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Interaction of myxobacteria-derived outer membrane vesicles

with biofilms: antiadhesive and antibacterial effects

Adriely Goes,*® Lucia Vidakovic,® Knut Drescher,“*¢and Gregor Fuhrmann®®

Bacterial biofilms are widespread in nature and in medical settings
and display a high tolerance to antibiotics and disinfectants.
Extracellular vesicles have been increasingly studied to
characterise their origins and assess their potential for use as a
versatile drug delivery system; however, it remains unclear
whether they also have antibiofilm effects. Outer membrane
vesicles are lipid vesicles shed by Gram-negative bacteria and, in
the case of myxobacteria, carry natural antimicrobial compounds
produced by these microorganisms. In this study, we demonstrate
that vesicles derived from the myxobacteria Cystobacter velatus
Cbv34 and Cystobacter ferrugineus Cbfe23 are highly effective at
inhibiting the formation and disrupting biofilms by different
bacterial species.

Introduction

Microorganisms can employ a variety of strategies to survive in
the natural environment, including the formation of biofilms.
Recent global surveys of microbial abundances in the
environment have shown that biofilms are the main form of
growth for bacteria and other microorganisms.*™ Biofilms can
develop when microorganisms attach to a surface, grow or
aggregate together, and produce an extracellular matrix
composed of polymeric substances.*® They are responsible for
65% to 75% of all human infections,®*° such as lung infections
in patients with cystic fibrosis, infectious kidney stones, urinary
tract infections, and bacterial endocarditis.***?  Biofilm
formation is known to result in a high tolerance to antibiotics
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New concepts

Many bacteria grow in biofilms where the cells are
embedded into a rigid biopolymer matrix. This creates a
protective barrier around the bacterial colony, making
antibiotic infiltration difficult and rendering the bacteria
growing in biofilms highly tolerant to conventional
antibiotic therapy. Biofilms often induce severe chronic
infections, and their treatment presents a considerable
unmet clinical need. The encapsulation of antibiotics into
nanocarriers has been proposed as a means of improving
the delivery of antimicrobial drugs to sites of infection.
Nevertheless, artificial carriers can lead to tissue
incompatibility and require elaborate surface modification
to optimise their tissue targeting. Importantly,
nanodelivery systems often only marginally influence
biofilm architecture, leading to insufficient elimination of
the bacteria and an increased risk for antibiotic resistance.
Here, we present the first example of naturally occurring
vesicles derived from soil-living bacteria that have the
ability to destabilise bacterial biofilms. Using different
assays for biofilm growth, we show that these vesicles
induce a prominent reduction of biofilm biomass. Our
work provides fundamental insights into the effects of
bacterial vesicles on biofilm formation and may aid in
devising new treatment options for biofilm-related

many

and disinfectants of the bacteria inside the biofilms.”*™* The
protective barrier provided by biofilms causes major health
care issues, such as chronic infections resulting from biofilms
that form on biomedical devices. Indeed, recent estimates
have indicated that these infections account for 25.6% of all
infections acquired in health care settings in the United States
of America.’® These observations highlight the need for the
development of new strategies for the treatment of biofilm-
derived infections.

Myxobacteria are Gram-negative microorganisms
abundantly present in the soil. They have been extensively
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studied for their ability to produce natural antimicrobial
compounds while being non-pathogenic to humans.*”*®
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Fig. 1 Scanning electron micrographs of E. coli biofilms grown on glass coverslips. The concentrations of the OMV suspensions are as follows: 1:10 = 1x10** particles mL™
for Cbv and 1x10% particles mL™* for Cbfe. (A) Biofilm inhibition assay. Biofilms were grown on glass coverslips for 48 h with different concentrations of Cbfe and Cbv OMVs
or controls (LB medium, PBS, and cystobactamid). (B) Preformed biofilm assay. Biofilms were grown on glass coverslips for 72 h and then treated with different
concentrations of Cbfe and Cbv OMVs for another 24 h. Under both settings, fewer bacteria remained attached to the coverslips when OMV treatment was applied,
especially for the preformed biofilms treated with the higher OMV concentration. Micrographs are representative of three independent experiments. Scale bar = 50 um.
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Fig. 2 Biofilm inhibition assay. Fluorescence microscopy of E. coli biofilms grown on glass coverslips for 48 h with
various dilutions of Cbfe and Cbv OMV suspensions or control treatments (LB medium, PBS, and cystobactamid
[Cyst.]). Syto9 fluorescence (green) labels all cells, propidium iodide fluorescence (red) labels cells with a
compromised membrane. The concentrations of the OMV suspensions are 1:10 = 1x10*? particles mL™* for Cbv
and 1x10% particles mL™ for Cbfe. The 1:10 and 1:100 treatments result in less green fluorescence (live bacteria)
compared with that of the controls or other treatments. The images are maximum intensity z-projections of z-
stack images. Scale bar = 100 um. Micrographs are representative of three independent experiments.

Myxobacteria can release outer membrane vesicles (OMVs), a
type of extracellular vesicle specifically released by Gram-
negative bacteria.'*?°

The OMVs released by myxobacteria can transport
antibiotic compounds produced by them, which are known to
be able to kill planktonic and intracellular pathogens.*»* Many
different nanocarrier-based approaches, such as surface
modification of liposomes,” the use of “biogenic” silver
nanoparticles,* modulation by
autoinducer-loaded nanoparticles, recently been
explored as means of eradicating microbial biofilms.”
However, most of these systems have limitations, such as not
being suitable for in vivo use, being toxic to mammalian cells,
or not being able to fully eradicate biofilms. Here, we propose
the use of OMVs derived from two myxobacterial strains,
Cystobacter velatus Cbv34%® and Cystobacter ferrugineus
Cbfe23,” natural producers of the antibiotic cystobactamid,?**
as a novel approach for preventing the formation and adhesion
of bacterial biofilms.

and  quorum-sensing

have

Results and Discussion

C. velatus Cbv34 and C. ferrugineus Cbfe23 were cultured at
least until the fourth passage and their OMVs were isolated

This journal is © The Royal Society of Chemistry 20xx

from 7-day-old cultures by differential centrifugation. The
pellets were resuspended in 300 pL of particle-free phosphate-
buffered saline (PBS) and subjected to nanoparticle tracking
analysis (NTA). Cbv34 presented OMVs with a size of 121.1+9.6
nm and an average concentration of 1.68x10" particles mL™
(Fig. S1A), while those of Cbfe23 had a size of 101.6+2.5 nm
and an average concentration 1.04x10" particles mL™ (Fig.
S1B).
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Fig. 3 Biofilm inhibition assay: mean fluorescence
intensity of Syto9 (live bacteria) detected by 3
microplate reader. Biofilms were grown for 48 h with
dilutions of Cbfe or Cbv OMYV suspensions (1:10 =
1x10* particles mL™ for Cbv and 1x10* particles mL™
for Cbfe) and controls (LB medium, PBS, and
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Fig. 4 Preformed biofilm assay. Fluorescence microscopy of E. coli biofilms grown for 72 h with various dilutions of
Cbfe and Cbv OMV suspensions or control treatments (LB medium, PBS, and cystobactamid [Cyst.]). Syto9
fluorescence (green) labels all cells, propidium iodide fluorescence (red) labels cells with a damaged membrane.
The concentrations of the OMV suspensions are 1:10 = 1x10*? particles mL™ for Cbv and 1x10% particles mL™ for
Cbfe. Treatments with any of the Cbv OMV dilutions resulted in less green fluorescence compared with that for
the control treatments. The images are maximum intensity z-projections of z-stack images. Scale bar = 100 um.
Micrographs are representative of three independent experiments.

To test the effect of these OMVs on Escherichia coli
biofilms, we designed two different assays, for which we grew
E. coli TG1 biofilms in 24-well plates with a glass coverslip
inserted at the bottom of the wells. In the first assay, we aimed
to assess the ability of the OMVs to inhibit biofilm formation
(the biofilm inhibition assay). For this, we incubated a bacterial
suspension with OMVs or control treatments for 48 h and then
proceeded with the analysis. The aim of the second assay—the
preformed biofilm assay—was to assess the ability of the
OMVs to disrupt a mature biofilm. For this, we first grew
biofilms by incubating the bacterial suspension for 72 h.
Subsequently, we removed non-adherent bacteria from the
well and then applied the OMV treatment for a further 24 h
before proceeding with the analysis. Using scanning electron
microscopy (SEM) for the biofilm inhibition assay, we observed
that fewer bacteria were attached to the surface of the
coverslip in the OMV-treated group when compared with the
controls (Fig. 1A), indicating that OMV treatment prevented
bacterial attachment to the surface of the coverslip and that
this effect was dose-dependent. A similar effect was seen in
the preformed biofilm assay, especially when the suspensions
were treated with Cbfe-derived OMVs (Fig. 1B). This suggested
that OMV treatment could promote bacterial detachment
from the surface of the glass coverslip and the disruption of
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the mature biofilm. Suspensions of Cbv34 and Cbfe23 did not
elicit similar effects, even at an optical density that was five-
fold higher than that of the OMVs used (Fig. S2).
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Fig. 5 Preformed biofilm assay: mean fluorescence
intensity of Syto9 (live bacteria) detected by

microplate reader. Biofilms were grown for 72 h and
then treated with the indicated dilutions of Cbfe and
Cbv OMV suspensions (1:10 = 1x10*2 particles mL™ for
Cbv and 1x10* pﬁr}'ﬁSL‘?ﬁamsL@) 'FI%rR%\E)afI%Lue g%ngrl;]cl)stry 20xx
(LB medium, PBS, and cystobactamid), for 24h.n=

from three biological replicates. Mean + SEM. Orange
stars (*) represent statistical comparisons with PBS
treatment. * p = 0.0130, ** p < 0.01, *** p < 0.001; ns
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The ability to attach to surfaces is a defining feature of
biofilms. This ability relies on the same self-produced
extracellular matrix that also protects the biofilm-dwelling cells
from stresses.”® The ability to overcome this structural defence
mechanism may allow the use of other antibacterial
compounds to achieve complete biofilm eradication.?*! Both
Cbfe- and Cbv-derived OMVs have been shown to exert strong
antibacterial effects against planktonic bacteria;*"*> however,
Cbfe-derived OMVs showed a toxic effect against immune cells
when applied at high concentrations.”? Although their
antibacterial effect may affect biofilm adhesion, our
experimental setting does not allow us to clarify whether OMV
treatment has antibacterial effects against the biofilm. To
address this possibility, we assessed bacterial viability in the
biofilm after both biofilm assays using a fluorescence assay.
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Fig. 6 Confocal laser scanning microscopy of the preformed biofilm assay after 24 h of treatment. The
concentrations of the OMV suspensions were 1:10 = 1x10*? particles mL™ for Cbv and 1x10*3 particles mL™ for Cbfe.
Syto9 fluorescence (green) labels all cells, propidium iodide fluorescence (red) labels cells with a damaged
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formation of a homogenous biofilm layer (Fig. 2), indicating

and cystobactamid] promo
that the mature biofilms contained viable bacteria, as
expected. However, when the biofilm was treated with
cystobactamid and the OMV suspensions, the fluorescence
intensity did not significantly decrease when compared with
that for the PBS control treatment (Fig. 3). This result indicated
that the treatments could not inhibit the presence of viable
bacterial cells.

In the preformed biofilm assay, we observed the formation
of large biofilm clumps, a typical characteristic of a mature
biofilm,*> when the E. coli were incubated with LB medium (Fig.
4). With the (PBS
cystobactamid), live surface-attached bacterial cells also could

other control treatments and
be observed, but not as abundantly as with the LB medium
treatment. This effect may have been due to the lack of
nutrients in these solutions. Furthermore, in the preformed
biofilm assay, treatment with any of the OMV dilutions
resulted in a low Syto9 fluorescence signal for bacterial cells
(Fig. 5), while no biofilm formation was observed (Fig. 4). This
result could be explained by the presence of a cystobactamid
cargo in the OMVs,?*?? which, in combination with other OMV
components, may have elicited an antibiofilm effect rather
than a bacteriolytic effect in this assay. The microplate reader
analysis showed that the Syto9 fluorescence intensity
associated with all the OMV dilutions was significantly lower
than that obtained with the PBS control treatment but tended
to be comparable among each other (Fig. 5). Nonetheless, no
biofilm formation was recorded (Fig. 4). Our results indicated
that OMV treatment might not have a direct bacteriolytic
effect on the bacteria in the biofilm, but may instead exert
anti-aggregation and antibiofilm activity, potentially by acting
against biofilm-specific components such as the extracellular
matrix.

Interestingly, the effect of the OMV treatment seemed to
be more pronounced in the preformed biofilm assay. The
extracellular matrix is an important biofilm component and is
formed by extracellular polymeric substances (EPSs),
composition of which varies between species; however, EPSs
often include proteins, polysaccharides, amphiphilic molecules,
and DNA, substances that are essential for maintaining the
consequently, EPSs

mediate cell attachment to surfaces, cell-cell adhesion, and

biofilm architecture and, its survival.
hydration through water accumulation, while also being a
source of nutrients and providing protection.** To investigate
the overall effect of the OMVs on the biofilm extracellular
matrix, the biofilms generated in the preformed biofilm assay
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Fig. 7 Flow cytometric analysis of the preformed biofilm
assay after 24 h of treatment and staining with
RedoxSensor Green (RSG) reagent. The concentrations
of the 1:10 OMV suspensions were 1x10?2 particles
mL- for Cbv and 1x10% particles mL™ for Cbfe. (A)
Percentage of E. coli TG1 bacteria positive for
fluorescein isothiocyanate (FITC), indicative of bacterial
vitality. The highest concentrations of the Cbv and the
Cbfe suspensions significantly reduced the vitality of
the biofilm bacterial cells when compared with that of
the LB, PBS, and cystobactamid controls. (B)
Representative histogram of the samples. n = 6 of three
biological replicates. Mean + SEM. Purple crosses (+) =
compared with cystobactamid; orange stars =
compared with PBS. **** p < 0.0001, +++ p = 0.001, ++

++ p <0.001.
were further stained with 100 pL of a 20 pug mL™
33342 solution, a dye that binds to DNA, a common

Hoechst
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extracellular component of biofilms. Ethanol was used as the
negative control. The LB medium and PBS control treatments
resulted in a uniform, flat biofilm containing membrane-
damaged bacteria (red) and extracellular DNA (blue), with the
LB-treated sample presenting a thick biofilm (Fig. 6). With the
ethanol control treatment, only a thin layer of bacteria
developed, while the cystobactamid-treated sample presented
a homogenous layer of bacteria and the presence of a small
amount of extracellular DNA. The suspension with the highest
concentration of Cbv OMVs (1:10) The suspension with the
highest concentration of Cbv OMVs (1:10) showed the
presence of bacteria with compromised membrane integrity
and little extracellular DNA (blue fluorescence signal).
However, Rosenberg and colleagues have shown that the PI
fluorescence in biofilms underestimates the viability of
adherent bacterial biofilm cells, where 82% of E. coli cells still
grown upon cultivation, highlighting the importance of further
assays to confirm their viabiltiy.* The samples treated with the
Cbfe OMV suspensions presented extracellular DNA, but the
formed biofilms were thinner when compared with those of
the controls and other samples. These data indicated that the
OMV treatment affected the structure of the preformed
biofilm matrix, which may facilitate further treatment with
antibiotics.

To further investigate the effects of the treatments on the
bacterial cells, we inoculated serial dilutions of samples from
the preformed biofilm assays in LB agar plates to quantify the
numbers of colony-forming units (viable bacteria). No
differences in viability were observed between the treatment
and control groups (data not shown), indicating that OMV
treatment did not directly kill the biofilm bacteria. We also
performed a bacterial vitality assay using the RedoxSensor
Green (RSG) bacterial vitality kit and flow cytometry. RSG, a
reduced by intracellular
reductases involved in aerobic metabolism, resulting in the

metabolic activity biosensor, is

release of stable green fluorescence representative of bacterial
cell metabolism.?”*® The results showed that bacterial cell
vitality was significantly decreased following treatment with
the highest concentrations of Cbv and Cbfe OMV suspensions
(Fig. 7), indicating that the treatments reduced metabolic
activity in bacterial cells, and could potentially be used in
conjunction with classic antibiotics to treat biofilm infections.
To mimic infections such as myocarditis and catheter-
associated urinary tract infection, where a biofilm must
withstand fluid flow, and to investigate the effect of OMV
bacterium, Staphylococcus
epidermidis was grown under constant flow in microfluidic
chambers. When the bacteria were exposed to Bacto tryptic
soy broth (TSB) medium (control) for 8 h, the biovolume
increased over time. Bacterial growth further led to the
formation of three-dimensional biofilm structures (Fig. 8). In
contrast, continuous OMV treatment exerted a suppressive
effect on S. epidermidis biofilm formation. Interestingly,
treatment with OMVs derived from either strain under these
flow conditions markedly inhibited bacterial attachment to the
glass surface and biofilm growth. These data demonstrated the
unique ability of myxobacterial OMVs to act on biofilm

treatment on a pathogenic

This journal is © The Royal Society of Chemistry 20xx
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Fig. 8 Cbfe23 and Cbv34 OMVs inhibit S. epidermidis
biofilm formation under flow conditions. Continuous
exposure to TSB medium (control) or liposomes
(concentration: 1x10* mL™?) for 8 h resulted in bacterial
growth, represented by an increase in biovolume over
time. Furthermore, the bacteria formed three-
dimensional biofilm structures as evidenced by confocal
microscopy images in the xz-direction. However, in the
presence of Cbfe23- or Cbv34-derived OMVs
(concentration: 1x10*? mL?), the biovolume did not
increase over the 8 h. Additionally, biofilm formation
was strongly inhibited, thus showing the antimicrobial
effect of the OMVs. Three-four biological replicates

were used. Mean + SEM.
components and inhibit biofilm formation even under

physiologically relevant flow conditions. These effects may
have been due to their cystobactamid cargo, the presence of a
topoisomerase inhibitor,”® membrane proteins, and/or other
OMV-derived cargos. Nevertheless, further investigation is
required to elucidate the mechanisms underlying the
antibiofilm effects seen in our experiments. To test if this effect
was caused by OMV-specific antibacterial and antiadhesive
effects and not unspecific nanoparticle-related effects, S.
epidermidis was also grown in the presence of bacteriomimetic
liposomes made with E. coli lipids to mimic the bacterial
membrane. The treatment of S. epidermidis with these
liposomes did not lead to any antibacterial effects. Within 8 h,

J. Name., 2013, 00, 1-3 | 7



the S. epidermidis biovolume increased to levels similar to
those obtained with the TSB medium-treated controls and the
strongly
indicating that the nanoparticle treatment alone prevented

bacteria formed glass surface-attached biofilms,

biofilm formation. These results highlighted the ability of
OMVs to act as natural nanocarriers to combat biofilm

infections.®

Conclusions

Many microorganisms use biofilm formation as a mechanism
to survive in the environment. This allows them to develop
tolerance to antibiotics, leading to infections that are difficult
to treat. In this study, we evaluated the effects of naturally
antibiotic-loaded OMVs derived from C. velatus Cbv34 and C.
ferrugineus Cbfe23 against biofilms and biofilm formation. We
found that the OMVs decreased the vitality of the biofilms,
being able to detach them from surfaces where they were
grown under static incubation, as well as prevent biofilm
growth under flow conditions, thus showing their potential
applicability in the treatment of these infections.

Experimental
Materials

LB broth and hexamethyldisilazane (HMDS) were purchased
from Sigma—Aldrich (St. Louis, MO, USA). Ethanol (HPLC grade)
was purchased from Fisher Scientific (Schwerte, Germany).
Bacto tryptic soy broth (TSB) was purchased from BD
Biosciences (San Jose, CA, USA). PBS tablets were purchased
from Gibco, Life Technologies Corporation (Carlsbad, CA, USA).
The LIVE/DEAD BaclLight Bacterial Viability Kit and the BacLight
RedoxSensor Green Vitality Kit purchased from
Invitrogen Life Technologies Corporation (Carlsbad, CA, USA).

were

Myxobacterial culture and OMV isolation

Both C. velatus Cbv34 and C. ferrugineus Cbfe23 (provided by
the Microbial Natural Product Department at the Helmholtz
Institute for Pharmaceutical Research Saarland) were
cultivated in M-medium (1% papaic digest of soybean meal, 1%
maltose, 0.1% CacCl,, 0.1% MgS0O,, 50 mM HEPES, pH 7.2) at 30
°C with shaking (180 rpm) until stationary phase as previously
described.??* For static biofilm growth assays, a myxobacterial
suspension was added to 50-mL falcon tubes and centrifuged
for 10 min at 9,500 x g (Beckman Coulter, Brea, CA, USA). The
supernatant was then added to a new falcon tube and
centrifuged again for 15 min at 9,500 x g. The resulting
supernatant (30 mL) was transferred to polycarbonate
ultracentrifuge tubes (ref. number 355631, Beckman Coulter)
and the OMVs were pelleted (rotor SW32Ti) for 2 h at 100,000
x g. All centrifugations were performed at 4 °C. The pellet was
resuspended in 300 pL of particle-free PBS. For microfluidic
biofilm growth assays, 60 mL of supernatant was added to
polycarbonate ultracentrifuge tubes (ref. number 355655,
Beckman Coulter) and the OMVs were pelleted using a Type 45
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Ti fixed-angle titanium rotor at 100,000 x g for 2 h at 4 °C. The
pellets were resuspended in 1 mL of particle-free PBS. Larger
particles were pelleted by centrifugation at 300 x g for 3 min at
4 °C and discarded. The particle size distribution was assessed
by NTA (LM-10, Malvern, UK).

E. coli TG1 and S. epidermidis cultivation

strain TG1 (DSM 6056,
Microorganisms and Cell Cultures) was cultivated overnight on
LB agar plates. A single colony was inoculated in 20 mL of
liquid LB medium in a sterile conical flask and incubated
overnight at 37 °C with shaking at 180 rpm. S. epidermidis
strain DSM 20044 was grown in LB medium at 37 °C overnight
with shaking (250 rpm).

E. coli German Collection of

Biofilm preparation on glass coverslips for SEM imaging

The E. coli TGl biofilms were cultivated as previously
described.? Sterilised 12-mm glass coverslips were placed
inside the wells of a 24-well plate (Greiner Bio-One,
Kremsmiunster, Austria). For the preformed biofilm assays, 300
uL of bacterial culture (ODgyo = 0.1; approximately 1.2x108 CFUs
mL™) was added to the wells and incubated statically at 37 °C
for 72 h with 5% CO,. Non-adherent bacteria were removed
and the wells were washed with PBS, resulting in the presence
of approximately 1x10° CFUs mL™ in each well. Then, 250 pL of
1:10, 1:100, or 1:1000 dilutions of OMV suspensions or LB
medium, PBS, or a 20-pug mL™ solution of cystobactamid were
added to the wells, followed by incubation for 24 h at 37 °C
with 5% CO,. The coverslips were subsequently dehydrated via
serial ethanol dilutions (30, 50, 70, 80, 90, and 100%) for 10
min each. For the biofilm formation inhibition assays, 250 pL of
1:10, 1:100, and 1:1000 dilutions of the OMV suspensions and
LB medium, PBS, and a 20-pg mL™ solution of cystobactamid
were separately added to the wells together with 15 uL of an
E. coli TG1 overnight culture (ODgy = 3; approximately 2x10°
CFUs mL™), resulting in the presence of approximately 2x10?
CFUs mL™ in each well, and incubated for 48 h at 37 °C with 5%
CO,. The coverslips were then carefully dehydrated via a
graded ethanol series as described above and incubated for 20
min with HMDS at room temperature. The HMDS was removed
and the coverslips were left to dry overnight under a fume
hood. The coverslips were mounted in SEM sample holders,
gold-sputtered, and imaged by SEM.

Biofilm preparation for fluorescence microscopy imaging and
fluorescence intensity quantification

To assess biofilm growth inhibition (the biofilm inhibition
assay), 100 pL of an E. coli TG1 bacterial suspension (ODggp =
0.5; approximately 6x10% CFUs mL™) plus 100 pL of the OMV
dilution or control solutions (LB medium, PBS, and 20 pg pL™
cystobactamid) were separately added to a 96-well plate (ref.
number 655090, Greiner Bio-One) and cultured for 48 h at 37
°C with 5% CO,. To assess the effect of the OMVs on preformed
biofilms (the preformed biofilm assay), 200 uL of an E. coli TG1
bacterial suspension (ODgyo = 0.5; approximately 6x10® CFUs
mL™) was added to a 96-well plate and cultured for 72 h at 37

This journal is © The Royal Society of Chemistry 20xx



°C with 5% CO.. in the
fluorescence assays was higher than that used for the SEM

The number of bacteria used

assays because, at an ODgy = 0.1, the TG1 bacteria could not
form a thick and stable biofilm on the plastic bottom of a 96-
well plate. The supernatant was carefully removed, and the
wells were washed with 200 pL of PBS. Then, 200 uL of each
OMV dilution or each control solution (LB medium, PBS, and 20
pg uL™ cystobactamid) was separately added to the wells and
incubated for 24 h at 37 °C with 5% CO,. After the incubation
period, the biofilms from both assays were stained using the
LIVE/DEAD Baclight Bacterial Viability Kit (Invitrogen, Thermo
Fisher Scientific Corp., Waltham, MA, USA) for 15 min at 37 °C
and fixed in 3.7% paraformaldehyde for 30 min at 37 °C.
Fluorescence images were obtained with a LionheartFX device
(BioTek Instruments, Winooski, VT, USA). The fluorescence
intensity of cells (Syto9) in both biofilm assays was quantified
with a microplate reader (Infinite M200 Pro, Tecan Group Ltd.,
Mannedorf, Switzerland) using multiple reads per well in a
circle (4x4), an excitation wavelength of 485 nm, an emission
wavelength of 530 nm, a manual gain of 100, and 25 flashes.
For confocal laser scanning microscopy, the preformed biofilms
were additionally stained with 100 pL of a 20-ug mL™ Hoechst
33342 solution for 15 min at 37 °C and imaged with a confocal
microscope (Leica TCS SP8, Leica Microsystems, Wetzlar,
Germany). The obtained images were processed using LAS X
software (LAS X 1.8.013370, Leica Microsystems).

Preparation of the biofilm and flow cytometric analysis

To assess the impact of the OMV treatment on the vitality of
preformed biofilms (the preformed biofilm assay), 200 pL of an
E. coli TG1 bacterial suspension (ODey = 0.5; approximately
6x10% CFUs mL™) was added to a black, clear-bottom 96-well
plate (ref. number 655090, Greiner Bio-One) and cultured for
72 h at 37 °C with 5% CO,. The supernatant was carefully
removed, and the wells were washed with 200 uL of PBS. Then,
200 pL of each OMV dilution or each control solution (LB
medium, PBS, and 20 pg pL™ cystobactamid) was separately
added to the wells and incubated for 24 h at 37 °C with 5% CO,.
After the incubation period, the biofilms were vigorously
dispersed using a micropipette and the content of each well
was added to flow cytometry tubes. The samples were diluted
in 900 uL of PBS and then stained with RSG for 15 min at 37 °C.
The negative control was prepared by adding 50 uL of the
sodium azide solution included in the kit to a tube containing
an untreated control (LB) for 5 min at room temperature. For
flow cytometric analysis (LSRFortessa, BD Biosciences), an
untreated sample was used to set a 10,000-live-cell threshold
to be analysed from the log of a forward versus side scatter
(FSC vs. SSC) gating. A sample treated with sodium azide
solution (negative control) was used to set up the fluorescein
isothiocyanate (FITC) gate. The numbers of positive cells were
determined using FlowJo 10.7 software (FlowJo LLC, Ashland,
OR, USA) in the FITC area channel (FITC-A).

Bacteriomimetic liposome preparation

This journal is © The Royal Society of Chemistry 20xx

Liposomes were prepared following a previously described
protocol.?? A solution of 6% (w/v) phospholipid was obtained
by dissolving 1-hexadecanoyl-2-(9Z-octadecenoyl)-sn-glycero-3
phosphoethanolamine (POPE), 1-hexadecanoyl-2-(92-
octadecenoyl)-sn-glycero-3-phospho-(1'-rac-glycerol) (sodium
salt) (POPG), and 1,1°,2,2"-tetra-(9Z-octadecenoyl) cardiolipin
(sodium salt) (CL) (Avanti Polar Lipids Inc., Alabaster, AL, USA)
(weight ratio 70:20:10) in 5 mL of a chloroform-methanol
mixture (2:1) in a round-bottom flask (250 mL). A Rotavapor R-
205 (BUCHI Labortechnik GmbH, Essen, Germany) was used to
remove the solvent under low pressure (60 min, 200 mbar, 135
rpm, 80 °C; 30 min, 40 mbar, 135 rpm, 80 °C). The formed lipid
biofilms were rehydrated by adding 5 mL of PBS (pH 7.4)
containing 10% (v/v) ethanol and rotating for 60 min (70 °C,
135 rpm, atmospheric pressure). The acquired liposomes were
sonicated for 60 min followed by extrusion (10 times) at 70 °C
using a Liposofast L-50 extruder (Avestin Europe GmbH,
Mannheim, Germany).

OMV-bacteria interaction during S. epidermidis biofilm formation

Overnight cultures of S. epidermidis constitutively expressing
sfGFP were diluted to an ODgy of 0.1 in TSB medium and
inoculated into microfluidic flow chambers made of
polydimethylsiloxane bonded to a glass coverslip (flow
chamber dimensions: 500-um width, 100-um height, 7-mm
length). Following bacterial colonization of the glass surface for
1 h without flow, syringes containing OMVs (diluted in TSB
medium) or control treatments were connected to the flow
chambers with polyethylene tubing. To remove non-adherent
cells, the flow rate was set to 5 puL min™ for 1 min using a
syringe pump (Harvard Apparatus). After this brief period of
high flow, the flow rate was decreased to 0.1 pL min~ and kept
constant until the end of the experiments.

To monitor S. epidermidis biofilm growth in the presence or
absence of OMVs, bacteria were imaged with a confocal
scanner unit (CSU; Yokogawa) mounted on a Nikon Ti-E
inverted microscope using a 100x oil objective with 1.45 NA
(Nikon, Tokyo, Japan). sfGFP excitation was performed with a
488 nm laser and images were acquired every 30 min with an
Andor iXon EMCCD camera. The hardware was controlled by
NIS Elements (Nikon). The microscope was equipped with an
incubation chamber to enable S. epidermidis biofilm growth at
37 °C. The images were analysed using BiofilmQ software.*

Data analysis

The data are displayed as means + standard error of the mean
(SEM). The number of independent experiments (n) is shown
in each figure. The experiments and measurements were
conducted at least in biological triplicates. The results were
analysed in GraphPad Prism 9.1.2 (GraphPad Software, San
Diego, CA, USA) using one-way ANOVA with Tukey’s multiple
comparisons test.
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