and biomolecules solution is not commonly observed for NPs
surrounded by a PEG shell (or PEGylated); on the contrary, the presence of a coating of PEG on the
particle is usually associated with a stabilising effect caused by the minimisation of non-specific
interactions and proteins adsorption, referred to as “stealth effect”.3® The stealth effect has been
extensively investigated in the nanomedicine field and presents particle PEGylation as an effective
strategy to increase bioavailability and circulation time of drugs and nanoparticle-based treatments in
the bloodstream.*® Although their antifouling properties are well documented, it is also understood
that the extent of suppression of protein adsorption on PEGylated particles is affected by a number
of factors, including polymer molecular weight, density and nanoparticle core material.**
Furthermore, the polymeric chain conformation (e.g. brush or mushroom) can vary according to

solvent and ionic strength of the medium, thus changing the surface structure and consequently its
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affinity for proteins.*'® %2 In addition, specific functional groups on the PEG shell or on the particle
core can cause interaction with certain proteins to selectively occur. For these reasons, comparisons
with literature data can be questionable, and a case-by-case analysis of the interactions involved might
be needed.

However in our case, given that stable and non-buffered aqueous particle solutions were inoculated
to the biofilms, it is reasonable to hypothesise that the agglomeration occurs after the particles enter
the biofilm biomolecule-rich matrix.*® If the formation of large aggregates occurred upon contact
between the particles and the biofilm outer surface, the particles would rather accumulate on the
surface itself instead of diffusing into the biofilm. Furthermore, for the formation of micrometric
aggregates within the biofilm to occur a relatively large amount of captured particles would be
required, and this is consistent with the higher particle entrapment (Figure 2) measured for PluS-PEG
(25%) compared to PluS-PEG-COOH (12%). Furthermore, DLS size analysis carried out on 200 nM
NPs dispersions in 0.9% NaCl (Table S1) shows no significant increase in dH (in spite of the lack of
electrostatic stabilisation, demonstrated by the decrease in zeta potential); this is proof of PluS
particles stability in the physiological environment simulated in the experiments, and ensures that any
aggregation or stabilisation process observed would derive from the NP-biomolecules interaction
only.

The PIuS-PEG particles are able to penetrate and diffuse inside the biofilm matrix and they were not
observed to show strong affinity to specific biofilm components, but medium colocalisation to both
polysaccharides and proteins (Table 3). This behaviour in the biofilm is consistent with data reported
on the diffusion of PEGylated polystyrene NPs inside P. aeruginosa and B. multivorans biofilms;*
from the data reported it was concluded that PEGylated particles were able to freely diffuse within
the biofilm without specifically binding to any components (matrix or cells). Free diffusive transport
was also modelled for PEGylated L-tyrosine polyphosphate in P. aeruginosa biofilms, with
experimental data supporting the theoretical model.*® In spite of the strong aggregation occurring for

PluS-PEG dispersions in EPS, BSA and alginate solution, the behaviour of the particles within the
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biofilm can be associated with a stealth-like behaviour, which minimises non-specific interactions
and results in uniform lateral distribution and axial diffusion along the biofilm thickness.®

These features have significant implications in the context of biofilm technology, where increased
antibacterial and antibiofilm performances have been reported for PEGylated drug-nanocarriers,
associated with an improved diffusion and penetration in the biofilm given by the PEG-shell.* It
must be pointed out, however, that other studies report instead that certain PEG-functionalised
particles are not able to effectively penetrate the biofilms,*’ unless the PEG-shell is combined with
another functional group that can interact and bind to the matrix.26¢: 48

To fully understand why some particles perform better than others it is important to consider that
specific EPS matrix composition and characteristics — such as architecture, density, actual pore size,
and viscosity — are key to selective interactions;® furthermore, given that the EPS composition is
quite heterogeneous in terms of proteins and polysaccharides, it cannot be excluded that competitive
adsorption equilibria take place between the bio(macro)molecules on the particle surface and can lead
to preferential binding of specific families of molecules.*® Therefore, attention must be paid in
generalisation, as a comprehensive model of the biofilm-nanoparticle interaction is likely described
by a combination of several specific interactions, and understanding which interaction is more

predominant is not a trivial task.

Overall, the results of the stability experiments in solution for both particles support those of confocal
imaging and entrapment measurements, and in summary indicate that the different surface chemistry
of the particle plays a major role in their transport and distribution within the biofilm. In our case, the
aggregation observed for PIuS-PEG in EPS matrix solutions could be symptomatic of non-specific
interactions (likely steric or polymer bridging-like) occurring between the particle and multiple
components of the matrix, and which prompt the particle entrapment and a uniform accumulation
within the biofilm with no preferential localisation. For PluS-PEG-COOH the slight increase in size

of the particles shown in BSA solutions only, coupled with the high colocalisation to proteins in the
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biofilms, suggests that preferential interaction with proteins might drive the entrapment and

subsequent accumulation of the particles in specific regions of the biofilm.

CONCLUSIONS

This study shows that PIuS particles are, in general, captured effectively by P. putida biofilms and
are transported through the entire biofilm depth. The different particle surface chemistry is associated
to the different lateral distribution and specific affinity to matrix components that the two sets of PluS
particles show. Effective transport through the biofilm coupled with specific lateral distribution are
very relevant features in the context of the prospective application of the particles for development
of antibiofilm technology. The higher entrapment with lower specific affinity makes PluS-PEG
particles more applicable for non-targeted applications in antibiofilm technology: a high amount of
particles captured coupled with unhindered diffusion throughout the entire biofilm and the bacterial
microcolonies are required for using the particles, for example, as carriers of non-specific matrix
dispersing agents or antibiotic agents. On the other hand, Plus-PEG-COOH are more promising for
applications where matrix protein-targeting is desired. Follow up studies will involve the design of
PluS particles engineered with functional systems (e.g. antimicrobial agents, enzymes for matrix
dispersion, biomolecules to target biofilm physiological processes, dyes for phototermal therapy), to
develop smart nanomaterials for biofilm control.

This work supports the rational design of functional NPs as a platform for the development of NP-

based anti-biofilm technology that will overcome the challenges associated with the EPS matrix.
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