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Abstract

The prevalence of Staphylococcus aureus worldwide as a nosocomial infectious agent is 

recognized but the reason behind the spread of this bacterium has remained elusive. Here, we 

hypothesized that the communication of S. aureus might benefit from it blocking other bacteria 

from establishing themselves on the surface. This was found to be the case for several pathogens 

as the S. aureus supernatant curtailed their ability to form biofilms. Subsequent analyses using 

Acinetobacter baumannii as a model found this effect is primarily mediated by S. aureus’ 

extracellular vesicles (EVs), which bound to the polystyrene surface. We found the EV-treated 

surfaces were significantly more hydrophilic after EV treatment, a condition that made it difficult 

for A. baumannii to initially adhere to the polystyrene surface and reduced its resulting biofilm by 

up to 93%. Subsequent tests found this also extended to several other bacterial pathogens, with a 

40-70% decrease in their biofilm mass. The S. aureus EVs and their activity still remained after 

the surface was washed with 10% bleach, while the use of ethylenediaminetetraacetic acid (EDTA) 

removed both the EVs from the surface and their activity.
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Introduction

The prevalence of Staphylococcus aureus as both a nosocomially- and community-acquired 

pathogen is well known but not necessarily well understood.1-3 Although it is a commensal 

bacterium and can be found within the oral cavities of ~30% of the human population,4 S. 
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aureus is also an opportunistic pathogen that is transmitted from one person to another 

through direct contact5, 6 or the usage of common everyday items, such as cell phones7 and 

exercise equipment,8, 9 and even hot tubs.9 When an analysis of the bacterial species 

associated with exercise equipment at a fitness center was performed, 17 different bacterial 

families and 25 genera were identified, but the most prevalent genus was Staphylococcus.8

Within hospital settings, this bacterium is a particular concern as contamination of surfaces 

and equipment is related with outbreaks9, 10 and may be a source of continued infections.
11, 12 The sources of these contaminating pathogens may be patients themselves.13 In fact, 

for patients not known to be methicillin resistant S. aureus (MRSA) positive, nearly half of 

their beds (43%) contained this pathogen.14

When bacteria adhere to a surface, they grow and form complex communities referred to as 

biofilms, which are regarded as the most common and stable form of bacterial incidence in 

nature.15 The bacteria present within the biofilm are attached to the surface through a matrix 

of self-produced extracellular polymeric substances (EPS) containing extracellular DNA,16 

protein and polysaccharides.17-19 Possibly the best studied mechanism regulating bacterial 

biofilm development involves quorum sensing.20, 21 For example, quorum sensing has been 

shown to control expression of the extracellular polysaccharides19 and DNA.22 For S. 
aureus, quorum sensing regulates both the development and dispersion of its biofilms, most 

notably through the accessory gene regulator (agr) system.23

Recently, researchers have found bacteria also secrete extracellular vesicles (EVs), i.e., 
spherical membrane-bound structures that typically range in size from 20 to 300 nm in 

diameter. The production of EVs is widespread, with nearly all strains characterized thus far, 

including Gram-negative and Gram-positive, producing them.24-26 The functions of EVs are 

as diverse as the hosts producing them, with them being used by different strains to transport 

proteins, including virulence factors,27, 28 or DNA to other hosts.29, 30 Recent studies have 

also found the production of EVs aid in the development of biofilms by some strains.31, 32 

Despite the widespread production and activity of EVs, much still remains to be learned 

about the mechanisms controlling their biogenesis.25, 28, 30

Although S. aureus also produces EVs,33, 34 no mention has been made regarding their 

importance to S. aureus biofilm formation nor with respect to their role in interspecies 

interactions. Accordingly, we demonstrate in this study a new function of S. aureus EVs and 

their influence on mixed bacterial communities.

Materials and Methods

Bacterial Strains and Biofilm Assays

All strains used in this study are listed in Table S1 and were stored at −80°C in 25% glycerol 

stocks. Each strain was streaked onto tryptic soy agar (BD Bacto) and cultivated before 

every experiment. All strains were inoculated using a single colony and cultured overnight at 

37°C in tryptic soy broth (TSB, BD Bacto) at 250 rpm. The S. aureus supernatant was 

prepared by inoculating a single S. aureus colony into sterile TSB media and growing it 

overnight (24 h) at 37°C and 250 rpm. After growth, the bacterial cells were removed by 
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centrifuging the sample for 30 min at 4,000g and the resulting supernatant sterilized using a 

0.22 μm syringe filter. To evaluate the effects of S. aureus supernatants on the growth of A. 
baumannii, an overnight A. baumannii culture was diluted into fresh media (1:100) and sub-

cultured to an optical density (OD600nm) of 0.05, which was measured with an Eppendorf 

Biophotometer (Germany). At this point, the culture had the cell-free S. aureus supernatant 

(0.22 μm filter-sterilized) added to it, to a final concentration of 10%, and was grown for an 

additional 24 h.

Biofilm formation was performed in 96-well clear plates (COSTAR, Corning, USA) as 

previously described.28 Briefly, an overnight culture of the test strain was diluted to an OD 

of 0.05 and 200 μl aliquots were added to the wells of a sterile 96-well plate. The plates 

were then incubated for 24 h at 37°C without disturbing them. Empty wells were filled with 

sterile media to prevent evaporation. To evaluate the S. aureus supernatant inhibition for 

each strain, 20 μl of 0.22 μm filter-sterilized S. aureus supernatant (24 h culture) was added 

(10% of the total volume). The degree of biofilm formation was determined after washing 

the wells 3-times with tap water to remove any unattached planktonic cells and air drying. 

The biofilms were then stained with a 0.1% crystal-violet (CV) solution (250 μl) for 1 h.35 

Once more, the biofilms were washed 3-times with tap water and air dried, after which the 

CV bound to the biofilms and was dissolved with 95% EtOH. The amount of CV present in 

each sample was measured using a Glomax Multi+ plate reader (Promega, USA) set to read 

the OD at 560 nm.35

The co-culture experiment was performed by adding overnight cultures of both S. aureus 
and A. baumannii to fresh TSB media at an OD of 0.05. This mixed culture was cultivated in 

a 96-well plate as described above. Afterwards, samples of the planktonic and the 

resuspended biofilm populations were spread on TSB agar plates and the colony forming 

units (CFU) per well of each strain determined.

Preparation of the Cell-Free S. aureus Supernatants

S. aureus ATCC 25923 was grown as above in TSB media and at set times samples of the 

culture were taken. The samples were centrifuged at 4000g for 30 min at 4°C to pellet the 

bacterial cells before being filter-sterilized using a 0.22 μm pore size syringe filter 

(Millipore). The sterility of the samples was confirmed by spreading a 50 μl aliquot of the 

filtrate on an TSB agar plate and checking for bacterial growth after 24 hours at 37°C.

Impact of the Cell-Free Supernatants on the A. baumannii Planktonic and Biofilm 
Populations

Using the cell-free supernatants prepared above, we tested their impact on A. baumannii. For 

this, the biofilm assays were performed as above but after 24 h, the viable A. baumannii 
populations within the media and the biofilm were determined. To measure the number 

within the media, the contents of the well were gently mixed as to not disturb the biofilm 

and an aliquot of the grown culture was serially diluted into fresh TSB media before being 

plated on TSB agar plates. Likewise, for the biofilms, after being washed as described 

above, the biofilm was dispersed using harsh washing steps, i.e., pipetting and vortexing the 

sample. After the cells were dispersed, the sample was serially diluted and plated in the 
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same manner as the planktonic cultures. The plates from both samples were incubated at 

37°C for 24 h and then the number of colonies on each were enumerated.

Confocal Microscope Imaging of the Biofilms and EVs—Imaging of the EVs and 

biofilms was obtained with an ELYRA S.1 SR-SIM (Super Resolution-Structured 

Illumination Microscope, Carl Zeiss) and a confocal microscope (IX71 FV1000 SPD, 

Olympus). After the formation of the biofilms on a polystyrene slide (Electron Microscopy 

Sciences), the bacterial DNA was stained using DAPI (Invitrogen, USA) and the membranes 

of both the cells and EVs were stained Rhodamine BR-18 (Invitrogen, USA). For this, both 

DAPI and Rhodamine BR-18 were diluted 1000-fold from their commercial stocks into 

sterile water and added to the sample. The slide was then incubated at 37°C for 30 min in the 

dark to prevent photobleaching36 before being gently rinsed with sterile water to remove any 

unbound dye. The cells were then imaged using the microscopes mentioned above using 405 

nm and 561 nm lasers to excite DAPI and rhodamine BR18, respectively. The images 

obtained were then analyzed with Metaphor software (Carl Zeiss).

Isolation and Characterization of the S. aureus EVs and Their Activity—S. 
aureus EVs were purified as described previously.33, 36 Briefly, overnight cultures of S. 
aureus were pooled and centrifuged at 4000g for 30 min at 4°C. The supernatant was then 

sterilized using a 0.22 μm pore size syringe filter (Millipore) and concentrated 30-times with 

a 100 kDa ultracentrifugal filter (Millipore, filter size ~20 nm).33 The residue on the 100 

KDa ultracentrifugal filter was collected and further centrifuged at 130,000g for 2 h at 4°C 

(Optima L-100 XP, Beckman, USA). The pellet was resuspended in sterile HEPES (pH 7.0) 

and the protein concentration was measured via a Bradford Assay (Promega, USA) and the 

concentration of EVs was selected based upon their activity (Fig. 2c).

Surface Coating Assay—To test if the EVs bind to a polystyrene surface, a surface 

coating assay was used. Briefly, in 96-well plates, 200 μl of the cell-free, S. aureus 
supernatant or purified vesicles were added and the plate was incubated at 37°C for a 

predetermined time period (0 min, 10 min, 30 min, 60 min, 120 min or 360 min). At these 

times, the samples were removed and the wells washed gently with sterile water and air 

dried. To prepare the microscopic samples, polystyrene slides were coated with the EVs by 

submersing them in the S. aureus EV solution or supernatant for 2 h. The slide was then 

washed with sterile water and air-dried. After drying briefly, an A. baumannii culture was 

added to the wells or the slide as described above and the degree of biofilm formation was 

determined after 24 h.

Subsequent addition of EVs to A. baumannii cultures—S. aureus EV were added 

to growing cultures of A. baumannii within 96-well plates at different time points to 

determine if they could still inhibit biofilm formation. Overnight cultures of A. baumannii 
were diluted to an OD of 0.05 and 180 μl was added to the wells and incubated at 37°C. 

Samples of the purified EV solution (20 μl) were subsequently added at 0, 2, 6 and 12 h. The 

plate was incubated at 37°C for a total 24 h.

Water contact angle (WCA) measurements—WCAs were measured with S. aureus 
EV or supernatant coated or uncoated polystyrene slides (Electron Microscopy Sciences, 
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71888). Treatment of the substrate with sterile TSB media or the S. aureus EV or 

supernatant was performed for 1 h, after which the substrate was washed gently with sterile 

water and air-dried before measuring the sessile WCA. Onto the substrate surface, a water 

droplet (20 μl) was gently pipetted and the WCA of the droplet was measured using a 

contact angle meter (KRUSS, DSA100).

Oxygen plasma treatment of the substrate—The surface of polystyrene was treated 

using an oxygen plasma. Briefly, the oxygen plasma exposure was done inside a CUTE-

MPR plasma cleaning system (FEMTO Science, Korea) for up to 1 min using a 50 W power 

setting and 30 sccm oxygen gas. After the treatment, a bacterial culture was added within 10 

min and the degree of biofilm formation was determined as described above.

Bleach or EDTA treatment of the substrates—The polystyrene substrate was coated 

with EVs using filter-sterilized S. aureus ATCC 25923 spent media as described above. The 

coating was performed for 1 h. Afterwards, the substrate was rinsed with sterile HEPES and 

incubated in either HEPES buffer or a 10% bleach solution prepared in HEPES for 1 h and 

at room temperature. In addition, we tested the impact 0.1 M ethylenediaminetetraacetic acid 

(EDTA) on the purified EVs (pEVs) as described previously34 with slight changes. Briefly, 

the pEVs (surface-bound and free) were treated in HEPES at 37°C for one hour. The 

substrates were then washed in HEPES and air dried under sterile conditions. After drying, 

the ability of A. baumannii to form biofilms on these substrates was performed as described 

above.

Statistical analysis—Experiments were conducted and analyzed using 3 independent 

samples. For the biofilm analyses, at least 3 wells were analyzed for each test and this was 

performed independently 3-times on different days with all the results being used to perform 

the statistical analysis. The statistical analysis were based on the Student t-Test using the 

Graphpad Prism program (version 5.01). Statistical differences were indicated on the graphs 

using asterisks (** or ***), which corresponded to p values of < 0.01 and <0.001, 

respectively.

Results

S. aureus produces an effector that curtails biofilm formation by several other bacteria

Addition of cell-free S. aureus ATCC 25923 supernatants (10% v:v) to a clinical multi-drug 

resistant isolate of Acinetobacter baumannii37 inhibited the latter from forming biofilms on 

polystyrene surfaces (Figure 1a). The supernatant, however, did not negatively impact the 

growth of A. baumannii, showing that it is not toxic to this strain (Figure 1a). Similar results 

were seen with other bacterial cultures, including members of the ESKAPE grouping of 

pathogens (e.g., Enterococcus faecium and Klebsiella pneumonia), which saw their biofilms 

inhibited by as much as 57% (p<0.001) (Figure 1c). However, the best activity was against 

A. baumannii biofilms, with 75% or greater inhibition typically seen. Thus, this strain was 

selected for all further experiments unless noted otherwise. Although the S. aureus 
supernatant effectively blocked de novo biofilm formation by this strain, pre-formed A. 
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baumannii biofilms were not removed (Figure S1), showing the activity of the supernatant is 

only preventative.

Tests with supernatants from two additional S. aureus strains, one isolated from soil (Nature) 

and one from a patient with a nosocomial infection (Clinical), found them to be just as active 

against A. baumannii biofilm formation as S. aureus ATCC 25923 (Figure 1d). This shows 

the inhibitory activity is inherent to many, if not all, S. aureus.

S. aureus EVs are responsible for the inhibitory activities

We next performed a set of experiments to determine when the inhibitor was produced by S. 
aureus. At set times, samples of the S. aureus ATCC 25923 culture were taken and the 

impact of the cell-free supernatant tested against A. baumannii cultures. As shown in Figure 

2a, inhibition was first seen as the S. aureus culture entered the stationary phase. Once more, 

the supernatants did not negatively impact the planktonic growth of the A. baumannii culture 

(Figure 2b). However, supernatants taken from S. aureus cultures after 6 hours reduced the 

number of A. baumannii within the biofilms by as much as 90%, i.e., from 10% of the total 

population to less than 1% (Figure 2b).

Using the S. aureus ATCC 25923 supernatants, therefore, we sought to identify the effector 

responsible. Based upon size exclusion analysis shown in Figure 3a, the effector is between 

10 nm (100 kDa filter) and 220 nm (0.22 μm) in diameter, a size that suggested EVs might 

be responsible. Although the production of EVs by S. aureus has been reported before, this 

was the first indication that they influence biofilms formed by other bacteria. Consequently, 

EVs from S. aureus ATCC 25923 were purified, imaged using transmission electron 

microscopy (Figure 3b) and their sizes determined (Figure 3c). Their diameters ranged from 

20 to 120 nm (Figure 3c), a value that is in agreement both with a previous report33 and the 

perceived effector size seen in Figure 3a. S. aureus EVs in the cell-free supernatants were 

also imaged using rhodamine BR-18, a red-fluorescing membrane incorporating dye (Figure 

3d). Using the same technique, we found the number of EVs in the supernatant was minimal 

during exponential growth and increased dramatically as the culture entered the stationary 

phase (Figure S2), substantiating the results given in Figure 2.

To clearly demonstrate that EVs were responsible for the activity seen, they were purified 

from the S. aureus supernatants and tested at different concentrations (Figure 4a). A clear 

dose-dependent inhibition of A. baumannii biofilm development was seen, with pEV 

concentrations of 12.5 μg/ml or greater leading to inhibitory levels similar with those of the 

supernatant. Given the similar levels of inhibition seen with the 24 h supernatants and 12.5 

μg/ml pEVs, this concentration was used in subsequent experiments.

As noted above, the EVs served only a preventative role in biofilm formation (Figure S1). To 

evaluate this further, pEVs (12.5 μg/ml) were added to growing cultures of A. baumannii at 

different time points to see how they affected the developing biofilms. As shown in Figure 

4b, they were most effective when added during the early stages of A. baumannii growth (0 

and 2 h), leading to a 70% reduction in the final biofilm biomass. At these times, the A. 
baumannii biofilms were still early in their development and had, at most, slightly more than 

104 CFU per well.
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In addition, we measured the number of A. baumannii present in the biofilm after pEVs 

were added at 0 h (Figure S3). After 2 hours, both biofilms had similar A. baumannii 
populations. In the control wells, the biofilm populations increased nearly 100-fold over the 

next 4 h while those in the pEV-treated samples remained steady, hinting that the pEVs are 

inhibiting A. baumannii from attaching to the surface. Between 6 and 12 h, both A. 
baumannii biofilm populations increased but the pEV-treated biofilms were consistently 

lower, a result which also mirrors that seen with the 24 h S. aureus supernatant (Figure 2b). 

The impact of S. aureus pEVs on A. baumannii surface adherence was further confirmed in 

Figure S4, where the polystyrene surface was imaged after exposure to the cell-free S. 
aureus supernatants or pEVs. In both cases, EVs were dispersed across the surface while the 

number of A. baumannii attached to the surface were significantly lower. All of these results 

verify S. aureus EVs are the inhibitory effector and that they work by preventing A. 
baumannii from adhering to the substrate.

In Figure 4b, when A. baumannii was grown for 6 h, the biofilm populations were nearly 

100-fold higher when compared with the 2 h biofilms and had an average of 1.2 × 106 CFU/

well. This higher population was more resistant to the S. aureus pEVs and saw a decrease in 

the final biofilm biomass of only 37% (Figure 4b). Similar tests with 12 h A. baumannii 
cultures found their biofilms were not affected by the S. aureus pEVs and that they reached a 

biomass similar with that of the controls. Likewise, treatment of the 24 h A. baumannii 
biofilms did not impact their biomass (Figure S1) nor their morphologies (Figure S5). As 

shown in Figure S5, addition of the pEVs did not lead to a significant loss or change in the 

A. baumannii biofilm structure.

Figure 4c shows the pEVs bind to the polystyrene surface and do so rapidly. In this 

experiment, the HEPES solution containing the pEVs was incubated in the wells for set 

times, after which it was removed and the well was washed gently with sterile HEPES buffer 

before introducing the A. baumannii culture. As shown in Figure 4c, 10 min was sufficient 

for the EVs to bind the surface and inhibit A. baumannii biofilm formation, while longer 

incubations (of up to 6 h) did not improve upon their activity.

EV production by S. aureus is mediated by AgrA

Within S. aureus, the global regulon agr locus regulates the expression of numerous surface 

proteins, such as hemolysins,38 through AgrA-mediated quorum sensing. Given EVs and 

their activities were most evident during the stationary phase (Figures 2 and S2), this 

suggested that they may also be regulated by AgrA. To test this, we characterized two 

additional S. aureus strains, i.e., S. aureus JE2 and its isogenic ΔagrA mutant. In agreement 

with previous studies,39, 40 biofilms formed by the wild-type S. aureus JE2 were less robust 

that those formed by its isogenic ΔagrA mutant (Figure 5a).41, 42 When the supernatants 

from these two S, aureus strains were tested, we found the activity of the Whereas EVs were 

readily isolated and imaged from cultures of S. aureus JE2, all attempts to purify EVs from 

the S. aureus JE2 ΔagrA cultures or image them were unsuccessful (Figures 5b and c). For 

S. aureus JE2, the sizes of the EVs were typically between 20 and 100 nm in diameter. TEM 

images of JE2 ΔagrA cells, however, had no membrane blebs or apparent EVs budding from 

them. This is in agreement with the results presented in Figure 5b and suggests that AgrA 
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activity is related to EV production in this strain. When the activity of these two strains were 

measured against A. baumannii biofilm formation, JE2 supernatants blocked their 

development by 74% while those from JE2 ΔagrA were much less active; only 24% 

inhibition (Figure 5d).

S. aureus EV binding increases the surface hydrophilicity

The results above show S. aureus EVs bind to the surface and inhibit biofilm formation by 

A. baumannii and several other bacteria. To better understand how they achieve this, we 

investigated the surface characteristics before and after EV treatment. The water contact 

angle (WCA) for an untreated polystyrene surface was 56.8 ±3.0° while treatment with 

sterile TSB media (i.e., the media used to culture S. aureus) decreased the WCA slightly to 

42.3 ±2.2° (Figure S6). The contact angles from surfaces treated with the supernatant or 

pEVs were 17.8 ±1.2° and 17.3 ±2.2°, respectively. These values indicate that the treated 

surfaces were significantly more hydrophilic after being treated with S. aureus EVs.

To determine if such a conversion account for the results seen with A. baumannii, we used 

oxygen plasma as a proxy because it also converts normally hydrophobic polystyrene 

surfaces to a more hydrophilic state.43 As shown in Figure S7, plasma conversion of 

polystyrene was dose-dependent, with a treatment time of 30 s or more needed to maximize 

the impact against A. baumannii biofilm formation. Tests with polystyrene treated with 

oxygen plasma for 1 min found that the WCAs were 17.2 ±4.0° (Figure S6), values that are 

basically identical with those obtained from the EV-treated surfaces. Overall, plasma-

treating the surfaces had a similar impact on the ability of the different strains to form 

biofilms as treating them with the S. aureus cell-free supernatant (Figure 1c). For example, 

A. baumannii, E. faecium, K. pneumonia and E. coli were all inhibited in their abilities to 

form biofilms (Figure 1c). Likewise, S. aureus and P. aeruginosa were both capable of 

forming biofilms on both the supernatant- and plasma-treated polystyrene.

As other bacteria also secrete EVs, including E. coli,44, 45 we were curious if they likewise 

possess similar surface modulatory or inhibitory activities. Using the same concentration 

(12.5 μg/ml) of pEVs from two additional strains, namely S. epidermidis and E. coli, we 

tested their ability to bind to polystyrene and inhibit A. baumannii biofilm formation. 

Although the pEVs from both bound to the surface, neither modified the surface 

hydrophobicity/hydrophilicity nor did they inhibit A. baumannii biofilms from forming on 

the surface (Figure S8).

Treatment with bleach does not remove S. aureus’ EVs or diminish their activity, but EDTA 
does

Given the reported prevalence of S. aureus on surfaces, we were curious if treatment with 

bleach, a commonly used disinfectant, could remove surface-bound EVs or reduce their 

activity towards other bacterial strains. To evaluate this, pEV-treated substrates were soaked 

in a 10% household bleach solution (~5,200 ppm sodium hypochlorite46) for 1 h before 

being rinsed and used for A. baumannii biofilm generation. This concentration was selected 

because it far exceeds the 50 to 100 ppm sodium hypochlorite needed to reduce the S. aureus 
viability by 6- to 7-log in 10 min.46 As shown in Figure 6, treatment with the disinfectant 
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neither removed the bound EVs (Figure 6a) nor did it decrease their impact on A. baumannii 
biofilm formation (Figure 6b).

In contrast, the use of 0.1 M ethylenediaminetetraacetic acid (EDTA) not only removed the 

EVs from the surface (Figure 6a), it also eliminated their impact on A. baumannii biofilm 

formation (Figure 6b). EDTA not only removed EVs from the surface but also was active 

against S. aureus EVs in liquid samples. As shown in Figures 6c, pretreatment of the pEVs 

with 0.1 M EDTA completely eliminated their activity.

Discussion

S. aureus is an opportunistic pathogen that is acquired both nosocomially and in the 

community. However, the reasons behind its wide-spread prevalence and presence are not 

well understood. The results here show that EVs from S. aureus modify surface 

characteristics and block many other bacteria from forming biofilms. Characterization of the 

EV-bound surfaces found them to be more hydrophilic, a finding that helps to explain the 

lower biofilm formation seen as many bacterial species preferentially adhere to hydrophobic 

surfaces given the lower binding energy levels required.47, 48 This was demonstrated here 

with A. baumannii, E. coli, K. pneumoniae and E. faecium, all of whom formed more robust 

biofilms on hydrophobic surfaces. However, S. aureus and P. aeruginosa form robust 

biofilms on both hydrophobic and hydrophilic surfaces,49, 50 a result which was confirmed 

here in Figure 1c with both supernatant- and plasma-treated polystyrene. This characteristic 

helps to explain why EVs did not inhibit biofilm formation by these two pathogens, while 

also supporting our conjecture that changes in the surface hydrophobicity are responsible for 

the results seen with the other four strains.

Taken from a different perspective, it could be said that the activity of the EVs allow S. 
aureus to “stake a claim” on a surface by making it unreceptive for many other bacterial 

strains. This is illustrated in Figure S9, where S. aureus and A. baumannii were co-cultured. 

When cultured together, the planktonic populations of both strains were lower when 

compared with the individual cultures, which is expected due to a competition for nutrients. 

Similarly, the number of A. baumannii in the mixed biofilm was significantly lower than in 

its individual biofilm. In contrast, the S. aureus biofilm population remained unchanged, i.e., 
the biofilm in the mixed culture as many S. aureus as the one formed when S. aureus was 

cultured alone. This means the S. aureus biofilm population was not impacted by the 

presence of A. baumannii and was as robust even though it planktonic population was 

reduced.

Once formed, A. baumannii biofilms are reported to be particularly robust and present a 

special challenge due to their resilience.51 The early addition of S. aureus supernatant or 

pEVs, however, inhibited A. baumannii biofilm formation by as much as 85%. They were 

also effective against E. faecalis and K. pneumoniae which, along with A. baumannii, are 

ESKAPE pathogens. This aligns with the thought that the most critical step in biofilm 

formation is the initial adhesion of the bacterium to the substrate, as this greatly influences 

all the later stages of development.52
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Binding of the surface by S. aureus’ EVs likely results from non-specific interactions, as was 

demonstrated previously with whole cells of the related Staphylococcus carnosus TM300.53 

In that study, the authors concluded that interactions between the surface and this bacterium 

are “mainly governed by number, properties and arrangement of the bacterial cell-wall 

proteins.”53 S. aureus’ EVs contain many cell wall proteins and virulence factors, with more 

than 90 identified.33 Conversion of the surface from a hydrophobic state to one that is 

hydrophilic likely results from this aspect of the EVs, with many of the surface proteins 

being hydrophilic. Consequently, when the EVs coat the surface and bind through the non-

specific interactions mentioned above, their hydrophilic state may act to repel other bacteria 

that prefer hydrophobic conditions.

Many of the cell-wall surface proteins and virulence factors found on this pathogen, and its 

EVs33, are controlled transcriptionally by the quorum-sensing related agr global regulon 

locus, which includes two divergent transcripts, RNAII and RNAIII.38, 54 RNAII encodes for 

four agr proteins, including AgrA, which controls the expression of a small RNA (RNAIII) 

and this, in turn, regulates the expression of surface proteins38, 55, 56 and many virulence 

factors.57 As virulence factors were identified within S. aureus EVs previously, this 

illustrated a potential link between the agr locus of S. aureus and the production of EVs by 

this strain. To evaluate this, S. aureus JE2 and its isogenic mutant, S. aureus JE2 ΔagrA, 

were characterized. Using TEM and the protein content, we found wild-type S. aureus JE2 

produced EVs while its ΔagrA mutant did not. Although this implies a direct connection 

between AgrA and EV production in S. aureus, one major question still remained: do EVs 

contribute to the prevalence of S. aureus as a nosocomial pathogen? Related to this, they 

clearly altered the surface properties, making them less conducive to many other bacteria, 

but how do EVs fare against a typical disinfectant, such as bleach?

Merritt et al. (2000) reported that bacteria and their biofilms are removed when treated with 

bleach.58 However, we found treating the EV-bound surface with 10% bleach did not remove 

nor significantly impact their activity against A. baumannii. The levels of inhibition seen 

with surfaces washed with water and those washed with bleach were 56% and 44%, 

respectively, results that 1) are not significantly different from one another (n = 10; p = 0.14) 

and 2) indicate a simple application of this disinfectant is not sufficient at removing S. 
aureus EVs from the surface. Similar results were seen previously with MRSA, which was 

still found on surfaces after they were washed with bleach.59, 60 Similarly, an outbreak of 

MRSA within a urological ward reportedly persisted for several months although the ward 

was cleaned 60 h per week and proper hand hygiene and patient isolation protocols were 

being promoted.61 Only when the hours per week cleaning the ward increased to 120 did 

they see a reduction in the number of infected patients.

These results indicate that: 1) A gentle washing of the surface and treatment with 

disinfectants may not be sufficient to remove S. aureus EVs; and 2) based upon their 

selective inhibition, their continued presence on the surface may facilitate the later re-

establishment of S. aureus biofilms. Although not conclusive, both of these findings help to 

explain the predominance of S. aureus on different surfaces and are of particular importance 

within hospital settings where bleach is commonly used as a disinfectant62-64.
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When compared with bleach, we found washing the surface with EDTA was more effective 

at removing S. aureus EVs. EDTA acts as a chelator and is reported to remove biofilms of S. 
aureus, S. epidermidis and P. aeruginosa.65-69 For P. aeruginosa, EDTA appears to act by 

chelating divalent cations (calcium, magnesium, iron) within the biofilm, leading to its 

dispersal due to loss of electrostatic interactions that contribute to its stability70, 71. For S. 
aureus, EDTA was found to act by inhibiting interactions between this pathogen and the 

surface72. In addition, Gurung et al (2011) reported that EDTA lyses S. aureus EVs.34 

Although the exact mechanism leading to lysis of the EVs by EDTA is not clear, both of 

these processes likely contribute to the reduced inhibitions seen. However, with its clear 

effectiveness against S. aureus EVs, EDTA is a promising supplement for use alongside 

disinfectants to control S. aureus.

To conclude, this study demonstrated S. aureus EVs convert hydrophobic surfaces into a 

hydrophilic one, thereby reducing the ability of many other bacterial strains from binding 

and forming biofilms. As S. aureus preferentially forms biofilms on hydrophilic surfaces,50 

this conversion may actually be construed as an action by S. aureus to make the surface 

more conducive for its own attachment and biofilm formation. Moreover, the EVs, once 

bound, are not easily removed with bleach and continue to act after treatment. These results 

help explain why S. aureus is a prevalent nosocomial pathogen. As such, the inclusion of an 

EDTA wash step when cleaning surfaces may increase efforts to remove this pathogen and, 

as such, should be evaluated further.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
S. aureus inhibits biofilm generation by several different pathogens and E. coli. a) A 10% 

addition (v:v) of S. aureus supernatant significantly inhibited A. baumannii biofilm 

formation (n = 12; p <0.001). b) Addition of the S. aureus supernatant did not negatively 

impact growth of A. baumannii (n = 3; a = p<0.001). c) Relative biofilm formation by the 

bacteria tested in the presence of 10% S. aureus supernatant showing several strains were 

negatively impacted. Similar results were obtained when the polystyrene substrate was 

pretreated with oxygen plasma for 1 min to convert it to a more hydrophilic state (n = 12; a 

= p <0.001). d) Supernatants from several different S. aureus isolates showed similar 

inhibitory activities (n = 12; p <0.001).
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Figure 2. 
The inhibitor is most active during the stationary phase a) Growth of S. aureus ATCC 25923 

and activity of its cell-free supernatants (10% final concentration) at the different points of 

growth. The results show inhibition was first evident as S. aureus ATCC 25923 entered the 

stationary phase. b) A. baumannii planktonic and biofilm populations within the cultures in 

(a). These results show the biofilm cultures alone were impacted by the addition of the 

supernatant, decreasing by as much as 1-log, while the planktonic populations were steady.
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Figure 3. 
Identifying the inhibitor produced by S. aureus. a) Size fractionation tests show the inhibitor 

is greater than 10 nm in size but less than 0.22 μm. The impact of S. aureus supernatant (Sa 

sup) was included for comparison (a = p <0.001, b = p<0.05). b) TEM images of the S. 
aureus ATCC 25923 EVs within the cell-free supernatant and after purification. c) Size 

distribution of the pEVs, which were measured using the TEM images. In total, 100 pEVs 

were measured and their diameters are plotted. d) Super resolution fluorescence images of 

the polystyrene surfaces after exposure to sterile media or S. aureus supernatant. The EVs, 

which were labeled using the membrane incorporating fluorescent dye, rhodamine BR-18, 

are visibly red.
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Figure 4. 
S. aureus pEV activity against A. baumannii biofilm generation. a) the pEV inhibitory 

activity is dose-dependent. Varying amounts of pEVs were added to A. baumannii cultures 

and the resulting biofilm biomass after 24 h was determined. Note the similar activity of the 

S. aureus supernatant (Sa sup) and when pEVs were added to a final concentration of 12.5 

μg/ml (a = p <0.001, b = p<0.05). b) S. aureus EVs are capable of blocking A. baumannii 
biofilm formation even after A. baumannii has grown for several hours. The “Control” 

sample was not treated while pEVs (12.5 μg/ml final concentration) were added to the 
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growing A. baumannii cultures at the time specified. The amount of biofilm formation was 

determined after a total of 24 h. In parallel samples, the A. baumannii biofilm populations 

were determined at each time point (n = 3; a = p <0.001). c) S. aureus EVs rapidly bind to 

the surface. pEVs (12.5 μg/ml) were added to polystyrene wells and at set times, the 

supernatant was removed. Afterwards, A. baumannii was added to the wells and cultured for 

24 h to permit its biofilm to develop. The results show that pEVs bind to the surface and are 

active against A. baumannii in less than 10 min (a = p <0.001).
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Figure 5. 
AgrA is required by S. aureus for EV production and activity against A. baumannii. a) 

Biofilm formation by S. aureus JE2 and an isogenic ΔagrA mutant strain. b) Protein content 

within concentrated samples from S. aureus JE2 and its isogenic ΔagrA mutant. S. aureus 
ATCC 25923 was included for comparison. The EVs vesicles in each culture were purified 

as described in the Materials and Methods, after which the protein content was determined 

using the Bradford Assay. Every attempt with the ΔagrA mutant found no protein after the 

purification was complete. c) TEM images of the two S. aureus strains, JE2 and its isogenic 
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ΔagrA mutant, showing the mutant is not producing EVs. Numerous EVs are evident as they 

bud off of the wild-type JE2 cells. The purified EVs from this strain are shown in the middle 

image. In contrast, the JE2 ΔagrA cells do not produce EVs. d) A. baumannii biofilm 

formation in the presence of S. aureus JE2 supernatant (10% v:v) or that from from its 

isogenic ΔagrA mutant (a = p<0.001, b = p<0.05).
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Figure 6. 
Bleach does not remove the EVs or their activity, but EDTA does. Each polystyrene slide in 

(a) and (b) was pretreated with pEVs (12.5 μg/ml) just prior to the experiment. a) Confocal 

image of the polystyrene surface after treatment for one hour with HEPES buffer, a 10% 

bleach solution or 0.1M EDTA. Rhodamine BR-18-labeled EVs were still evident on both 

the HEPES- and bleach-treated surfaces but were predominantly removed from the surfaces 

treated with EDTA. b) The bleach-treatment did not significantly reduce the inhibitory 

activity of the EVs. A. baumannii biofilm formation in the bleach-treated EV-coated wells 

was similar with the Control wells, with 44% and 56% inhibition, respectively. In contrast, 

treatment with EDTA completely removed the inhibitory activity (p<0.001). c) Treatment of 

the EVs with EDTA in liquid samples completely abolished their ability to block A. 
baumannii biofilm development. The EDTA sample was compared with the control (i.e., no 

pEV pretreatment) (p <0.001).
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