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I. Summary 
 

Bacterial infections represent a serious risk to public health globally. The World Health 

Organization (WHO) estimated that infections of the lower respiratory tract were the 

fourth leading cause of death worldwide in 2019, killing 2.6 million people. One of the 

main causes of such numbers is the development of antibiotic resistance by bacteria, 

a process facilitated by the misuse of antibiotic compounds in humans and in animals. 

The employment of nanomedicine can be explored for the development of new 

nanocarriers that can be used for the treatment of those infections, such as 

extracellular vesicles (EVs) and, more specifically, outer membrane vesicles (OMVs) 

derived from myxobacteria, which are natural producers of antibacterial compounds. 

In this thesis, OMVs were isolated from the strains Cystobacter velatus Cbv34 and 

Cystobacter ferrugineus Cbfe23 and were characterized. The OMVs’ effects on 

mammalian cells were promising, eliciting no negative impact in biocompatibility, and 

not significantly stimulating the release of pro-inflammatory cytokines. The OMVs were 

also successfully internalized by mammalian cells, thus able to decrease the 

proliferation rate of intracellular Staphylococcus aureus. Moreover, the myxobacterial 

OMVs were able to detach biofilm from surfaces and prevent their growth in a model 

subjected to fluid flow. The findings of this study demonstrate the substantial potential 

of the use of myxobacterial OMVs for the treatment of bacterial infections. 
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II. Zusammenfassung 
 

Bakterielle Infektionen sind eine globale Bedrohung der öffentlichen Gesundheit. Mit 

2,6 Mio. Toten im Jahr 2019 hat die Weltgesundheitsorganisation Infektionen der 

unteren Atemwege mit als die vierthäufigste Todesursache eingeschätzt. Eine der 

Hauptursachen ist die von Bakterien entwickelte Antibiotikaresistenz, ein Prozess, der 

durch den Fehlgebrauch von Antibiotika bei Menschen und Tier vorangetrieben wird. 

Mit Hilfe der Nanomedizin können neue Trägersysteme entwickelt und für die 

Behandlung von Infektionen verwendet werden. Solche Partikel sind beispielsweise 

extrazelluläre Vesikel (EVs) oder genauer äußere Membranvesikel (OMVs) von 

Myxobakterien, welche als natürliche Produzenten antibiotischer Substanzen gelten. 

In dieser Arbeit wurden OMVs von den Stämmen Cystobacter velatus Cbv34 und 

Cystobacter ferrugineus Cbfe23 isoliert und charakterisiert. Die Wirkung von OMVs 

auf tierische Zellen war vielversprechend, da sie keinen negativen Einfluss auf die 

Biokompatibilität und keine signifikante Ausschüttung von proinflammatorischen 

Zytokinen bewirkt haben. Zudem wurden OMV erfolgreich von tierischen Zellen 

aufgenommen und waren daher fähig, die Proliferation von Staphylococcus aureus zu 

bremsen. Außerdem waren myxobakterielle OMV in einem Durchflussmodell in der 

Lage, Biofilm von Oberflächen zu lösen und deren Wachstum zu unterbinden. Die 

Erkenntnisse dieser Studie unterstreichen das Potential der Verwendung von 

myxobateriellen OMVs zur Behandlung bakterieller Infektionen. 
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III. Graphical abstract 
 

 

Outer membrane vesicles (OMVs) were isolated from the myxobacterial strains 
Cystobacter velatus Cbv34 and Cystobacter ferrugineus Cbfe23, and their effects on 
mammalian cells and bacteria were studied. The OMVs elicited low toxic effects 
against mammalian cells and presented antimicrobial effects, becoming promising 
nanocarriers to treat bacterial infections.  Image created with Biorender.com.  
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IV. Abbreviations 
 

Cbfe-OMVs Outer membrane vesicles derived from the Cystobacter ferrugineus 

Cbfe23 myxobacterium 

Cbv-OMVs Outer membrane vesicles derived from the Cystobacter velatus Cbv34 

myxobacterium 

CFU  Colony forming unity 

CLSM  Confocal laser scanning microscopy 

Cryo-TEM Cryogenic transmission electron microscopy 

EVs  Extracellular vesicles 

LC MS Liquid Chromatography coupled Mass Spectrometry 

LPs  Liposomes 

NPs  Nanoparticles 

NTA  Nanoparticle tracking analysis 

OD  Optical density 

OMVs  Outer membrane vesicles 

PBMCs Peripheral blood mononuclear cells 

PBS  Phosphate buffered saline 

SEC  Size exclusion chromatography 

SEM  Scanning electron microscopy 

UC  Ultracentrifugation 
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1 INTRODUCTION 
 

 Resistant infections and their main mechanisms 

 

Infections caused by resistant bacteria are one of the world's major public health 

menaces. According to estimates, 2.38 million people die every year from infections 

of the lower respiratory tract.1,2 The number of casualties by lower respiratory tract 

infections such as pneumonia mainly include children younger than 5 years and adults 

older than 70 years, especially in lower-income countries.1,2 This alarming trend is due 

to an increase in the amount of pathogens that are resistant to the available antibiotic 

treatments, which is a result of multiple factors, including the irresponsible use of 

antibiotic drugs, waste management, contamination of water and the use of antibiotics 

in farm animals.3–5 There are not nearly as many new compounds being discovered 

today as during the “golden era” of antibiotic discovery (from the 1940s to the 1980s), 

when important compounds such as tetracyclines, methicillin and vancomycin made 

their way successfully to the hospitals and pharmacy shelves.6 A new antibiotic 

compound has not been released in the market since daptomycin and linezolid in the 

1980s.7 

Bacteria can develop antibiotic resistance in several ways, such as the 

development of efflux pumps, their ability to modify or degrade antibiotic molecules, 

increase their membrane impermeability and modify the drug target (Fig. 1).8,9 Bacteria 

can also avoid antibiotic treatment by their ability to become intracellular in mammalian 

cells. This is a well acknowledged mechanism of resistance that microbes like 

Mycobacterium tuberculosis and Mycobacterium abscessus can perform, but bacteria 

that were thought to be solely extracellular (e.g. Staphylococcus aureus) can also use 

this feature to become resistant.10–12 

Staphylococcus aureus  is a Gram-positive pathogen responsible for infections 

occurring in several parts of the body of humans and animals (e.g. lung13–17, skin18,19 

and ear20–22) and it has the ability to become intracellular in professional phagocytes 

(e.g., macrophages) and nonprofessional phagocytes (e.g., epithelial cells) by 

adhering to the cell surface, invading the cell in a “zipper-like” pattern and escaping 
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the endosomal pathway, becoming resistant in the cytosol.10,12,23  This mechanism 

helps the bacteria to escape host cell defenses and treatment with drugs that have 

poor permeation through the mammalian cellular membrane, such as beta-lactams 

and aminoglycosides, due to their high hydrophilicity.24,25 Macrolides and 

fluoroquinolones, on the other hand, present good diffusion through the cellular 

membrane, but have a short retention time inside the cell.24,25 Other examples of 

microorganisms that become intracellular and can cause infectious diseases are: 

Mycobacterium tuberculosis, which infects macrophages and hepatocytes;26,27 

Salmonella spp., which is internalized by macrophages and enterocytes;28,29 and 

Pseudomonas aeruginosa, which becomes intracellular in macrophages and epithelial 

cells.30,31 The current treatment of infections caused by intracellular pathogens, such 

as M. tuberculosis, is lengthy and involves the combination of different antimicrobials, 

which includes the use of isoniazid, rifampicin, ethambutol and pyrazinamide for two 

months, and then four months of rifampicin and isoniazid.32–34 The length of the 

treatment and the use of several drugs can make it difficult to obtain patient 

compliance to the treatment and  successful eradication of the infection.35,36 

Figure 1 Scheme of antibiotic targets (in red) and bacterial mechanisms of resistance (in 
black) (as reviewed by Lakemeyer et al., 2018; Roponnen et al., 2021). Created with 
BioRender.com. 
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Another very important mechanism of bacterial resistance to antimicrobial 

treatment is the formation of bacterial biofilm. Biofilms are the main form bacteria can 

be found in the environment.37–39 Their formation occurs when single bacteria attach 

to each other, become adherent to a surface, grow and form an extracellular matrix 

composed of polymeric substances.40–42 Their formation confers bacteria the ability to 

become resistant to antibiotics and disinfectants, which is due to the low penetration 

of antimicrobial compounds, the expression of biofilm-specific genes, sparse growth 

and other factors. 42–46 They can cause several types of tissue infection (Fig. 2), such 

as endocarditis, osteomyelitis, otitis media, vaginosis, as well as device-related 

infections, such as eye infection from use of contact lenses and tissue infection due to 

breast implants and tissue fillers.47 Biofilm formation on medical devices is also one 

the main causes of infection in the hospital environment.48 

Figure 2 Main tissue biofilm-related infections in the human body (as reviewed by Birk et al., 
2021; Lebeaux et al., 2013). Created with BioRender.com. 
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Biofilm antimicrobial resistance can develop in different ways. For example, the 

extracellular matrix and the extracellular DNA present in the biofilm can bind to the 

antibiotics and cause their inactivation by enzymes present in them.46,49–51 Many 

antibiotics have a target on processes that depend on the metabolism of the bacteria, 

such as replication and cell wall synthesis. However, it has been shown that the 

bacteria on the outer part of the biofilm have a higher metabolic activity than the 

bacteria enclosed in the inner part, which compromises the antibacterial effect of the 

drugs and complete eradication of the biofilm.46,49,52,53 For example, beta-lactams have 

their diffusion through the biofilm partially impaired54 and have their activity impaired 

due to low metabolism and low growth rate of mature biofilms.55 The same effect can 

be observed when aminoglycosides are used.56 

 The general anti-infective therapy of biofilm-related infections relies massively 

on local delivery, in order to have a high drug concentration at the site of infection and 

to avoid side effects caused by systemic administration, such as hepatotoxicity57 and 

severe allergy,58 and the combination of different antibiotics.46 As an example of a long 

term and local delivered antimicrobial treatment, lung infections in patients with cystic 

fibrosis are treated with continuous use of inhaled colistin and tobramycin and 

aztreonam, ciprofloxacin and levofloxacin in on/off cycles of 28 days.46,59–64 Long 

therapy regimes like this are one of the main causes of non-compliance to the therapy, 

as patients tend to stop treatment once their condition improves, some fearing that 

long-term use of medication could have adverse effects.65–67 

 

 Nanomedicine and drug delivery 

 

Nanomedicine, according to Mast and colleagues, is “the medical intervention 

where nanotechnology is applied to treat or diagnose diseases.”68,69 Nanotechnology 

is the manipulation or engineering of materials in the nanoscale range (1-1000 nm) for 

their properties and effects.69 Among the materials manipulated by nanotechnology 

are nanoparticles, which can be made from organic materials, such as polymers poly 

lactic-co-glycolic acid (PLGA) or inorganic materials, such as iron or gold (Fig. 3).68,70–

72 
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Drug delivery systems are any type of formulation that can control the rate, the 

time and the location of their drug cargo.68 Since nanoparticles can present one or 

more of these features, they are included in this classification. They have been widely 

explored for their advantages in targeted delivery, such as the possibilities for surface 

modification, overcoming low water solubility and reducing toxicity of compounds.73–75  

However, the clinical translation of such synthetic carriers faces two major 

challenges: 1) cellular toxicity of the nanoparticles due to their materials, and 2) low 

retention in the body caused by clearance by the reticuloendothelial system or by 

mononuclear phagocytes.76,77 An alternative to overcome this is the PEGylation of the 

nanoparticles, which seems to improve their circulation time, but seems to impair the 

interaction between the drug and the targeted cells.78,79 Other reports claim that 

PEGylation does not contribute to a higher circulation time.80,81 As a result, their 

approval by regulatory agencies to be available in the market is low.82,83 However, 

many nanoformulations have successfully reached the market with many of them 

being liposomal formulations and lipid-based nanopharmaceuticals, for their excellent 

ability to subdue side effects caused by conventional drugs.84 One of the most well 

Figure 3 Examples of particles used as drug delivery systems in nanomedicine (as reviewed 
by Mirza and Siddiqui, 2014; Vujačić Nikezić et al., 2020; Loira-Pastoriza et al., 2014). 
Created with BioRender.com. 
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known examples is PEGylated liposomal doxorubicin (Doxilâ), used in the treatment 

of Karposi’s sarcoma85 and ovarian cancer,86 which was approved by FDA in 1995.87 

Nanocarriers that have a biological component can be classified into three 

categories: 1) biogenic, 2) biomimetic or bioinspired, and 3) bioengineered (Fig. 4).88  

Nanocarriers which are not submitted to modification processes are defined as 

biogenic (e.g. extracellular vesicles derived from Lactobacillus sp. which are able to 

reduce the intestinal inflammatory response).89 Carriers that imitate biological 

processes and features by synthetic means are classified as biomimetic or bioinspired 

(e.g. aspherical polymeric nanocarriers that imitate rod-shaped bacteria in order to be 

taken up by mammalian cells).90 Bioengineered nanocarriers combine natural and 

artificial components by the application of bioengineering methods (e.g. extracellular 

vesicles loaded with drugs91 and polymeric nanoparticles functionalized with bacterial 

proteins).92 

Figure 4 Definitions of biocarriers (Goes & Fuhrmann, 2018). 
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In the present work, attention is focused on extracellular vesicles (EVs), an 

example of biogenic nanocarriers. EVs is the general term used to describe lipid-

bound particles that are shed by all types of organisms as a way to communicate 

between their own species.93–96 They are classified according to their biogenesis, size 

and cargo. The EVs derived from mammalian cells are classified into two groups: 

microvesicles, derived from the plasma membrane and with a size range of 50-500 

nm, but up to 1 μm, which include microvesicles, bebbling vesicles, shedding vesicles, 

oncosomes, migrasomes, neurospheres and apoptotic bodies; and exosomes, 

derived from the endosome and with a size range of 50-150 nm, which includes 

prostasomes, tolerosomes, dexosomes, nanovesicles, exosome-like vesicles and 

others (Fig. 5).94  

Over the last few years, extracellular vesicles have been studied and explored for 

their possible use in the drug delivery field77,97–99 and diagnostics as a biomarker.100–

103 Their main advantage over synthetic nanocarriers is their inherent biocompatibility 

in vivo.104–108 EVs can be isolated from bodily fluids (e.g. blood109, urine110, breast 

milk111), fruit juice (e.g. strawberry112) and bacterial cultures93,113 through several 

methods, which should be selected considering the initial volume of fluid and resulting 

EV yield, among other factors. Isolation methods include ultracentrifugation (UC), 

density gradient UC, size exclusion chromatography (SEC) and ultrafiltration. 

Commercial kits aimed to isolated EVs mainly as a tool for diagnostics are also 

available (e.g. ME-kit, a peptide affinity precipitation kit).114,115 All the mentioned 

methods have their advantages and drawbacks. For example, UC is a versatile 

method that results in a medium EV yield, but can be time consuming and the resulting 

pellet is low in purity.108 On the other hand, SEC is a reproducible method that 

maintains the integrity and activity of the EVs, but runs can take up to several hours, 

depending on the sample, and the resulting volume of EV suspension is low.108 In 

order to have a high yield of EVs with a high purity, a combination of isolation and 

purification methods may be applied. 

In the context of cancer treatment,  infectious and other diseases, extracellular 

vesicles derived from mammalian cells have to normally undergo bioengineering 

processes for drug loading, in order to carry antibiotics and deliver them to the  desired 
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site.91,116 The loading of the desired molecule can happen by different methods. 

Hydrophobic compounds can be loaded into extracellular vesicles by co-incubation, 

due to the lipidic composition of their membranes, and this can be achieved by a 

simple protocol.117 As an example, the anti-inflammatory and antioxidant compound 

curcumin has been loaded into EL-4-derived EVs by incubation at 22 °C for 5 min.118 

The anticancer drugs doxorubicin and paclitaxel have also been successfully loaded 

into EVs by incubation at 37 °C for 2 h.119,120 Linezolid was also reported to be loaded 

into RAW 264.7-derived EVs at 37 °C for 1 h to treat intracellular methicillin-resistant 

Staphylococcus aureus.91 Physical methods of drug loading include sonication, 

electroporation and extrusion, which can be used to load hydrophilic molecules, such 

as nucleic acids, into the EVs.117 For example, miRNA-155 has been successfully 

loaded into B cell-derivedEVs through electroporation, using high voltages, hanging 

between 0.14 kV to 0.2 kV, and a total EV protein concentration of 500 mg/mL to 1000 

mg/mL.121 Even though sonication is a less-reported method of physical cargo loading, 

it can be more efficient than electroporation in some cases.117 For instance, paclitaxel 

and doxorubicin were reported to be successfully incorporated into EVs by sonication, 

which was followed by an incubation time of 60 min at a temperature of 37 °C to allow 

for the recovery of the EV membrane.122 This method, however, must be applied with 

care, because disintegration of the EV membrane can occur.117 

  

Figure 5 Scheme of the biogenesis of microvesicles and exosomes from mammalian cells. 
Created with BioRender.com. 
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 Myxobacteria and their outer membrane vesicles 

 

Myxobacteria are a group of microbes which is part of the proteobacteria, a major 

phylum of Gram-negative microorganisms. They were first described by Roland 

Thaxter in 1892, being previously considered unusual fungi.123 Their prefix “myxo” is 

due to a defining and specific characteristic of the myxobacteria: the production of 

mucus or slime.124 They are mostly soil-living microorganisms 125,126 and they have 

engines that allow them to move by gliding.127 When no nutrients are available, they 

form multicellular, species-specific, macroscopic fruiting bodies in order to 

survive.128,129 When nutritional resources are available or in the presence of other 

bacteria, they aggregate and form swarms, releasing compounds that assist them in 

this digestion process.124,128 During this process, the myxobacterial cells form mobile 

waves and, when they collide, they form mounds that become fruiting bodies and 

restart their predatory circle (Fig. 6).130 

Among the compounds produced by myxobacteria when they prey on other 

microorganisms and form swarms are natural antibiotics, which make them an 

Figure 6 Scheme of Myxococcus xanthus’ predatory cycle, a model myxobacterium. (Kaiser et 
al., 2010; Munoz-Dorado et al., 2016.) Created with BioRender.com. 
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attractive subject of study.131–135 One species which has been extensively studied is 

Myxococcus xanthus. Like all myxobacteria, this species lives in the soil and preys on 

other bacteria 136–138 and is able to shed outer membrane vesicles (OMVs), which are 

a type of extracellular vesicle specifically shed by Gram-negative 

microorganisms.113,139 Evans and collaborators proposed that OMVs might play a role 

in this predatory behavior, by packing the unknown antimicrobial compounds produced 

by M. xanthus into them and being released during the predation process.140 Later, 

several antibiotic compounds were identified in M. xanthus OMVs, including Cittllin A, 

Mylalamids A, B and C and Myxoviresxin A, elucidating their previously described 

antibacterial activity against Escherichia coli.141 

The evidence of myxobacterial OMVs maintaining the antibacterial characteristics 

of their “mother-cell” makes them an attractive potential drug delivery system to treat 

infections. Their potential as a vaccine has already been vastly explored.142–144 Like 

EVs from mammalian cells, OMVs are spherical, phospholipid-bound nanoparticles. 

However, they present an inner leaflet, derived from the outer membrane of Gram-

negative bacteria, and an outer leaflet of lipopolysaccharide (LPS).113,145–147 OMVs 

can be formed by two mechanisms: 1) outer membrane bebbling, which can be 

triggered by iron deficiency in their environment, signaling molecules, compounds 

which are hydrophobic and the presence of antibiotics; and 2) explosive cells lysis, 

which is triggered by agents that damage nucleic acids, enzymes and antibiotics (Fig. 

7).139,148,149 By outer membrane bebbling, traditional OMVs are formed, consisting of 

a single membrane and surface proteins of their “mother-cell”.139 Through explosive 

cell lysis, outer inner membrane vesicles (OIMV) are formed, consisting of 

peptidoglycan between two membranes139,150 and explosive outer membrane vesicles 

(EOMV) are also formed (Fig. 8).139,148 OMVs formed through explosive cells lysis are 

able to carry diverse molecules, proteins and nucleic acids derived from their “mother-

cell”.148,151,152 The OMV biogenesis in M. xanthus has been reported to happen 

anywhere along the outer membrane by the detachment of a single OMV or through 

chain-like structures that remain attached to the myxobacterial cell.141,153,154 

Other species of myxobacteria also present a predatory behavior, the production 

of natural antibacterial compounds and are also able to produce OMVs. That is the 

case for Cystobacter velatus Cbv34 and Cystobacter ferrugineus Cbfe23. 
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Figure 7 Mechanisms and triggers of outer membrane vesicle formation (as reviewed by 
Toyofuku et al., 2019). Created with BioRender. 

Figure 8 Types of outer membrane vesicles and their content. OMV: outer membrane 
vesicle; OIMV: outer inner membrane vesicle; EOMV: explosive outer membrane vesicle 
(as reviewed by Toyofuku et al., 2019). Created with BioRender. 
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C. velatus Cbv34 and C. ferrugineus Cbfe23 are myxobacterial species of the 

order Myxococcales, the suborder Cystobacterineae, the family Cystobacteraceae 

and the genus Cystobacter.155 C. velatus Cbv34 was isolated from the soil in 

Rajasthan, India, in April 1995.156 Crude extracts of C. velatus Cbv34 were able to 

inhibit the proliferation of several Gram-negative and Gram-positive microbes.157 Upon 

liquid chromatography-high resolution mass spectrometry (LC-HRMS), three types of 

cystobactamids were identified: 919-1, 919-2 and 507.157 Cystobactamids are 

peptides of broad-spectrum antibacterial activity. They are topoisomerase inhibitors, 

their main target being the bacterial gyrase.134,157 The yield of cystobactamid obtained 

from C. velatus Cbv34 cultures was very low, necessitating chemical synthesis or the 

employment of advanced bioengineering and biotechnological processes for further 

development of the compound.134,157 Recently, the expression of cystobactamids in a 

heterologous host to increase the yield of the compound produced has been 

described.158 C. ferrugineus Cbfe23 was isolated from the soil in China in 1982.159,160 

Upon cultivation and extraction, cystodienoic acid was identified as a product of C. 

ferrugineus Cbfe23, which did not show any significant antibiotic effect, but exhibited 

a cytotoxic effect against the human colon cancer cell line HCT-116.160 

As both myxobacteria strains are Gram-negative microorganisms and produce 

compounds which are active against pathogens and/or mammalian cells, their OMVs 

are an interesting subject of study, since they can maintain the characteristics of their 

“mother-cells” and potentially carry such antibiotic compounds and be applied as a 

biogenic drug delivery system. Therefore, in my thesis, we focus on the potential use 

of myxobacterial OMVs against infections caused by planktonic bacteria, intracellular 

bacteria, and bacterial biofilms. 
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2 AIMS OF THIS THESIS 
 

The main goal of my research was to determine the potential of OMVs derived 

from the myxobacterial strains Cystobacter velatus Cbv34 (Cbv-OMVs) and 

Cystobacter ferrugineus Cbfe23 (Cbfe-OMVs) in treating intracellular infections and 

bacterial biofilm formation. 

To achieve this goal, this thesis was aimed to successfully isolate, purify and 

characterize the OMVs. Subsequently, their effect on mammalian cells was studied 

through viability and toxicity assays, their influence on the release of pro-inflammatory 

cytokines and their interaction with bacterial and mammalian cells. Their effects on the 

viability of planktonic bacterial cultures were also studied, where different 

concentrations of OMV suspensions were used to treat planktonic bacteria of different 

species.  

Finally, the antibacterial effect of the OMVs in an infected monoculture model of 

mammalian cells with S. aureus, treated with different concentrations of OMV 

suspensions was studied. Their effects against different biofilm models were also 

studied. Biofilms were grown on surfaces and in a microfluidic device under a constant 

flow. Then, they were treated with different concentrations of OMV suspensions to 

evaluate their ability to disrupt and prevent the formation of mature biofilms. 

 

In summary, the main steps to achieve the aims of this research are listed below: 

(1) Myxobacterial culture, isolation and characterization of Cbv and Cbfe-OMVs.  

(2) The effect of myxobacteria-derived OMVs on mammalian cells. 

(3) The antibacterial effect of myxobacteria-derived OMVs against planktonic bacteria. 

(4) The antibacterial effect of myxobacteria-derived OMVs against intracellular 

infections. 

(5) The effects of myxobacteria-derived OMVs on biofilms. 
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3 MAJOR OUTCOMES OF THE THESIS 
 

In this chapter, the main findings of three peer-reviewed, original papers are 

summarized and their main results presented. Results presented in different 

publications were combined to facilitate comprehension. 

This chapter refers to the following publications: 

 

Schulz, E., Goes, A., Garcia, R., Panter, F., Koch, M., Müller, R., Fuhrmann, K., & 

Fuhrmann, G. (2018). Biocompatible bacteria-derived vesicles show inherent 

antimicrobial activity. Journal of Controlled Release, 290(September), 46–55. 

https://doi.org/10.1016/j.jconrel.2018.09.030 

 

Goes, A., Lapuhs, P., Kuhn, T., Schulz, E., Richter, R., Panter, F., Dahlem, C., Koch, 

M., Garcia, R., Kiemer, A. K., Müller, R., & Fuhrmann, G. (2020). Myxobacteria-

Derived Outer Membrane Vesicles: Potential Applicability Against Intracellular 

Infections. Cells, 9(1), 194. https://doi.org/10.3390/cells9010194 

 

Goes, A., Vidakovic, L., Drescher, K., & Fuhrmann, G. (2021). Interaction of 

myxobacteria-derived outer membrane vesicles with biofilms: antiadhesive and 

antibacterial effects. Nanoscale. https://doi.org/10.1039/D1NR02583J 
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 OMV isolation and characterization 

 

C. velatus Cbv34 and C. ferrugineus Cbfe23 were activated by adding 500 µL of 

a cryo stock to 100 mL conical flasks containing 20 mL of  M-medium (w/v, 1.0% 

phytone, 1.0% maltose, 0.1% CaCl2, 0.1% MgSO4, 50 mM HEPES, pH adjusted to 

7.2 with KOH) at 30 °C and 180 rpm157 until the cultures were turbid, which takes three 

to five days. Then, the cultures were upscaled using 300 mL conical flasks by diluting 

the initial culture in 80 mL M-medium. Occasionally, cultures were upscaled to 

volumes up to 500 mL. The cultures were incubated until the stationary growth phase 

was reached, when they were split. OMVs were successfully isolated from C. velatus 

Cbv34 and C. ferrugineus Cbfe23 liquid cultures, which were at least 4 passages old, 

through ultracentrifugation alone or combined with size exclusion chromatography 

(SEC) (Fig. 9). 

 

 

 

Figure 9 Scheme summarizing the OMV isolation methods used. First, the myxobacterial 
culture is submitted to differential centrifugation. Then, the resulting pellet is resuspended in 
buffer and submitted to size exclusion chromatography (SEC) for purification. Created with 
BioRender.com. 
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The main fractions of purified OMVs presented a size of 180 ± 18 nm and 126 ± 

13 nm and a zeta potential of −4.7 ± 0.6 mV and −5.3 ± 0.7 mV for Cbv-OMVs and 

Cbfe-OMVs, respectively. Crude OMV pellets (without SEC purification) of Cbv34 

presented OMVs with a size of 121.1 ± 9.6 nm, while Cbfe23-OMVs had a size of 

101.6 ± 2.5 nm. Through cryogenic electron microscopy (Cryo-TEM), the OMVs 

revealed a spherical shape and were electron-dense with a well-formed membrane 

(Fig. 10).  

 

Figure 10 Representative graphs of OMV particle distribution in pellets and purified fractions, 
and morphology assessed by cryogenic transmission electron microscopy (Cryo-TEM). Scale 
bars: 200 µm. Data from Goes, et al. 2020. 
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 The effects of myxobacterial OMVs on mammalian cells 

 

The Cbv and Cbfe-23 were tested on mammalian cell lines in order to assess 

possible toxicity. Through LDH assay, no significant cytotoxic effects were observed 

after A549 (adenocarcinomic human alveolar basal epithelial cells), RAW 264.7 

(murine macrophage-like cells) and dTHP-1 cells (differentiated human monocytic 

cells) were treated for 24 h. However, when the viability was assessed with PrestoBlue 

assay, a decrease in the cells’ viability was observed when they were treated with 

Cbfe23-OMVs in the highest concentration 1.25´106 particles/cell with A549 and RAW 

Figure 11 Cell viability and cytotoxicity assays of Cbv and Cbfe23-OMVs with different cell lines. 
Cbv34-OMVs do not affect the viability of cells and even stimulates the proliferation of RAW 
264.7 cells when used in the highest concentration (c). Cbfe23-OMVs has a negative impact on 
cell viability when used in the highest concentration. Neither OMVs presented a cytotoxic effect 
against the cell lines tested.  
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264.7 and 1´106 particles/cell with dTHP-1 cells. This effect was seen especially on 

dTHP-1 cells, where the viability decreased approximately 50% (Fig. 11). Upon 

analysis with a cytometric bead array assay, it was possible to verify that OMV 

treatment did not exert a significant release of the pro-inflammatory cytokines  TNF-

alpha, IL-8, IL-6 and IL-1b (Fig. 12), which perform an essential role in host defense 

by regulating the functions of the immune system.161 These results display a possible 

safe therapeutic window for the use of Cbfe-OMVs and that Cbv-OMVs appear not to 

impact cell viability even in very high concentrations. Additionally, they do not exert 

cytotoxic effects on mammalian cells. 

 

 

 

 

 

 

 

Figure 12 Pro-inflammatory cytokine release by peripheral blood mononuclear cells (PBMCs) 
upon treatment with Cbv34 and Cbfe23-OMVs. Data from Goes, et al. 2020. 
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 The effects of myxobacterial OMVs on planktonic bacteria 

 

Purified fractions of Cbv and Cbfe-OMVs were incubated with Escherichia coli 

DH5-alpha and Staphylococcus aureus Newman in order to assess their potential 

antibacterial activity. The OMVs inhibited the growth of E. coli DH5-alpha, greatly 

decreasing their viability (Fig. 13 a and b). This effect persisted even after four weeks 

of OMV storage at 4 °C (Fig. 13 d). The vesicles were also able to decrease the viability 

of planktonic S. aureus Newman, proving they are effective against Gram-negative 

and Gram-positive microbes. This effect is due to their cystobactamid157,162 cargo, 

which was confirmed by LC-MS analysis (see subchapters 6.2 and 6.3). Since the 

OMVs are isolated from the stationary growth phase, most of them are possibly formed 

through explosive cell lysis and this biogenesis mechanism allows the resulting 

vesicles to have diverse cargos, such as proteins, DNA and other molecules that can 

also contribute to their antibacterial activity.139,163 

 

Figure 13 Antibacterial activity of Cbv34 and Cbfe23-OMVs against E. coli (a, b and d) and S. 
aureus (c). 
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 The effects of myxobacterial OMVs against intracellular infections and biofilm 

formation 

 

One of the ways in which bacteria escape treatment with antimicrobial therapy is 

by becoming intracellular.10,164,165 Therefore, the ability of OMVs to fight intracellular 

infections was tested. A549 cells were infected with S. aureus Newman and then 

treated with gentamicin to kill the extracellular bacteria.91,166 Then, the cells were 

treated with the myxobacterial OMVs for 24 h. The number of viable bacteria after 

treatment was assessed by colony forming unit (CFU) inoculation and counting (Fig. 

14). After the treatment, free gentamicin, free, cystobactamid and the DMSO (dimethyl 

sulfoxide) control (solvent used with cystobactamid, which is not soluble in water) had 

a comparable effect on the S. aureus growth. When compared to the untreated control 

PBS, free cystobactamid had a significant antibacterial effect (Fig. 15). 

Figure 14 Scheme of the intracellular infection assay. Created with BioRender.com. 
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The highest concentration did not present a significant antibacterial effect when 

compared to the untreated control. This might be due to their negative impact on the 

viability of mammalian cells when used in high concentrations, as seen in subchapter 

3.2. Yet, when the second highest concentration (108 particles/mL) was used, a 

significant antibacterial effect was recorded. Cbv34-OMVs had a highly significant 

antibacterial effect when the highest concentration (1011 particles/mL) was used, as 

expected. When the bacterial suspensions dilutions with the highest antibacterial 

effects where compared to the amount of bacteria internalized by A549 cells at the 

beginning of treatment (time zero), there was no statistical significance, highlighting 

the OMV ability to slow down the proliferation of cells, and indicating a bacteriostatic 

effect.167 

 

 

  

Figure 15 Antimicrobial activity of Cbv34 and Cbfe23-OMVs against intracellular S. aureus in 
A549 cells. Data from Goes, et al. 2020. 
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Another important way bacteria become resistant to antimicrobial treatment is by 

forming biofilm, as discussed in subchapter 1.1.43,45,168,169 In order to test the effects 

of the myxobacteria on biofilms, E. coli TG1, a strain able to produce thick, mature 

biofilms,170 was inoculated on glass coverslips inserted on 24-well plates and 

incubated at 37 °C and 5% CO2 for 72 h (Fig. 16). Then, unattached bacteria were 

removed, and the wells were washed before being treated with different 

concentrations of myxobacterial OMV dilutions and the controls LB medium, PBS and 

cystobactamid for 24 h. Afterwards, the bacteria attached to the glass coverslips were 

dehydrated and prepared for scanning electron microscopy (SEM) to assess biofilm 

formation and attachment (Fig. 17 a). The glass coverslips treated with LB medium 

and PBS presented biofilm covering the entire coverslip surface, as expected. 

Cystobactamid did not inhibit bacterial attachment to the coverslip surface. However, 

the coverslips treated with the highest concentrations of Cbfe and Cbv-OMVs did not 

present bacterial cells adherent to their surfaces. 

This result shows the myxobacterial OMVs’ potential ability to detach biofilm from 

other surfaces and materials. In addition, the presence of viable bacterial cells was 

studied through fluorescence microscopy and fluorescence intensity assessment with 

a plate reader, by staining the biofilm with the bacterial cell viability kit LIVE/DEAD 

BacLight. No biofilm formation was detected after the treatment (Fig. 17 b) and the 

fluorescence intensity of viable cells was significantly lower when treated with both 

OMVs when compared to the control PBS (Fig. 18 a). The vitality of the bacterial 

biofilm was assessed through staining with the BacLight RedxSensor kit and flow 

cytometry (Fig. 18 b). The vitality of the bacterial biofilm cells significantly decreased 

upon treatment with the highest concentrations of Cbv and Cbfe-OMVs, when 

compared to both controls LB medium and PBS. 

To investigate the effects of the myxobacterial OMVs on biofilms grown and 

maintained under flow conditions, a scenario significant in the cases of bacterial 

endocarditis and urinary tract infections, the pathogen Staphylococcus epidermidis 

was inoculated into a microfluidic flow chamber and then treated with the OMV 

suspensions and the controls TSB medium and unloaded bacteriomimetic liposomes 

(Fig. 19). After 8 h, the samples treated with TSB medium and the liposomes 

presented biofilm formation, which showed that the presence of particles such as the 

liposomes are not able to prevent biofilm formation under flow conditions. However, 
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samples treated with the myxobacterial OMV suspensions completely inhibited biofilm 

formation. These results evince myxobacterial OMVs’ potential to treat and prevent 

infections caused by bacterial biofilms. 

 

 

 

Figure 16 Scheme of the preformed biofilm assay. Created with BioRender.com. 
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Figure 17 Effect of Cbv and Cbfe23-OMVs on preformed E. coli TG1 biofilms grown for 72 h and 
then treated for 24 h with controls and OMV dilutions. a) Scanning electron microscopy of 
biofilm grown on glass converslips; b) Fluorescence microscopy of biofilms stained with Syto9 
and propidium iodide (PI). Data from Goes, et al. 2021. 
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Figure 18 Effects of Cbv and Cbfe23-OMVs on preformed E. coli TG1 biofilms. a) 
Fluorescence intensity of Syto9 (viable bacteria) upon treatment with controls and OMV 
dilutions; b) Vitality of E. coli TG1 after treatment with controls and OMV dilutions Data 
from Goes et al., 2021. 

Figure 19 Effect of myxobacterial OMVs on a S. epidermidis biofilm grown and maintained 
under fluid flow conditions. Myxobacterial OMVs are able to prevent biofilm formation. 
Data from Goes et al., 2021. 
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4 CONCLUSIONS AND OUTLOOK 
 

This work creates the foundation for the employment of inherently antibiotic-

loaded outer membrane vesicles isolated from the myxobacterial species Cystobacter 

velatus Cbv34 and Cystobacter ferrugineus Cbfe23, natural producers of the potent 

antibiotic cystobactamid, as a novel drug carrier system for the treatment of infections 

caused by bacteria. 

Promising results were obtained regarding their effects on mammalian cells, 

planktonic bacteria and infection models of intracellular infection and biofilm formation. 

This highlights their advantage over synthetic carriers, which normally need further 

functionalization and loading methods in other to have a targeted delivery, increased 

circulation time and therapeutic effect. The myxobacterial vesicles were able to be 

internalized by mammalian cells, a feature that enabled them to treat intracellular 

infection caused by S. aureus in vitro. The OMVs also showed an unprecedented 

antibiofilm activity, being able to detach preformed biofilm from glass surfaces, a 

model for biofilm grown on the surface of medical devices, and preventing their growth 

in a microfluidic device submitted to constant fluid flow, a model which mimics in vivo 

infections (e.g. bacterial endocarditis and urinary tract infections). 

Considering the positive results obtained in this work, the antibacterial activity of 

Cbv and Cbfe-OMVs could be explored against other intracellular pathogens, such as 

Mycobacterium abscessus, an important pathogen responsible for persistent lung 

disease in patients with cystic fibrosis171–174 and Mycobacterium tuberculosis.165,175 

The myxobacterial OMVs’ ability to detach mature E. coli biofilms from glass surfaces 

also warrants the study of their effects on biofilms grown in other materials, such as 

metal alloys and zirconia, which are used in oral implants, and other rough 

surfaces.176,177 Their effect on other important biofilm forming pathogens, including 

Pseudomonas aeruginosa,178 Helicobacter pylori179 and Clostidium difficile180,181 

would be beneficial to demonstrate myxobacterial OMVs’ ability to overcome infections 

which are difficult to treat. 
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Figure S1. Growth curve and cell morphology of myxobacteria. a) Growth curve 

of Cbv34 bacteria during (I) lag-phase, (II) log-phase and (III) stationary-phase. Cbv34 

grow in high density and with a doubling time of tDCbv34= 4.7 h ± 1.0; Mean, n = 3-4. 

Cbv34 bacteria were grown in M medium (1.0% soy peptone, 1.0% maltose, 0.1% 

CaCl2, 0.1% MgSO4 and 50 mM HEPES pH 7.2) at 30 °C and maintained at 180 rpm. 

A growth curve of SBSr073 bacteria could not be taken as this culture formed 

aggregates and the OD could not be measured. SBSr073 bacteria were cultured in 

2SWT medium (0.3% bacto tryptone, 0.1% soytone, 0,2% glucose, 0,2% soluble 

starch, 0,1% maltose monohydrate, 0,2% cellobiose, 0,05% CaCl2 2H2O, 0,1% MgSO4 

7H2O and 10mM HEPES, pH 7.0 adjusted with KOH) b) Cbv34 OMV characteristics 

during different growth phases: particle concentration and protein concentration 

normalised by particle concentration. n = 3. c) Bright field microscopy images of Cbv34 

in culture and after inoculation from a cryo stock. d) Bright field microscopy images of 

myxobacteria SBSr073 and photograph of clumpy bacteria containing flask.  e) When 

plating 100 μL of EV-pellet isolated from SBSr073 and Cbv34 for 8 days on 1.5% (w/v) 

agar no bacterial growth was detected. Agar plates were prepared using the liquid 

culture media of each bacterium. 
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Figure S2. Protein and particle concentration of collected fractions from SEC. a) 
SBSr073 OMVs, b) Cbv34 OMVs; the sum of all values corresponds to 100%. Each 

fraction corresponds to the percentage of the total concentration (particles or proteins). 

Mean ± SD, n = 3-7 

 

Table S1. Physico-chemical characteristics of myxobacterial OMVs. 

 

 

OMV 

source 

Particle size ± SD 

measured by NTA  

(n = 16-27) 

PDI 

(n = 3) 

Total protein 

concentration OMVs  

(n = 4-7) 

ξ-potential 

(n = 3) 

SBSr073 194 ± 18 nm 0.143 ± 

0.01 

8.0 ± 4.0  µg/mL -6.81 ± 0.61 

mV 

Cbv34 145 ± 27 nm 0.222 ± 

0.06 

84.8 ± 71.7  µg/mL -4.76 ± 0.65 

mV 
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Figure S3. Complementary liposome control experiments. a) Size distribution of 

liposomes (1,2-dimyristoyl-sn-glycero-3-phosphorylcholine (DMPC) and dipalmitoyl 

phosphatidylcholine (DPPC) at a ratio of 2:3 mol%) measured by NTA (representative 

sample). b) Cell viability of liposomes when incubated for 24 h with stimulated dTHP-

1-1 macrophage cells and A549 epithelial cells, and c) lactate-dehydrogenase 

cytotoxicity assay of liposomes incubated for 24 h with dTHP-1-1 and A549 cells. 

Mean ± SD, n = 3–4. c) Growth curve of E. coli DH5-alpha incubated with different 

concentration of liposomes or PBS (control). Mean ± SD, n = 3 
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Figure S4. Complementary confocal fluorescence images of E. coli incubated 
with OMVs. 1 h incubation of E. coli DH5-alpha with a) fluorescently-labelled Cbv34 

OMVs, b) SBSr073 OMVs, and c) liposomes. 24 h incubation of E. coli DH5-alpha 

with d) fluorescently-labelled Cbv34 OMVs, e) SBSr073 OMVs, and f) liposomes. 
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Images were taken using the same settings at 561 nm laser (red colour) and 488 nm 

laser (green colour). For visualisation, bacteria were stained with SYTO 9. Scale bars 

are 5 µm. Measurement settings and image analysis is similar for all images. 

 

 

Figure S5. Mean fluorescence of labelled OMVs and liposomes used for in vitro 
imaging and control confocal fluorescence microscopy images. a) Detection of 

fluorescence upon DiI labelling (ex 490nm/em 570 nm) in the most abundant SEC 

fractions of Cbv34 OMVs (1011 particles/mL), SBSr073 OMVs (1010 particles/mL), and 

liposomes (1011 particles/mL). Representative measurement using PBS as control. b) 

Representative confocal fluorescence images of E. coli incubated for 24 h with DiI dye 

alone and in absence of OMVs. All measurement and image analysis settings are 

similar to those in the main Figure 3. 

 

 

Figure S6. Complementary z-stack confocal fluorescence images of E. coli 
incubated with OMVs. 24 h incubation of E. coli DH5-alpha with DiI-labelled Cbv34 

OMVs (red). a) Top view confocal image, b) 3D-image of marked rectangle in a) using 

z-stack mode. Images were taken using the same settings at 561 nm laser (red colour) 
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and 488 nm laser (green colour). For visualisation, bacteria were stained with SYTO 

9 (in green). 

 

 

Figure S7. Predatory behaviour of Cbv34 myxobacteria on E. coli.  Myxobacteria 

(left) and E. coli (right, DSM 1116) were seeded on VY/2 agar and both incubated for 

up to 48 h at 30 °C. VY/2 agar contains baker's yeast 5.00 g, CaCl2 x 2 H2O 1.36 g, 

Vitamin B12 0.50 mg, Agar 15.00 g and distilled water 1000.0 mL (DSMZ recipe). 

 

 



 85 

 

 

Figure S8. LC-MS based identification of Cystobactamid 919-1 in the methanolic 
crude extract of Cbv34 OMVs. UHPLC-HRMS chromatogram acquired on the 

Dionex Ultimate 3000 RSLC coupled to a Bruker maXis 4G qTOF mass spectrometer. 

1 mL of methanolic OMV extract is separated, b) depicts the EIC at 920.309 ± 0.02 

Da across the chromatogram visualising the Cystobactamid 919-1 peak, a) depicts the 

magnified mass spectrum at maximum intensity for the Cystobactamid 919-1 peak. 

Mass spectra were acquired in centroid mode ranging from 150 – 2500 m/z at a 2 Hz 

full scan rate. Mass spectrometry source parameters were set to 500V as end plate 

offset; 4000V as capillary voltage; nebuliser gas pressure 1 bar; dry gas flow of 5 l/min 

and a dry temperature of 200 °C.  Ion transfer and quadrupole settings are set to 

Funnel RF 350 Vpp; Multipole RF 400 Vpp as transfer settings and Ion energy of 5eV 

as well as a low mass cut of 300 m/z as Quadrupole settings. Collision cell was set to 

5.0 eV and pre pulse storage time is set to 5 µs. Spectra acquisition rate was set to 

2Hz. Calibration is done automatically before every LC-MS run by injection of sodium 

formiate and calibration on the sodium formiate clusters forming in the ESI source. All 

MS analyses were acquired in the presence of the lock masses C12H19F12N3O6P3; 

C18H19O6N3P3F2 and C24H19F36N3O6P3 which generate the [M+H]+ ions of 622.028960; 

922.009798 and 1221.990638. LCMS data are annotated using the in-house MXbase 

myxobacterial metabolome data at Helmholtz Institute for Pharmaceutical Research 

Saarland by automated comparison of retention time, exact mass and isotope pattern 

accuracy using Bruker Daltonics Target analysis 1.3. 
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Figure S9. Comparison of the MS² spectrum of Cystobactamid 919-1 from Cbv34 
OMVs to the MS² spectrum of Cystobactamid 919-1 reference standard. HRMS² 

spectrum of a) cystobactamid 919-1 standard and b) cystobactamid 919-1 in Cbv34 

OMVs on the Bruker maXis 4G qTOF spectrometer to verify the identified peak as 

cystobactamid 919-1. Identified fragments show excellent agreement to the reference 

substance. LC and MS conditions for scheduled precursor list (SPL) guided MS² data 

acquisitions were kept constant according to section standardised UHPLC-MS 

conditions. MS² data acquisition parameters were set to exclusively fragment SPL 

entries. SPL entries were edited manually to selectively target the precursor mass of 

cystobactamid 919-1. SPL tolerance parameters for precursor ion selection were set 

to 0.2 minutes and 0.05 m/z in the SPL MS/MS method. CID Energy is ramped from 

35 eV for 500 m/z to 45 eV for 1000 m/z and 60 eV for 2000 m/z. MS full scan 

acquisition rate was set to 2Hz and MS/MS spectra acquisition rates were ramped 

from 1 to 4 Hz for precursor ion intensities of 10 kcts to 1000 kcts. 
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Figure S10. Antimicrobial activity of Cbv34 OMVs compared to free 
cystobactamid. OMVs from Cbv34 and cystobactamid 919-1 were incubated with E. 

coli at different concentrations. Colony-forming units were counted for both samples. 

Mean ± SD, n = 3. 
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Figure S11. Dose response of Cbv34 OMVs obtained from lower passage 
numbers. Cbv34 myxobacteria were brought into culture from cryo stock and used 

during passages 1-4. During these lower passage numbers, OMVs isolated from 

culture supernatant showed a lower antimicrobial activity as seen from the dose 

response curve. The curve was obtained by incubating increasing concentrations of 

low passage Cbv34 OMVs with E. coli. Mean, n = 3. 
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Supplementary Material 

Myxobacteria-derived outer membrane vesicles: potential applicability against 

intracellular infections  

Adriely Goes, Philipp Lapuhs, Thomas Kuhn, Eilien Schulz, Robert Richter, Fabian Panter, Charlotte 

Dahlem, Marcus Koch, Ronald Garcia, Alexandra K. Kiemer, Rolf Müller and Gregor Fuhrmann 

Figure S1: Morphology of Cbfe23 (passage 3, 5 days in culture) and Cbv34 (passage 

9, 7 days in culture). Myxobacteria form cell aggregates in liquid culture. Images were 

taken with a light microscope (Zeiss, Germany). Scale bars = 50 µm. 

 

Figure S2: Particle size measured by dynamic light scattering and protein 

concentration of Cbfe23 size exclusion chromatography fractions (1 mL each) were 

measured by BCA (bicinchoninic acid) assay (Sigma-Aldrich Co., St. Louis, MO, USA). 

Mean ± SEM, n = 3.  
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Figure S3: Representative graphs of size distributions measured by nanoparticle 

tracking analysis of a) Cbv34 and b) Cbfe23 OMVs. Mean + SEM. 

 

 

 

Figure S4:  Cryo-TEM micrographs of Cbfe23 pellets after ultracentrifugation. The 

white arrows indicate OMVs with spherical shape and electron dense cores. The black 

arrows indicate rod-shaped electron dense particles of similar size as the OMVs. 

 

  

a) b) 
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Figure S5: Light microscopy images showing the morphology of peripheral blood 

mononuclear cells (PBMCs) after 4 h treatment with OMVs and controls. The viability 

of the cells appeared to be compromised upon treatment with high concentrations of 

OMVs (1×1013 OMVs/mL). Scale bars = 50 µm. 
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Figure S6: a) LC-MS Base peak chromatogram of the OMV extract (black) highlighting 

the two major cystobactamids: cystobactamid 919-1 (A, red, m/z 920.31 ± 0.05 Da) 

and cystobactamid 920-1 (B, blue, m/z 921.30 ± 0.05 Da) as extracted ion 

chromatograms. b) ESI-CID-MS² spectrum of cystobactamid 919-1 from the OMV 
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samples measured on a maXis 4G qTOF spectrometer c) ESI-CID-MS² spectrum of 

cystobactamid 920-1 from the OMV samples measured on a maXis 4G qTOF 

spectrometer d) Spectral network created by GNPS using the MS² data from the OMV 

extract samples depicting the precursor masses of all cystobactamid derivatives 

contained in the samples. 

 

Figure S7: Uptake/interaction of OMVs and liposomes with A549 cells after 4 h 

incubation measured by confocal laser scanning microscopy. The cells nuclei are 

stained by DAPI (blue), while the F-actin is labelled by Alexa Fluor® 488 Phalloidin 

(green). Scale bars = 100 µm. 
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Figure S8: Uptake/interaction of OMVs and liposomes with RAW 264.7 cells after 4 h 

of incubation measured by confocal laser scanning microscopy. The cells nuclei are 

stained by DAPI (blue), while the F-actin is labelled by Alexa Fluor® 488 Phalloidin 

(green). Scale bars = 100 µm. 
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Figure S9: Uptake/interaction imaging of OMVs and liposomes after 4 h incubation 

with A549, following one single wash with PBS and fixation by confocal laser scanning 

microscopy. Cells were imaged with bright field and OMVs and liposomes were 

stained with DiI (red). Scale bars = 100 µm. 
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Figure S10: Uptake/interaction imaging of OMVs and liposomes after 24 h incubation 

with A549, following one single wash with PBS and fixation by confocal laser scanning 

microscopy. Cells were imaged with bright field and OMVs and liposomes were 

stained with DiI (red). Scale bars = 100 µm. 
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Supplementary Information 

Interaction of myxobacteria-derived outer membrane vesicles with 
biofilms: antiadhesive and antibacterial effects 

Adriely Goes, Lucia Vidakovic, Knut Drescher,  and Gregor Fuhrmann  

  

Figure S1: Representative graph of size distribution of (A) Cbv34 OMV pellet and (B) Cbfe23 
OMV pellet measured by nanoparticle tracking analysis (NTA). Values are the mean + SEM. 
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Figure S2: Representative scanning electron microscopy (SEM) of the preformed biofilm assay. 
The biofilm was treated with myxobacterial suspensions of Cbv34 and Cbfe23 diluted to OD600  
0.5 and incubated for 24 h at 37 °C. 
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