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ABSTRACT

Biofilms are abundantly present in both natural and engineered environmental systems and will
likely influence broader particle fate and transport phenomena. While some developed models
describe the interactions between nanoparticles and biofilms, studies are only beginning to
uncover the complexity of nanoparticle diffusion patterns. With the knowledge of the
nanoparticle potential to influence bacterial processes, more systematic studies are needed to
uncover the dynamics of bacteria-nanoparticle interactions. This study explored specific
microbial responses to nanoparticles and the heterogeneity of nanoparticle diffusion.
Pseudomonas aeruginosa biofilms (cultivated for 48 and 96 hours, representing early and late
stages of development) were exposed to charged (aminated and carboxylated) polystyrene
nanoparticles. With a combination of advanced fluorescence microscopy and real time
quantitative PCR, we characterized the diffusion of polystyrene nanoparticles in P. aeruginosa
biofilms and evaluated how biofilms respond to the presence of nanoparticles in terms of the
expression of key EPS production-associated genes (peld4 and rpsL) and quorum-sensing
associated (/asR) genes. Our findings show that nanoparticle diffusion coefficients are
independent of the particle surface charge only in mature biofilms and that the presence of
nanoparticles influences bacterial gene expression. Independent of the particle’s charge
polystyrene nanoparticles down-regulated pel4 in mature biofilms. By contrast, charge-specific
responses were identified in /asR and rpsL gene expression. The targeted genes expression
analysis and heterogeneous diffusion models demonstrate that particle charge influences
nanoparticle mobility and provides significant insight into the intrinsic structural heterogeneity

of P. aeruginosa biofilms. These findings suggest that biofilm maturity and particle charge are
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essential factors to consider when evaluating the transport of nanoparticles within a biofilm
matrix.

ENVIRONMENTAL SIGNIFICANCE

Engineered nanoparticles are a growing environmental concern, and their fate and transport in
natural and engineered systems are not yet fully understood. Biofilms in environmental and
engineered systems play a role in determining nanoparticle fate and transport. Herein, we present
a study to explore the complexity of nanoparticle diffusion and their influence on biofilm
responses. The findings demonstrate that heterogenous transport of polystyrene nanoparticles
that varies by charge can also uniquely influence bacterial gene expression of quorum-sensing
systems and protein expression, as well as nanoparticle mobility. These insights provide a
deeper understanding of the heterogeneity of nanoparticle behavior in biofilms and highlight the

need for more systematic studies to better identify the environmental impact of nanoparticles.

INTRODUCTION

The field of nanotechnology has seen an exponential growth in recent years, with nanoparticles
(NPs) being increasingly utilized in various industrial and commercial applications such as
medicine, electronics, agriculture, energy and transportation (1-4). However, the release of these
nanoparticles into the environment has the potential to disrupt ecosystem stability (5). In recent
years, studies have demonstrated that nanoparticles can exhibit toxicity to cells (6,7). One class
of nanoparticles that has garnered significant attention is polystyrene NPs (8). There is a
particular need to further investigate the effects of polystyrene NPs and others on biological
systems because studies have shown that these particles persist and interact with microorganisms

in the environment (9,10).
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Bacteria in the environment live and grow in highly organized communities called biofilms that
are usually associated with biological or non-biological surfaces (11-13). Biofilms are complex
structures of microorganisms embedded in a heterogeneous matrix of macromolecules, well
known as extracellular polymeric substances (EPS) (14,15). Although, the EPS serve as a
physical barrier that embeds and shields the microbial cells, studies have shown that the EPS can
influence the penetration of external agents into the biofilm, including nanoparticles and
constrain their motion (16—18). And, bacteria found in biofilms can regulate the EPS properties
through gene expression at different stages of biofilm development and maturity. Given that
biofilms have been found to be nanoparticle reservoirs (19), exposure of biofilms to NPs may

have significant effects on the viability of microbes as well as the biofilm structure (7).

In natural biofilms, which are dynamic and active, the microbial habitat and the biofilm structure
interact in a responsive manner. Therefore, the effects of NPs on cellular responses depend not
only on the metabolic capabilities and cell membrane properties of the microbe but also on the
physical and chemical properties of the NPs (20,21). For example, inorganic nanoparticles (e.g.,
titanium dioxide, silver, cadmium oxide and zero valent iron) can generate reactive oxygen
species (ROS) that can activate death signaling pathways, survival signaling mechanisms, and
affect gene expression (22-26). In addition, NPs can affect cell-cell communication by altering
the expression of quorum sensing (QS) systems that are vital for biofilm formation and
maturation (27). The QS systems work through receptors in the membrane that bind the
extracellular signal and then interact with response regulators to modify transcriptional levels
and regulate cooperative behaviors (28). Furthermore, these QS signaling networks can regulate
the EPS secreted by the bacterial cells as a response to environmental stimuli (29). Our

hypothesis is that heterogeneous diffusion of NPs influences how NPs accumulate in biofilms.
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NPs are a known stressor for the cells and cause changes (increases or decreases) in the genetic
expression of key EPS production and quorum-sensing systems. If NPs are stressors for the
bacteria and lead to changes in the production of EPS components and quorum sensing signals,
the EPS matrix composition can change resulting in a change in biofilm properties and a

heterogenous diffusion.

The specific objective of this study was to characterize the diffusion of cationic and anionic
polystyrene NPs in Pseudomonas aeruginosa biofilms and evaluate the bacterial response to the
NP’s presence in order to provide a window into the complex interplay between nanoparticles,
microbial transcription, and biofilm architecture. Specifically, (1) to characterize the diffusion of
polystyrene nanoparticles in Pseudomonas aeruginosa biofilms as a function of particle charge,
(2) to identify the role of biofilm maturity in the diffusion coefficients and diffusive mode of the
nanoparticles and, (3) assess the role of biofilm age in the magnitude of the cellular response to
cationic and anionic polystyrene NP exposure by identifying changes in the expression of genes

related to polysaccharide biosynthesis and quorum sensing systems.

EXPERIMENTAL

For this experiment, we used the bacteria Pseudomonas aeruginosa, strain PAO1 AwspF Apsl
Py, ppel. This P. aeruginosa strain was obtained from the Parsek Lab at the University of
Washington in 2019 and culture has been maintain in glycerol in —80 °C storage. The strain
possesses wspF, nonpolar mutation; ps/BCD, polar mutant of the ps/ operon; arabinose-inducible
pel operon and is described in Jennings et al., 2015 (30). The PAO1 AwspF Apsl PBADpel strain
have only the polysaccharide Pel as the primary matrix structural polysaccharide, making it

suitable to study the effect of the NPs on polysaccharide production. The bacteria were cultivated
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in liquid Jensen’s media (30) overnight at 37° C with slow mixing and then diluted to an optical
density ODg, of 0.05. Jensen’s media contains NaCl (85.6 mM), K,HPO, (14.4 mM)),
ammonium sulfate (15.1 mM), glucose (0.3 mM), 0.5% (vol/vol) arabinose, MgSO, (1.33 mM),
CaCl, (0.14 mM), FeSO, (0.0039 mM) and ZnS0O, (0.0085 mM) and pH adjusted to 7.14 to
promote biofilm formation as described in Jennings et al. (30). In order to observe the samples
under the microscope without disturbing the biofilm structure in a flow cell chamber, flow cell
chambers (512 pL) were custom designed, and 3D printed. The flow cell body was made of the
polymer PA 2200 and the chambers were closed with glass cover slips of 0.17 mm thickness
with dimensions of 22 mm x 22 mm. After the bacterial inoculum was added to the flow cell
chambers, the cells were allowed to attach to the glass coverslip substratum for 3 hours before
starting the media flow of 30 mL/hour through the chambers. Biofilms were grown for 48 and
96 hours in a controlled temperature room at 37°C with a constant flow of Jensen’s minimal
glucose fresh media to promote biofilm formation and maintain optimal pH (30-32). Times
selected were based on biofilm growth in the flow cells. Growth profiles with this P. aeruginosa
isolate in these flow cells was determined by replicate, time-based, destructive sampling of flow
cells and quantifying 16S rRNA gene copies. The 48-hr time marks the end of the exponential
phase of growth and the 96-hr time represents a maturation through growth stabilization, well
before evidence of decay. Additionally, Dynamic light scattering (DLS) Malvern Zetasizer NS
(Worcestershire, U.K.) was used to measure the zeta potential and hydrodynamic diameter of the

P. aeruginosa cells and the NPs individually and in NP-cells samples.

To evaluate if NP accumulation in the biofilms stressed bacteria and affected gene expression of
key EPS production and quorum sensing systems, we exposed the biofilms in the flow cells to

cationic and anionic nanoparticles ImM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
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(HEPES), pH=7.3, for 6 hours. Biofilms were cultivated for 48 and 96 hours in 3 flow cells for a

total of 9 chambers with biofilm replicates with constant flow of Jensen media. When the

oNOYTULT D WN =

biofilms reached the desired maturation, the chambers were washed with 5 mL of 1 mM HEPES
10 buffer (pH 7.3) in order to remove all of the liquid media and suspended biomass in the chamber
that could cause the NPs to aggregate. Two of the flow cells were treated with cationic or anionic
15 polystyrene NPs in 1 mM HEPES buffer and the other one was treated with just 1 mM HEPES
17 buffer as a control. The approximate NP concentration added to each sample was 3.0 x 107
particles per sample. The cationic NPs were positively charged fluorescent aminated polystyrene
22 beads (Invitrogen FluoSpheres, max abs/em: 580/605 and diameter, d = 64 + 3.4 nm) and the

24 anionic NPs were negatively charged fluorescent carboxylated polystyrene beads (Invitrogen

26 FluoSpheres, max abs/em: 580/605 and d = 63 + 3.1 nm). After 6 hours of exposure to the NPs
29 under static conditions, the flow cells were opened, and samples were collected for further

31 extractions. Biofilms from each cell were scraped with sterile pipette tip using an identical

33 swabbing pattern for each flow cell area to minimize collection biases. The collected biomass

36 was resuspended in 100 uL phosphate buffer for protein, eDNA, RNA, and polysaccharide

extraction 138 procedures that are described in subsequent sections. For intact biofilms,
microscopy data were recorded after 6 hours of biofilm exposure to the NPs under static
44 conditions. The experiment was repeated twice for each biofilm age (Results from experiment 1

46 are reported in the main text and results for experiment 2 are reported in the Supplementary

48 Information)

52 Microscopic data acquisition
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The samples were observed, without opening the flow cells or disturbing the biofilm, using the
Nikon CrestV2 Spinning disk confocal microscope with a sSCMOS Prime 95B camera. This
microscope setup allows the use of a low-light technique appropriate for live cells imaging. For
each biofilm sample, 6,000 frames of data were collected at a rate of 100 frames/s using an Apo
TIRF 100x NA 1.49 objective at the point along the z axis (perpendicular to the flow cells)
where the fluorescence from the NPs was first observed (z = 4500 + 703 um, relative to the
coverslip). The red fluorescent NPs were excited with a 561 nm laser and a laser power of 38
mW (50% of the maximum, 75 mW, fiber output for 561 nm), for both, the aminated and
carboxylated modified polystyrene nanoparticles. For each sample three randomly-selected but
distributed (top, middle, and bottom of the sample area) fields of view of 256 x 256 pixels (0.11
um/pixel) were recorded to collect images from different biofilm locations. The samples from
the control, no NPs + flow cell, was observed to account for any background fluorescence.
Table 2 shows the average number of particles tracked within each field for both independent

experiments.

Microscopy data analysis

To characterize NP diffusion and the structural features of 48 and 96 hours PAO1 AwspF Apsl
Py ,ppel biofilms, the microscopic images were analyzed using correlation analysis and single
particle tracking. Two-dimensional pair correlation function (2D-pCF) was used to generate
connectivity maps. 2D-pCF is an appropriate method to visualize features of the biofilm matrix
that require high spatial resolution (e.g., barriers for NP diffusion) because it does not rely on a
spatial average. The analysis was performed using a pCF pixel distance of 4, detecting

temporally and spatially correlating fluorescence at a random adjacent location at a maximum
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distance of 0.44 pum (4 pixels) away. For the connectivity maps, the arrow length (line length)
selected was 5 pixels (0.55 um). The ratio of void to non-void space within the connectivity
maps was determined using ImageJ by binarizing the image to black and white and quantifying
the number of pixels in the void and non-void spaces, respectively. The mean void to non-void
ratio for each experimental condition was calculated using all three fields of view from both

experiments (N=6).

Single particle tracking (SPT) was used to analyze individual tracks of the NPs moving through
the biofilm and to perform a particle count. The SPT analysis was done using the algorithm in
the NIS-Elements software (Nikon’s universal software platform) (33). For this study, a random
motion model was selected, and it allowed gaps in tracks of a maximum size of 10 frames based
on the average time a particle stayed visible in the microscopic images. All trajectories longer

than 50 frames were selected; shorter tracks were not considered in the analysis.

For the identification and visualization of the spatial distribution of diffusion modes and NP
diffusion coefficients (D), an image Mean Square Displacement (iMSD) analysis was performed.
One of the advantages of using iMSD, is that it is based on the calculation of mean square
displacements (MSD) allowing the visualization of the distribution of diffusion coefficients in
the form of maps (34). The iMSD method was used to identify and visualize the spatial
distribution of diffusion modes and the diffusion coefficients (D) of NPs moving in the 48 and 96
hr old biofilm samples. For the iMSD analysis, a region of interest (ROI) of 32 x 32 pixel and a
moving window with an ROI overlap of 1/4 (8 X 8 pixels) was selected. The data were analyzed
using the “all models” option for diffusion (free diffusion, confined, and partially confined)

because a wide variety of diffusion behaviors was observed in the microscopic images.
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RNA extraction and real-time quantitative PCR experiment

After the biofilm samples were collected as described above, the samples were centrifuged
(10,000 rpm for 5 minutes at room temperature) in order to separate the bacterial cells from the
loosely bound extracellular polymeric substances (EPS). The supernatant part of the sample was
used to extract and quantify the production of extracellular DNA, and the cell pellet was used for
RNA extraction. The RNA extraction procedure was performed immediately after sample
collection using the QIAamp Viral RNA extraction kit from QIAGEN following the
manufacturer’s recommended protocol (note that despite its name, this kit includes directions for
isolating RNA from cell cultures). RNA concentrations were measured using the Qubit RNA HS
Assay kit from Invitrogen with the Qubit Fluorometer. The messenger RNA (mRNA) was then
converted to single stranded complementary DNA (cDNA) suitable for the quantitative
polymeric chain reaction (QPCR) with reverse transcriptase using the High-Capacity cDNA
Reverse Transcription kit from Applied Biosystems. To synthesize cDNA from the RNA, we
followed the protocol recommended by the manufacturer. In brief, the reverse transcription
master mix was prepared by adding the recommended amounts of 10X RT buffer, 25X dNTP
mix, 10X RT random primers, the MultiScribe reverse transcriptase and the necessary nuclease-
free water for a total reaction volume of 10 pL. In a 600 uL microtube, the master mix was
mixed with 10 pL of the RNA sample and the reverse transcription reaction was performed in a
thermal cycler following 3 steps, 25° C for 10 min, 37° C for 120 min and ending with 5 min at
85° C. The resulting cDNA concentration was quantified using the Qubit dsDNA HS Assay kit
from Invitrogen with the Qubit Fluorometer.

The effects of cationic and anionic polystyrene NPs on the expression of genes related to

polysaccharide production and quorum sensing systems was assessed through qPCR experiments
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performed for both biofilm ages (48 and 96 hours). The expression of genes related to
polysaccharide production was assessed using primers for the pel4 gene (32). To evaluate the
effect of the NP’s presence on the expression of genes related to the quorum sensing system, we
used specific primers for lasR (28,32). LasR and rhlR are the most well-known P. aeruginosa
quorum sensing systems that control virulence factor production, swarming motility and biofilm
development and maturation (28). The genes ampR (ampicillin resistant gene) and rpsL (encodes
the ribosomal S12 protein) were used as the reference transcripts (32,35). Table 1 summarizes

the forward and reverse sequences of all the primers used.

Amplification of the cDNA templates was done with a StepOne Real Time PCR System from
Applied Biosystems using iTaq Universal SYBR Green Supermix from BIORAD for dye-based
detection. For each PCR reaction, 2 uL of cDNA template, 10 uL of 2X master mix, 1.8 puL of
the reverse and forward primer (final concentration 450 nM) and 6.2 puLL of RNase free water for
a total reaction volume of 20 pL was used. The real-time PCR conditions for the amplification of
16S rDNA gene were 600 s at 95 °C followed by 40 cycles: 15 s at 95 °C for denaturation, 60 s
at 60 °C for annealing. One last gradient step from 60 to 95 °C with an increase of 0.3 °C/s was
added to obtain a melting curve. The qPCR reaction conditions were an initial activation cycle of
600 s at 95 °C, followed by 35 cycles of 10 s at 95 °C for denaturation and 60 s at a specific
temperature for annealing/extension of 60.0°C for peld, lasR, ampR and rpsL. A melting curve
analysis was performed using a temperature gradient of 60 °C to 95 °C at 0.3 °C/s intervals to
verify the specific amplification of a single PCR product. Each plate run for each gene target
included triplicates of non-template control (wells without the cDNA template), 3 biological
replicates with two technical replicates for each condition (control biofilm, aminated NP treated

biofilm and carboxylated NP treated biofilm, N=6 for each) and standard samples to generate
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standard curves for the PCR efficiency estimation. Different genes were analyzed in different

runs.

The qPCR data was analyzed using relative quantification(36). The gene of interest (pelA, lasR,
or rpsL) was compared to the reference gene (ampR) to normalize the changes for each sample
using the reaction efficiencies for each run calculated from the standard curves (for each gene,

target and reference) using the following equation:

Efficiency =10 slope _ 1 (1)
Using the mean quantitative cycle (Cq) of the technical replicates for each biological replicate of
the control sample and the NP treated sample, the normalized fold expression of target genes was

calculated using the following equation:

AC,
(Etarget) qtarget

Normalized fold expression= Log 2( ic ) 2)
(Eref) aref

This equation considers the efficiency for the reference gene (Eref) and the efficiency for the gene

target (Etarget).
Protein and eDNA quantification

The total protein concentration in each sample fraction, unbound proteins from the sample
supernatant and bound and intracellular proteins from the cell pellet, were measured using the
Qubit Protein Assay Kit with the Qubit Fluorometer using bovine serum albumin (BSA) as the

standard.
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Extracellular DNA (eDNA) was extracted from the supernatant portion of the biofilm samples to
avoid contamination with genomic DNA from inside the cells using the DNeasy® PowerSoil Pro
Kit from QIAGEN following the manufacturer protocol. The extracted eDNA was quantified

using the Qubit dsDNA HS Assay kit. We used the eDNA concentration from the “Control” as a
reference sample to determine if there was an increase or decrease in eDNA secretion due to the

presence of NPs.

Statistical Analysis

The statistical analysis comparing the difference between the histograms of diffusion coefficients
obtained by the iMSD analysis was performed in R using the permutation test of symmetry
where the levels of the various conditions were treated as having paired or repeated data. Kernel
(Scott) probability density estimates of the diffusion coefficient (D) distributions were used. If
the p- value was lower than 0.05 then the null hypothesis that there was no difference between
the distributions was rejected. In this data, N varied depending on the histogram but N > 100 for

all conditions.

For statistical comparisons between the control and the NP treated samples in terms of the
normalized fold expression of the pelA, lasR, and rpsL genes and the total protein concentration,
a T-test was run in Minitab 19, using the average value and standard deviation of all three

biological replicates from the two independent experiments (N=6 for each sample).

RESULTS AND DISCUSSION

Aminated and carboxylated nanoparticles can bind to EPS components in biofilms

After 6 hours of exposure to aminated and carboxylated polystyrene NPs, the biofilm samples
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were observed under the Nikon CrestV2 Spinning disk confocal microscope. The samples from
the control (no NPs) flow cell, were observed to quantify any background fluorescence from the
biofilm. No significant fluorescence emission was detected in the biofilm only control samples
for 561 nm wavelength excitation. The number of particles in the field of view was lower for
biofilm samples with aminated NPs compared to biofilm samples with carboxylated NPs. The
average number of particles obtained from a single particle tracking (SPT) analysis are presented
in Table 2. Similar trends were found in Experiments 1 and 2, however, more NPs (aminated and
carboxylated) were detected in Experiment 2 (Experiment 2 results are included in the
Supplementary Information). Particle aggregation or possible NP binding to biofilm components

was observed in all of the 48 hr and 96 hr biofilm samples in the microscopy images (Figure S3).

Before adding the NP solution to the flow cell chamber, a wash step was performed to reduce
aggregation of the NPs due to the cultivation media. If the wash step was effective removing the
liquid media in the chamber, it is possible that the carboxylated and aminated NPs bound to
biofilm components due to electrostatic attraction. In the case of the PAO1 AwspF Apsl Py, ppel
strain, the biofilm matrix contains negatively charged components (e.g., eDNA) as well as
positively charged polysaccharides (e.g., Pel). In 1 mM HEPES (pH = 7.14) at 37° C the
aminated polystyrene NPs and the carboxylated polystyrene NPs have zeta potentials of +25 +
3.3 mV and -34 + 3.1 mV. Birjiniuk et al. (14) previously identified a strong dependence
between carboxylated NP mobility in biofilms and NP interactions with charged portions of the
EPS. PAOI1 AwspF Apsl Py, ppel is a Pel overproducer strain when cultivated with the arabinose
inducer (37) and attractive forces between the cationic exopolysaccharide Pe/ and the
carboxylated NPs are expected (30). This probable attraction likely explains the apparent binding

of carboxylated NPs to the biofilm matrix. An electrostatic potential between the NPs and
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bacterial cells (PAO1 AwspF Apsl Py, ppel cells in 1 mM HEPES (pH 7.14)) has a zeta potential
of -26 +£ 1.7 mV. The association of NP and P. aeruginosa may also be explained by an observed
increase in average cell size as was observed when suspended cells were exposed to aminated
NPs (from 520 + 150 nm to 1,100 + 380 nm) as measured using dynamic light scattering (DLS)

(Malvern Zetasizer NS,Worcestershire, U.K.) ( Figure S3)

It is generally known that when a nanoparticle enters a biological matrix, it nearly instantly
acquires a corona over its surface in either monolayer or multilayer form (5,11). Studies have
shown that surface modification of NPs plays a critical role in corona formation and thus, in NP —
biofilm interactions (17). Nervius et al. (38) showed that charge and size are important in
modulating corona composition and the transport of fluorescent polystyrene NPs in Alteromonas
macleodii biofilms where surface sulfate (SO4~) groups on polystyrene NPs resulted in greater
sorption compared to NPs functionalized with amine (-NH) or carboxyl groups. In the P.
aeruginosa biofilm model used in the present study, eDNA and pel have been shown to be key
structural features (30). As eDNA and pel possess a polyanionic nature, in the case of polystyrene
NPs that are coated with positive and negatively charged molecules, electrostatic interactions can
play a primary role (39) but not the only role in governing interactions between NPs and the P.
aeruginosa matrix. Zajac et al. (40) demonstrated in biofilms, that the interactions of polystrene
NPs with the cell membranes of Staphylococcus aureus and Klebsiella pneumoniae led to changes
in the zeta-potential of the bacterial cells, without causing cell death, and outcomes were dependent
on particle concentration, pH, and exposure time. Additionally, studies have showed that kinetics
of the interactions between biofilm components and functionalized nanoparticles were influenced
by hydrophobic forces, van der Waals forces, pH, and steric hindrance (11,41,42). However, in P.

aeruginosa biofilms, electrostatic interactions were found to dominate over van der Waals forces,
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hydrophobic interactions, and hydrogen bonding (43,44). We, therefore, highlight on the potential
role of electrostatic interaction in our studies of NP diffusion and interactions in P. aeruginosa
biofilms. In this study, we acknowledge the diverse complex interplay of factors influencing the
fate of nanoparticle transport in biofilms. However, this study investigate the overall behavior of
nanoparticle diffusion within biofilms, rather than examining the individual effects of these

interactions on nanoparticle diffusion.

Nanoparticle diffusion in biofilms depends on biofilm maturity and particle charge

The connectivity maps, which illustrate the space in the biofilm network that the NPs are able to
access (biofilm voids), are presented in Figure 1 and for experiment 2, Figure S4. In a previous
study of NP diffusion in a model alginate matrix, we identified clear differences in the areas NPs
were able to access in a heterogeneous polymeric matrix due to the differences in particle size
(15). In this study the particles have similar sizes (dyps+= 64 £ 3.4 nm and dcooy. = 63 £ 3.1
nm), though we considered both positively and negatively charge the functional groups at the

particle surface.

There are no clear qualitative differences in the connectivity maps suggesting that the particle
charge does not strongly influence the shape and size of the areas the NPs can access. Within the
images for each condition, the connectivity maps show different void shapes and sizes likely
indicating the heterogeneity of the void spaces in these bacterial biofilms. Quantifying the ratio
of void to non-void space in the images does reveal small differences in the average ratio
between connectivity maps by age but less so for surface functional group for the 48 hr biofilms
(0.17 + 0.08 — carboxylated NPs, 0.12 £ 0.03 — aminated NPs) and the 96 hr biofilm (0.07 + 0.04

— carboxylated NPs, 0.10 + 0.07 — aminated NPs). Anisotropy determined from iMSD analysis

Page 16 of 40
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for each condition indicates reduction in the average anisotropy by age and particle charge for
carboxylated (0.14 £ 0.08 for 48 hours and 0.06 &+ 0.01 for 96 hours) and aminated NPs ( 0.08 +
0.04 for 48 hours and 0.04 & 0.01 for 96 hr) . Together this could mean biofilm ages chosen for
this study have some influence on reduced void accessibility for the 63-64 nm particles and to a
lesser extent both biofilm age and particle charge influence anisotropy.

The diffusion of aminated and carboxylated NPs in PAO1 AwspF Apsl Py ,pel was characterized
in terms of diffusion coefficients (D) and the visual maps of D revealed spatial variability in NP
diffusion coefficients throughout the biofilm network (Figure 2, Experiment 2 — Figure S5). The
overall behavior of the aminated and carboxylated nanoparticles in Experiments 1 and 2 were
similar, the D for aminated NPs in 48 hr biofilms samples were lower (p-value g,,,= 0.003, p-
value g, ,= 0.001) than the D for the carboxylated NPs and similar diffusion coefficients were
calculated for both types of NPs diffusing in 96 hr biofilm samples (p-value g,,, = 0.866, p-value
pxp2 = 0.146). These results concur with a previous study of NPs diffusing in 2 day old
Escherichia coli biofilms, where the carboxylated NPs were more mobile than aminated NPs
(14). The observation that anionic particles have similar diffusion coefficients to cationic
particles in 96 hr biofilms could be due to cationic and anionic patches formed by EPS
components at the nanoscale which may be more abundant in more mature biofilms (19). The
average diffusion coefficient, D, were not exactly reproduced for both experimental replicates,
agreeing with previous experiments that have identified variability in biofilms produced from the
same monoculture (12). However, when comparing the D distributions between samples from
Experiment 1 and 2, there was no statistical difference (all p-value between samples replicates
were > 0.05). The use of distributions instead of average values to characterize NP diffusion and

compare biofilm replicates highlights the intrinsic heterogeneity (microdomains) of the biofilm
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matrix. Moving towards using distributions of D instead of effective D values to compare results
from diffusion studies in heterogeneous matrices (under similar conditions) could reduce the
discrepancies between D values in biofilm replicates that researchers have previously reported
(12).

Peulen & Wilkinson (12) studied the diffusion of carboxylated polystyrene 57 nm NPs in 9-15 hr

old biofilms of P. fluorescence under static conditions using fluorescence correlation

spectroscopy. The calculated D was higher (D = 5.4 umz/s) compared to the values we obtained
in this study (D = 0.31 - 0.68 pm?/s), but this could be due to the differences in bacterial strain,
time of NP exposure, biofilm age and cultivation conditions which are all factors that can affect
biofilm physicochemical properties. The diffusion coefficient values for the caboxylated
polystyrene NPs in this study are lower than the values obtained in previous studies for 20 nm
and 100 nm particles with similar chemical composition diffusing in alginate but greater than the
diffusion coefficients calculated for 200 nm NPs in alginate (15). In bacterial biofilms, it is
reasonable to have lower D values than in a single component polymeric matrix due to the
interactions between EPS components (proteins, nucleic acids, lipids and polysaccharides) that

affect the viscosity, pseudoplasticity and elasticity of the matrix (45) and restrict NP mobility.

Nanoparticles can display different diffusion modes in biofilm matrices

When NPs diffuse in a biofilm heterogeneous matrix, NPs can be freely diffusing, confined by
the biofilm matrix or confined for a period of time before resuming free diffusion, so-called
partial confinement. From the iMSD analysis, maps of diffusion modes were obtained and

presented in Figure 3 and Figure S7 for the second experiment.. In both experiments, the
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proportion of freely diffusing particles (blue) increased for aminated NPs in 96 hr biofilms, but
decreased for carboxylated NPs, albeit the magnitude of change is different for each experiment.
Similarly, the percent of the maps showing confinement (yellow) increased for the carboxylated
NPs but decreased for the aminated particles in the 96 hour biofilms. These results are consistent
with the diffusion coefficient presented in Figure 2 where the D of the carboxylated NPs
decrease in mature biofilms compared to the D in younger 48 hr biofilms and the D values

increase for the aminated NPs in the 96 hr biofilms (mature).

Though freely diffusing (blue) and confined (yellow) trends are consistently increasing or
decreasing across the two experimental sets, there are some differences in the magnitudes of
these observations that influences what portion of particles experience transitional mode of
partially confinement (red). In the case of the carboxylated NPs, the D for NP diffusion in the 48
hr biofilms was lower in Experiment 2 compared to Experiment 1 (Dg,,, = 0.68 £ 1.28 pm?/s
and D, = 0.41 £ 0.53 pm?/s, p-value= 0.0003). These differences between experimental
replicates emphasizes the variability that biofilms can have even when formed in similar, well-
controlled conditions and by the same microorganism. The trends are consistent, but magnitudes
of changes varied in this experimental because of the native heterogeneity in the biofilm matrix.
In addition, these results suggest that even in matrices where the NPs have similar average
diffusion coefficients, the modes of diffusion could be different.

Changes in the diffusion modes between biofilms as a function of age could be related to the
possible binding of the NPs to the biofilm components which are more abundant in the more
mature biofilms. This hitchhiking mechanism, presented previously as the mobility of the bound
complex, can make NP movement dependent on the movement of cells and other components of

the biofilm matrix. In other words, if a particle is bound to a biofilm component that is itself
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diffusing, then the particle will be taken along with that component’s translational motion (46). If
the cationic particles are for example, bound to the PAO1 AwspF Apsl Pg4ppel cells, then the NP
diffusion could be slowed down because the cells move more slowly than the NPs. In a previous
study of single microcolony diffusion in P. aeruginosa biofilms, the diffusion coefficients
depended on the microcolony size and were close to the values obtained in the biofilm samples
from this study, for larger microcolonies D = 0.28 + 0.12 pum?/s and for smaller ones, D = 0.49 +

0.25 pum?/s(47).

If the NP is bound to a polymer, then the degree of crosslinking (DCL) of the polymer could
influence the overall NP diffusion coefficient (D). If carboxylated NPs were to bind to the
cationic polysaccharide (Pel) produced by PAO1 AwspF Apsl Py, ppel, this could explain why
the areas of confinement increased in the 96 hr biofilm samples. Polymers with lower DCL that
are weakly physically cross-linked and flexible will allow faster polymer dynamics which might
increase the probability of escape from confinement.(48) In this case, the observed increase in
the proportion of confined or partially confined carboxylated NPs could arise from an increase in

the Pel DCL due to biofilm maturity.

Peulen & Wilkinson (12), concluded that considering only biofilm viscosity and tortuosity is not
enough to accurately describe the diffusion of NPs in biofilms. As mentioned before, if NPs get
attached to cells or other biofilms components the dynamic movement of these components can
alter the diffusion of the NP and decrease the D of the NPs. In terms of the EPS architecture, the
NPs may be able to reach areas of the biofilm that bacterial sized particles (> 500 nm) would not
be able to reach. In this study, the tracks of NP motion were obtained from the SPT analysis and

are presented as polar graphs in Figure 4.
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The tracks for the aminated NPs in the 48 hr biofilm samples are short and overlapping. Though
in the 96 hr biofilms, the tracks are longer with less overlap, and paths have more random
patterns of movement. In the case of the carboxylated NPs, in 48 hr biofilm samples the tracks
are longer and non-directional, but in the 96 hr samples the tracks are shorter, thicker and have a
variety of patterns. A twisting pattern have been previously identified in holographic 3D tracking
of P. aeruginosa cells swimming behaviors (49). To elucidate how the movement of the NPs that
can bind to cells might be affected by cellular movement, further experiments (for example
simultaneously tracking fluorescently labeled bacteria and NPs) that allow direct comparisons

between cell and fluorescent particle motion would be useful.

Polystyrene nanoparticles affected gene expression

We explored the impact of cationic and anionic polystyrene nanoparticles (NPs) (d=64 and 63
nm, respectively) on the expression of pelA, lasR and rpsL transcripts using qPCR. Figure 5
shows the normalized fold expression of the genes of interest for each condition. Pel is a cationic
exopolysaccharide that provides the primary structural scaffold for P. aeruginosa biofilms
especially for the surface-attached submerged biofilms cultivated in flow cells. Pel is also
important for initiating and maintaining cell to cell interactions for cell attachment to the surface
(30,32,50). An increase in polysaccharide concentration could increase the degree of cross-
linking (DCL) between EPS components, which may restrict diffusion processes in the matrix
(15). In the younger biofilms (48 hr) samples, no statistically significant changes were identified
between the unexposed biofilms and the NP treated biofilm samples. However, in the older
biofilms (96 hr), the pelA transcripts produced by untreated biofilms were significantly higher
than the NP treated samples (p-value yyy3,. = 0.03 and p-value ooy =0.04). These results suggest

that aminated and carboxylated polystyrene nanoparticles are effective in down- regulating pelA



oNOYTULT D WN =

Environmental Science: Nano Page 22 of 40

independent of particle surface functionalization. It has been proposed that the Pel 4 protein is
located in the periplasm and is related to polymer (Pel) chain length regulation. However, it is
not clear if a decrease in the expression of the pe/4 gene would lead to a decrease in the overall
Pel production (in terms of concentration) or if only the polymer chain length would be affected
(39,51). Further experiments can focus on evaluating the effects on the biofilm composition due
to the downregulation of pel4 by cationic and anionic NP in mature biofilms using extraction
and analytical methods to quantify Pel (30). According to our results, polystyrene NPs may not
affect the initial stages of PAO1 AwspF Apsl Py ,ppel transcription of Pel associated genes
independent of the particle surface properties. However, cells in mature biofilms may be
threatened by aminated and carboxylated modified polystyrene NPs as shown by the decrease in
pelA transcriptomes after NP exposure. As shown in previous studies of Pe/ mutants (50), in
addition to EPS biosynthesis Pel genes are also required for the formation of carbohydrate-
containing compounds that encase the bacterial cells. A decrease in polysaccharides production
due to the presence of polystyrene NPs could disrupt the carbohydrate layer encasing the bacteria
resulting in an increase in susceptibility to antibiotics. In a previous study, it was found that for
P. aeruginosa strains PAO1 and PA14 in biofilms Pel protects the bacteria from the antibiotic
tobramycin (32). The decrease in pel4 transcripts after NP (aminated and carboxylated) exposure
could have implications in efforts towards biofilm control depending on the P. aeruginosa strain.
For the case of the PAOI strain, the reduction in Pel doesn’t affect the growth of the biofilm but
in other P. aeruginosa strains (e.g., PA14) decreases in Pel production can prohibit the biofilms
from growing larger (32). However, further studies are needed to test these hypotheses, for
example, studies to measure Pel production and biofilm growth (e.g., biofilm thickness and

dispersion) after NP exposure.
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In addition to the effect of aminated and carboxylated polystyrene NPs on the expression of peld
we evaluated their effects on the expression of lasR. LasR is one of most well-known quorum-
sensing systems of P. aeruginosa that controls virulence factor production, swarming motility,
and biofilm maturation. Bacterial cell density is monitored by signaling molecules, in the case of
P. aeruginosa, the homoserine lactones (HSLs). At a certain cell density, /asR responds to an
increase in biomass and the cells disperse from the biofilm through the quorum-sensing

influence. The results of qPCR experiments monitoring the expression of /asR are presented in
Figure 5. After the biofilm’s exposure to aminated-modified polystyrene nanoparticles (NH3+)

and carboxylated-modified polystyrene nanoparticles (COOH"), only the older biofilms (96 hr)
treated with carboxylated NPs showed a significant decrease in the expression of lasR (p-value
coon= 0.02). Reduced diffusion was also observed for carboxylated NPs in the 96 hour biofilm

and is a potential relationship that should be considered more carefully in future studies.

In this study, we quantified the expression of two reference (i.e., housekeeping) genes, ampR and
rpsL, by the PAO1 AwspF Apsl Py, ppel strain. The gene ampR is an ampicillin resistant gene
and the rpsL is the gene for expression of the 30S ribosomal protein S12 which is important for
maintaining translational accuracy. For the appropriate normalization of the genes expression, it
is necessary that the expression of the reference genes stay constant under the experimental
conditions (52). However, in this study the rpsL gene is not a good reference gene because in the
48 hr biofilm samples after exposure to aminated polystyrene NPs there was a significant
increase (p-value g,,,;=0.01, p-value g, ,=0.02) in rpsL transcript absolute copy number in both
independent experimental replicates (Figure 5). While a significant increase in rpsL transcription
was observed at 48 hr, for more mature biofilms (96 hr ), there was no statistically significant

difference between the normalized fold expression of 7psL in biofilms treated with aminated and
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carboxylated polystyrene NPs and untreated biofilms. Increased expression of ribosomal

subunits could increase ribosome concentrations thereby increasing total protein synthesis in the
bacteria. In support of this idea, the increase in expression of the rpsL gene was reflected in the
total protein concentration measured in the cell pellet portion of the 48 hr biofilm samples treated
with aminated NPs. This is also the condition with the greatest partial confinement (Figure 3,
Figure S7) and most limited particle path (Figure 4), suggesting a potential influence of cell

bound proteins on movement of aminated NPs in these biofilms.

Gram-negative bacteria, like P. aeruginosa have a thin cell wall with a peptidoglycan layer and a
lipopolysaccharide outer membrane which makes them more susceptible to NPs than Gram-
positive bacteria which have a peptidoglycan layer on their surface. The negatively charged
lipopolysaccharide outer membrane of P. aeruginosa can have attractive electrostatic
interactions with the positively charge aminated NPs. For example, chitosan-based NPs, which
contain amine groups, have been broadly used as drug delivery systems and display intrinsic
antibacterial and antibiofilm activity due to their polycationic nature which is associated with
bacterial membrane disruption (53). This disruption can cause oxidative stress in cells resulting

in damage to DNA, RNA, lipids and proteins.

Aminated polystyrene nanoparticles have been found to induce reactive oxygen species (ROS) in
an in vitro model of HeLa cells (54). In response to ROS bacteria have antioxidant defense
systems. In a previous study, researchers found that OxyR, a transcriptional regulator that can up-
regulate the expression of defensive genes in P. aeruginosa when the cell is in contact with
hydrogen peroxide, is associated with the transcriptional regulation of rpsL (55). The authors

hypothesized that in oxidative stress conditions 7psL would be under expressed based on
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previous studies where protein synthesis was inhibited in response to oxidative stress by
hydrogen peroxide (56). The qPCR experimental results in this study showed an increase in the
expression of 7psL and in the intracellular/cell bound total protein concentration. Further studies
are needed to elucidate the mechanisms behind this behavior in rpsL transcription and identify
possible explanations, like for example, whether aminated particles can cause errors in bacterial
translation and produce defective proteins as observed for the ribosome targeting aminoglycoside

antibiotics (57,58).

These results suggest that even simple polystyrene NPs may be stressors for P. aeruginosa and
lead to changes in the production of polysaccharides and quorum sensing signals, but the effects
will depend on the variables considered in this study, NP surface charge, gene function and
biofilm age, along with other environmental factors.

Further studies are needed to identify the mechanisms and processes behind the behaviors
identified in this study after the PAO1 AwspF Apsl Py ppel exposure to polystyrene NPs and the
direct implications for biofilm architecture and metabolic efficiency. In order to identify the
mechanisms that are causing the down and up regulation of the genes the system should be
simplified to two or three components and systematically increased in complexity. This bottom-
up approach to the biological system combined with viability assays and gene expression
analysis could aid in elucidating whether the observed effects on gene transcription are due to
direct interactions between NPs and bacterial cells or if these effects are induced as a cellular

response due to NP interactions with other biofilm components.

CONCLUSION
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The fate and transport of nanoparticles (NPs) in the environment is hard to predict due to the
highly variable environmental conditions and the long list of unique properties and compositions
that NPs can exhibit. When nanoparticles meet biofilms, they first deposit and accumulate in the
matrix and then they diffuse through the extracellular polymeric substances (EPS) matrix if the
conditions are favorable. This research highlights the importance of the biofilm matrix properties
in evaluating and predicting NP transport leading to a better understanding of the natural spatial
heterogeneity of the EPS, how local structural micro-domains affect the mobility of NPs in
biofilms and providing a window into the complex interplay between nanoparticles, microbial

transcription, and biofilm architecture.

Real biofilms are dynamic and active with responsive interchange between the microbial
inhabitants and the biofilm structure, and the nanoparticle mobility will be dictated by not only
the physicochemical properties of the particle but also the time and environment dependent
biofilm properties. NP diffusion modes can be affected by the intrinsic variability of biofilms

even when formed in similar conditions and by the same microorganism.

When nanoparticles accumulate in biofilms, their presence can be a stressor to the cells and can
affect the expression of genes related to extracellular polymeric substances production and
quorum sensing systems. Depending on NP surface charge, gene function and biofilm age, even
simple polystyrene NPs can be stressors for bacterial cells and lead to changes in the production
of polysaccharides and quorum sensing signals, which could end up affecting biofilm
architecture and metabolic efficiency. And these NP-biofilm interactions are reflected in the NP

transport within the biofilm.
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In general, biofilms are complex matrices that, due to their intrinsic heterogeneity and dynamic
and active responses to environmental changes, increase the complexity of studies related to NP
accumulation and transport. It is hard to generalize the behavior of NPs in biofilms because the
environmental conditions, the EPS physicochemical properties, the bacterial metabolic
capabilities, and the NP properties, all play a role in the NP-biofilm interactions, which should

all be taken in consideration when evaluating NP-biofilm interactions.

Supplementary Information. Additional methods details and results from Experiment 2 are

included in the Supplementary Information.
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Table 1: Primer sequences used in qPCR experiments.

Gene | Forward (5° — 3’) Reverse (3° — 5°) Reference

pelA CCTTCAGCCATCCGTTCTTCT TCGCGTACGAAGTCGACCTT (Colvin et al., 2011)
ampR GCGCCATCCCTTCATCG GATGTCGACGCGGTTGTTG

lasR TTTCTGGGAACCGTCCATCT GCCGAGGCTTCCTCGAA (Mellbye & Schuster,
rpsL GCTGTGCTCTTGCAGGTTGTG GCAAACTATCAACCAGCTGGTG | 2014)

Table 2: Average number of aminated and carboxylated polystyrene NPs identified in a
microscopy video of 6,000 frames (3 minutes) for the 48 hr and 96 hr biofilm samples. The average
values are considering 3 fields of view from each sample in an area of 793 pm?. Experiment 1 and
2 are independent experimental replicates.

Condition 48 hr biofilm 96 hr biofilm
Experiment 1 NH;* 366 36 +33
COOH- 63 £25 152 + 27
Experiment 2 NH;* 52420 62+ 13
COOH- 84 + 36 190 + 43

Experiment 1 Aminated NPs Carboxylated NPs

Figure 1: Connectivity maps for all three fields of view (28.2 um x 28.2 um) obtained by 2D-pCF
analysis for the aminated and carboxylated NPs at a depth of z=4500 + 703 um for the microscopy
images from Experiment 1. Each row shows a field of view analyzed for the 48 hr biofilm samples
(blue) and the 96 hr biofilms samples (red). The scale bar (red) in each map is 10 um.
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Figure 2: Visual maps and diffusion coefficient histograms for the aminated and carboxylated
31 polystyrene nanoparticles diffusing at a depth of z = 4500 £ 703 um. The diffusion coefficients
32 were obtained from the iMSD analysis of the microscopy images from Experiment 1. The bars are
33 histograms with bins sizes of 0.1 pum? /s. The lines are kernel (Scott) probability density estimates
34 of the diffusion coefficient (D) distributions. Each row shows the maps from the 48 hr and 96 hr
35 biofilm samples. The D heatmap color scale goes from black to red. The red areas are those with
higher D values (faster diffusion) and the blacker areas are the ones with the lower D values
(slower diffusion). The color-coded values in the distribution graphs are average values of the D
39 distributions taking into consideration all 3 fields of view analyzed. The scale bar (white) in each
40 map is 10 pm.
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Figure 3: Maps of diffusion modes, freely diffusive (blue), confined (yellow) and partially
confined (red). Each row shows each field of view analyzed for the 48 hr biofilms and the 96 hr
biofilm amples in Experiment 1. The pie charts represent the average percentage (for all three
fields of view analyzed) showing free diffusion (blue), confined (yellow) or partially confined
(red) areas for each type of NP. The scale bar (black) in each map is 10 um and the z depth was
4500 + 703 pm.
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Figure 4: Polar graphs of individual tracks (from SPT) for all three fields of view from Experiment
1 biofilms at a z depth of 4500 + 703 um. Each track has an assigned color that represents a single
25 nanoparticle with the origin representing the nanoparticle initial position. All the nanoparticle
26 tracks for the three fields of view are presented in the polar graph for each nanoparticle considered.
27 The polar graphs on the right represent a zoom in of individual particle tracks for aminated and
28 carboxylated NPs in the biofilm samples.
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Figure 5: Normalized fold expression of peld, lasR and rpsL transcription by PAO1 AwspF Apsl
Pgappel bacterial strain for unexposed biofilms (Control) and NP treated biofilm samples
(aminated polystyrene (NH3") and carboxylated polystyrene (COOH")). The values correspond to
two independent experiments and triplicate biological samples for each experiment for each
condition (green and yellow symbols indicate the two independent experiments). The qPCR results
were normalized to the results for the reference gene ampR. The error bars represent the standard
error of the mean of 6 biological samples (3 from each experimental replicate). Asterisks indicate
statistical significance, * for p <0.05 and ** for p <0.01.
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Figure 6: Total protein concentration measured in the biofilm samples. The concentration of
intracellular proteins (protein within the cell) and protein bound to the bacteria were measured for
28 the cell pellet collected from the biofilm samples while the unbound proteins were measured in
29 the sample supernatant using the Qubit protein assay kit. The values correspond to triplicates of
30 biological samples under each condition for two independent experiments. The error bars represent
31 the standard deviation of 6 biological samples (3 from each experimental replicate). Asterisks
32 indicate statistical significance, * for p < 0.05 and ** for p < 0.01.
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