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Abstract 

 

Over the last years it has been recognized that extracellular vesicles (EV) might be abundant on 

the marine environment. Their ecological role in the ocean, however, remains largely enigmatic. We 

investigated the abundance and potential contribution of EV-like particles to the microbial food web in 

the North Adriatic Sea. Specifically, we determined the nutrient content and extracellular enzymatic 

activity associated with nanoparticles to the amount of EV-like particles contained in the size range of 

nanoparticles. It was found that up to 30% of total nanoparticles can be characterized as EV-like 

particles and for each bacterial cell we counted up to 4 EVs. From all investigated dissolved nutrients 

6% could be directly attributed to nanoparticles. Furthermore, the extracellular enzymatic activity assay 

indicated that at least part of the extracellular enzymes is associated with nanoparticles. Considering 

the spatial and temporal consistency of EV concentrations, our findings indicate that EVs might serve 

both as nutrient and enzymatic activity hotspots in marine surface waters. 

 

Key words: extracellular vesicles, nanoparticles, extracellular enzymatic activity, marine bacteria, 

nutrient hotspots 
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Zusammenfassung 

 

In den letzten Jahren hat man erkannt, dass extrazelluläre Vesikel (EV) in marinen 

Ökosystemen reichlich vorhanden sein können. Ihre ökologische Rolle im Meer bleibt jedoch 

weitgehend rätselhaft. Wir untersuchten die Häufigkeit und den möglichen Beitrag von EV-ähnlichen 

Partikeln zum mikrobiellen Nahrungsnetz in der Nordadria. Dazu bestimmten wir den Nährstoffgehalt 

und die extrazelluläre enzymatische Aktivität, die mit den Nanopartikeln assoziiert sind und verglichen 

die Werte mit dem Anteil an EV-ähnlichen Nanoartikeln zu der Gesamtzahl von Nanopartikeln. Es 

zeigte sich, dass bis zu 30 % der gesamten Nanopartikel als EV-ähnliche Partikel charakterisiert werden 

können, und für jede Bakterienzelle zählten wir bis zu 4 EVs. Von allen untersuchten gelösten 

Nährstoffen konnten 6 % direkt auf Nanopartikel zurückgeführt werden. Darüber hinaus zeigte sich, 

dass zumindest ein Teil der extrazellulären Enzyme mit Nanopartikeln assoziiert ist. In Anbetracht der 

räumlichen und zeitlichen Konsistenz der EV-Konzentrationen deuten unsere Ergebnisse darauf hin, 

dass EVs sowohl als Nährstoff- als auch als Enzymaktivitäts-Hotspots in marinen 

Oberflächengewässern dienen könnten. 

 

Schlagwörter: extrazelluläre Vesikel, Nanopartikel, extrazelluläre enzymatische Aktivität, marine 

Bakterien, Nährstoff-Hotspots 
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Introduction 

 

Extracellular vesicle (EV) production and release can be found in all three branches of the tree 

of life and occur in a variety of environments (Deatherage & Cookson 2012). The size of the spherical, 

membrane-bound structures released by bacteria, archaea, and eukaryotes ranges from 10 - 300 nm 

(Biller, 2020, Deatherage & Cookson 2012; Kulp & Kuehn 2010). In terms of size, they are therefore 

part of the “dissolved” fraction of organic matter in aquatic ecosystems (Verdugo et al. 2004). It has 

been demonstrated that both gram-negative as well as gram-positive bacteria release membrane vesicles 

(MVs), as bacterial EVs are referred to. In gram-negative bacteria, MVs are produced by outer 

membrane blebbing or by cell lysis and are referred to as outer membrane vesicles (OMVs) or outer-

inner membrane vesicles (Nagakubo et al. 2019, Toyofuku 2019). As vesicles extracted from natural 

environments can have various origins and biogenesis, they will be referred to as EVs in the course of 

this analysis (MISEV 2018 guidelines; Thiéry et al. 2018).  

The outer membrane of most gram-negative bacteria is composed of lipopolysaccharides in the 

outer leaflet and phospholipids in the inner leaflet (Bos et al. 2007). During active growth of bacteria, 

small portions of the outer membrane bulge away from the cell and detach, encapsulating periplasmic 

luminal components (Kulp & Kuehn 2010). The resulting bacterial EVs are 20-250 nm in size 

(Schwechheimer 2015; Kulp & Kuehn 2010). The content of EVs underlines that their biogenesis is an 

active process and not a by-product of cell lysis as protein analyses revealed a high depletion of inner 

membrane and cytoplasmic components (McBroom & Kuehn 2005, Kulp & Kuehn 2010; 

Schwechheimer 2015). EVs can contain a multitude of cargo such as DNA, RNA, plasmids and toxins 

and can play multi-functional roles in various cell-cell interactions (Biller et al. 2022; Ellis & Kuehn 

2010; Hagemann et al. 2013; Kulp & Kuehn 2010; Li et al. 2016; Lynch & Alegado 2017; Manning & 

Kuehn 2011; Schatz & Vardi 2018). Containing nucleic acids, it is important to consider EVs in 

ecological studies of viruses, as size fractionation cannot separate phages from EVs. It has been shown 

that EVs can mimic viral particles in epifluorescence microscopy (EFM) analyses and therefore leading 

to overestimations of viral abundances in samples from the natural environment (Hagemann et al. 2013; 

Soler et al. 2008, 2015).  

In marine environments, EVs are abundant in coastal and oligotrophic open waters and 

numerous marine bacteria isolated from mid-latitudes and polar regions as well as marine sediments are 

releasing EVs in laboratory cultures (Baeza & Mercade 2020; Biller 2020; Biller et al. 2014, 2017, 

2021, 2022; Fadeev et al. 2023; Frias et al. 2016; Hagemann et al. 2013; Kwon et al. 2016; Li et al. 

2016; Naval & Chandra 2019, Nekrouf et al. 2025). Marine EVs can be associated with biofilms as well 

as with free-living bacteria (Biller 2020; Schooling & Beveridge 2006). Biller et al. (2014; 2023) 

described depth dependent vesicle dynamics in the ocean where vesicle-like particles in the surface 

waters can be found in abundances comparable to bacterial cells and in decreasing numbers with water 
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column depth and the corresponding decrease in solar radiation and temperature. Their potential to 

contribute to marine food webs as hotspots of dissolved organic nutrients and labile dissolved organic 

carbon is highlighted through experiments by Biller et al. (2014), where they revealed that the two 

marine heterotrophic bacteria Alteromonas and Halomonas could grow on Prochlorococcus vesicles as 

the only carbon source, which illustrated that at least some of the vesicles’ carbon is labile (Biller et al. 

2014; Lynch & Alegado 2017). Supporting the ecological relevance of MVs are the findings of Fadeev 

et. al (2023) which revealed that MVs of A. macleodii harbor a considerable amount and diversity of 

enzymes that are linked to bacterial extracellular enzymatic activity (EEA) which comprised up to 20% 

of the total EEA in the culture.  

 Based on previous studies where EVs could be isolated from various marine environments and 

several marine microbial EV producers were identified, we hypothesized to be able to identify EV-like 

nanoparticles in the surface waters of the Northern Adriatic Sea. The biogenesis of EVs indicates that 

at least part of the dissolved nutrients measured in seawater might be associated to nanoparticles such 

as EVs. This was investigated by measuring dissolved organic carbon (DOC), total dissolved nitrogen 

(TDN), and total soluble phosphorus (TSP). Being bulged off from gram-negative cell membranes as a 

common way of vesicle formation, encapsulating periplasmic proteins and harboring ectoenzymes, we 

further determined extracellular enzymatic activity (EEA) associated with high molecular weight 

nanoparticles such as EV-like particles (Fadeev et al. 2022).  

 

    

Material and Methods 

 

Sampling site and sampling intervals 

 Sampling was conducted in the Gulf of Trieste, the northernmost part of the Adriatic Sea. The 

shallow, river-dominated ecosystem with an average depth of 23 m is well mixed in winter but stratified 

in summer. The highest freshwater input comes from the Soča (Isonzo) River (Malačič et al. 2006). 

Over the timespan of three days in August 2022 (01/08/2023, 03/08/2023, 05/08/2023), three stations 

representing a gradient along a transect off Piran, Slovenia, were sampled (Fig. 1). At each station, 

temperature, salinity and dissolved oxygen were measured with a CTD fine-scale probe (Microstructure 

profiler MSS90, Sea & Sun Technology GmbH). The seawater was collected at the thermocline at about 

10 m depth. For each station 30 L of seawater were collected with a rosette of 5 L Niskin bottles and 

stored in 1 M HCl and Milli-Q pre-washed Nalgene bottles, protected from solar radiation. 
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Figure 1. Transect of the sampling locations in the Gulf of Trieste: station 1 (S1; 45° 35.000'N 13° 28.600E'), station 2 

(S2; 45° 33.600'N, 13° 31.500'E), and station 3 (S3; 45° 32.555’N 13°33.252’E). 

 

 

After returning to the lab, all seawater samples were pre-filtered through 142 mm 5 µm pore-

size polycarbonate membranes with a low-pressure filtration system. On the third sampling day, pre-

filtration was conducted with 142 mm 3 µm pore-size polycarbonate membranes. 

 

Microbial abundance  

For microbial abundance measurements, 1.5 mL of the pre-filtered seawater were collected into 

a 2 mL cryovial, fixed with glutaraldehyde (final concentration 2.5 %, 10 min incubation), flash-frozen 

with liquid nitrogen and stored at -80°C until further analysis. After thawing at room temperature, the 
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samples were stained with SYBR Green I (Invitrogen, Burlington, ON, Canada) and the microbial 

abundance was determined on a FACSAria Cell Sorter (BD Biosciences, Canada) (Brussaard 2004, 

Marie et al. 1999). 

 

Heterotrophic bacterial carbon production (BCP) 

Four mL of the pre-filtered seawater were used to determine the heterotrophic bacterial carbon 

production (BCP). Using the 3H leucine incorporation method (20 nM final concentration, Perkin-

Elmer) BCP was measured following the centrifugation protocol of Smith and Azam (1989). As 

described by Simon and Azam (1992) the dilution factor of 2 and the conversion factor of 1.55 kg C 

per mol leucine was used to calculate BCP (Lee and Fuhrman, 1987). 

 

Quantification and size estimation of nanoparticles 

To enumerate the total number of nanoparticles in the sample, the pre-filtered seawater was 

filtered through a 0.22 µm polycarbonate membrane and a 15 mL subsample for nanoparticle tracking 

analysis (NTA) stored at 4°C in the dark. On the last sampling day, the polycarbonate membranes were 

exchanged for 0.22 µm mixed cellulose ester membranes due to operational matters. For the 

differentiation of high molecular weight (HMW) particles from the truly dissolved fraction (< 100 kDa), 

the remaining pre-filtered seawater was concentrated 100x on a 100 kDa membrane with a VivaFlow 

system (Merck, Germany). Subsamples of 15 mL were taken from the concentrated fraction as well as 

from the < 100 kDa outflow for NTA and stored at 4°C in the dark. Another 15 mL subsample was 

taken for density gradient fractionation and stored at 4°C in the dark. The remaining concentrated 

seawater was loaded onto 100 kDa MWCO Vivaspin tubes (Merck, Germany) and concentrated as 

much as the samples allowed for later molecular analysis (not included in the thesis). 

 

Separation of EV-like and virus-like nanoparticles by density gradient fractionation 

To differentiate the nanoparticles of the HMW subsample (100 kDa - 0.22 µm) between EV-

like and virus-like particles, particles were isolated and purified based on the isolation protocol of Biller 

et al. (2022). The 15 mL subsamples for density gradient fractionation were concentrated to 3 mL with 

100 kDa Vivaspin tubes to load them on an iodixanol density gradient. The OptiPrep density gradient 

(Merck, Germany) was prepared in ultracentrifuge tubes by overlying equal volumes (1 mL) of 

iodixanol dilutions (0 %, 10 %, 15 %, 20 %, 25 %, 30 %, 35 %, 40 %, 45 %) made by dilution of 60% 

iodixanol with 4x phosphate-buffered saline (PBS). The 3 mL of the concentrated sample were carefully 

added on top of the gradient and centrifuged in an ultracentrifuge at 100,000x g in 4°C for 6 h. Extensive 

preliminary experiments with EVs produced by Alteromonas macleodii ATCC, different phages and 

natural seawater samples, in addition to first results of the protein analysis of the samples taken in the 
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Gulf of Trieste identified the EV-like particles accumulating at densities between 15-40 % iodixanol 

(1.055 - 1.199 g mL-1). The virus-like particles were identified in the 45 % iodixanol concentration and 

accumulated in the pellet (1.251 - 1.397 g mL-1). For NTA, the nanoparticles had to be extracted from 

the density gradient and the iodixanol needed to be replaced by 1x PBS. To do so, the fractions 

containing EV-like particles (15-40 % iodixanol) as well as the ones containing virus-like particles 

(45% iodixanol plus pellet) were pipetted separately into 100 kDa Vivaspin tubes (Merck, Germany), 

topped up to 20 mL with pre-filtered 1x PBS, and centrifuged at 805x g for 20 min. After discarding 

the < 100 kDa outflow, this washing step with 1x PBS was repeated. The concentrates were collected 

in 2 mL Eppendorf vials, topped up to a final volume of 1 mL with 1x PBS and stored at 4°C until NTA 

was conducted. 

 

Nanoparticle tracking analysis 

 The abundance and size distribution of the nanoparticles were measured by NTA using a 

NanoSight NS300 instrument (Malvern Panalytical Ltd.) equipped with a blue laser module 

(wavelength: 488 nm) and the NTA 3.4 software. The samples were loaded with a syringe load speed 

of 50 and five 60 sec videos were recorded for each sample. The videos for the samples containing 

nanoparticles from 100 kDa - 0.22 µm were recorded and processed in light scatter mode with a screen 

gain of 1, camera level of 16 and detection threshold of 5. For the particles extracted from the iodixanol 

density gradient, the neutral density mode was selected instead of light scatter mode to optimize particle 

detection. All other settings remained the same. For the interpretation of the results, all concentrations 

necessary for the NTA measurements were calculated back to the natural concentrations in the seawater 

samples. 

 

Chemical parameters 

To determine the chemical parameters associated with the total nanoparticles in the samples, 

100 mL of the pre-filtered seawater was filtered through combusted 25 mm GF/F membranes using a 

glass filtration set (1M HCl, Milli-Q pre-washed and combusted). From the GF/F filtrate, 2 x 30 mL 

were collected into combusted 40 mL glass vials for dissolved organic carbon (DOC) and total dissolved 

nitrogen (TDN) analysis and stored at -20°C until analysis. From the 100 kDa - 0.22 µm fraction, 

another 30 mL were prepared in the same way and from the < 100 kDa another 2 x 30 mL were prepared 

and stored at -20°C. For the analysis, the samples were thawed and acidified with 12 M HCl to a final 

pH below 2. The analysis was performed with a high-temperature catalytic method using a Shimadzu 

TOC-L analyzer equipped with a total nitrogen unit (Hansell and Carlson 1998) . For the analysis of the 

total soluble phosphorus (TSP), 15 mL of the GF/F filtered sample prepared for DOC/TDN analysis 
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were collected into a rinsed 15 mL Greiner tube and stored at -20°C. The samples were measured using 

the ascorbic acid-molybdenum blue method for soluble reactive phosphorus analysis (Awwa 1998).  

 

Extracellular enzymatic activity (EEA) 

 To measure the EEA as promptly as possible after returning to the lab, a subsample of 160 mL 

of the pre-filtered seawater was filtered through 25 mm 0.22 µm membranes by syringe filtration. To 

verify that the filtrate was cell-free, 500 µL were fixed with 20 µL 25% glutaraldehyde, stained with 

x100 SYBR Green (Sigma-Aldrich), and measured on a BD AccuriTM C6 flow cytometer (BD 

Biosciences). From this cell-free filtrate 15 mL were collected in a clean 15 mL tube and used for EEA 

analysis. To verify the concentration of nanoparticles, another 15 mL were collected for NTA and stored 

in the dark at -20°C. From the remaining filtrate, 120 mL were loaded onto 100 kDa MWCO Vivaspin 

tubes (Merck, Germany) and concentrated for 20 min at 695 x g. The concentrate was topped up to 20 

mL with pre-filtered (0.22 µm) artificial seawater (ASW). Fifteen mL were collected in a clean 15 mL 

tube and used for the EEA measurement. The remaining 5 mL were stored in the dark at -20°C in 

another 15 mL tube for NTA. From the < 100 kDa outflow, 15 mL were collected in a clean tube for 

EEA measurements and 15 mL for NTA stored in the dark at -20°C until further analysis. 

 Extracellular enzymatic activities were assayed using fluorogenic substrate analogues (Hoppe, 

1993) at each sampling day on the size fractions: < 3 μm, < 0.2 μm, 100 kDa - 0.22 µm, and < 100 kDa. 

Leucine aminopeptidase (LEU) activity was assayed as the hydrolysis rate of leucine-AMC. β-

glucosidase (BETAGLU), olease (OLE), chitinase (CHIT), and alkaline phosphatase (AP) activities 

were assayed using the substrates MUF-β-D-glucoside, MUF-oleate, MUF-N-acetyl-β-D-

glucosaminide and MUF-phosphate, respectively (Sigma Aldrich®). Hydrolysis was measured by 

incubating 0.3 mL aliquots with 200 μM MUF-β-D-glucoside, MUF-α-D-glucoside, MUF-N-acetyl-β-

D-glucosaminide, leucine-MCA, 100 μM MUF-oleate and 50 μM MUF-phosphate (saturating final 

concentrations) in the dark at the experimental temperature for 1-2 h. These concentrations have been 

proven to be saturating in previous studies in the Adriatic Sea (Celussi and Del Negro, 2012; Celussi et 

al., 2015). All samples were run in five replicates. Triplicate calibration curves were performed using 

0.2 μm filtered seawater and 5 μM MUF and MCA standard solutions. 
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Results 

 

Bacterial abundance and heterotrophic production 

 Bacterial abundance at the three stations ranged from 2.3x108 to 6.0x108 cells L-1 and no 

recurrent spatial or temporal pattern was detected. On the first sampling day, the number of cells 

measured showed a decline in abundance from the station furthest away from the coast (S1) with 

4.8x108 cells L-1 to the one closest (S3) to the coast where the overall lowest cell abundance of 2.3x108 

L-1 was measured. On the third sampling event, where the samples were pre-filtered through 3 µm, 

compared to 5 µm for the first two events, the mean cell abundance of the three stations was 5.3x108 ± 

6.7x107 cells L-1, twice as high as on the second day (2.4x108 ± 6.0x106 cells L-1) (Fig. 2A). The 

measured bacterial carbon production (BCP) ranged between 1.2 ± 0.94 µg C L-1 d-1 and 7.5 ± 0.04 µg 

C L-1 d-1. The average carbon production of day 2 (5.5 ± 0.10 µg C L-1 d-1) was three times as high 

compared to day 1 (1.8 ± 0.37 µg C L-1 d-1) and day 3 (1.8 ± 0.10 µg C L-1 d-1). On the first and the third 

sampling event, station 2 showed a slight decrease in BCP compared to the other two stations. However, 

this spatial pattern is not reflected in the second sampling event (Fig. 2B). Comparing the bacterial 

abundance with the BCP, there were no distinct spatial or temporal patterns detectable (Fig. 2A & B). 

 

Figure 2. Bacterial abundance and bacterial carbon production (BCP) measured at stations 1-3 on three sampling events. The 

cell abundance (A) was measured by flow cytometry and the BCP (B) was determined by leucine incorporation. 
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Nanoparticle and extracellular vesicle abundance 

Nanoparticles were quantified by nanoparticle tracking analysis (NTA). The total nanoparticles 

retained in the size fraction of 100 kDa - 0.22 µm were enumerated. From the same size fraction EV-

like nanoparticles and virus-like nanoparticles were obtained by density gradient fractionation and 

enumerated as well.  

The concentrations of total nanoparticles measured in the size fraction of 100 kDa - 0.22 µm 

ranged from 2.4x106 ± 4.6x104 to 1.1x107 ± 1.7x105 particles mL-1. A recurring spatial pattern can be 

seen on the second and third sampling event, where the concentration of total nanoparticles decreased 

with increasing proximity to the coast. This pattern in concentrations, however, was reversed on the 

first sampling event. EV-like nanoparticles were detected in every sample ranging from 5.9x104 ± 

4.7x103 up to 9.7x105 ± 7.0x104 particles mL-1 (Fig. 3). Besides station 3 on the second sampling event, 

the concentration of EV-like particles was fairly stable and did not mirror the numbers of total 

nanoparticles measured in the same sample. The concentrations of the denser virus-like particles were 

in a similar range as the concentration of EV-like particles on the first sampling event and also at station 

1 and 2 sampled on the second sampling day with concentrations of 3.3x105 ± 1.9x104 to 1.1x106 ± 

4.2x104 particles mL-1. For station 3 on sampling event 2 and at all stations on the third sampling event 

the concentration on virus-like particles was relatively low compared to EV-like particles (Fig. 3). 
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Figure 3. Concentration of total nanoparticles, EV-like nanoparticles, and virus-like nanoparticles. Concentration of 

nanoparticles (green) from the 100kDa - 0.22 µm size fraction, EV-like (blue) and virus-like (yellow) nanoparticles 

measured at three sampling events on the three sampling stations. 

  

 

EV-like nanoparticles were found to be predominantly in the size range between 100 to 150 

nm with a peak at 120 nm. Virus-like particles peaked at 110 nm and 170 nm (Fig. 4).  
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Figure 4. Size distribution of EV-like nanoparticles and virus-like nanoparticles. Average size distribution of EV-like 

nanoparticles (blue) and virus-like nanoparticles (yellow) over all samples. 

  

 

Dissolved nutrients 

Figure 5 shows the DOC, TDN, and total soluble phosphorus (TSP) concentration associated 

with nanoparticles. The concentrations measured in the < 100 kDa fraction were subtracted from the 

measured concentrations in the fraction 100 kDa - 0.22 µm to obtain the concentration in nanoparticles. 

On the second sampling day all measured organic matter concentrations at station 3 were close to zero 

or below detection threshold. The measured DOC concentrations for the other days and stations ranged 

from 5.7 µmol L-1 to 9.1 µmol L-1. The average DOC concentration associated with total nanoparticles 

was 7.2 ± 3.0 µmol L-1 (Fig. 5A). The concentrations of TDN ranged from 0.01 µmol L-1 measured at 

station 2 on the second sampling day up to 0.6 µmol L-1 measured at station 3 on the first sampling day 

(Fig. 5B). The same pattern could be seen for the TSP. The measurement from the samples from station 

3 on the second sampling day was below detection threshold and the highest concentration was 

measured on the first day at station 3 with a concentration of 0.007 µmol L-1 (Fig. 5C). Overall, the 

measured variations in concentrations of organic matter are consistent with the number of nanoparticles 

detected in the size fractions of 100 kDa - 0.22 µm. The decrease in virus-like particles and the low 

concentration of organic matter on the second sampling event at station 3 will both be addressed in the 

discussion (Fig. 3 & 5).  
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Figure 5. Spatio-temporal dynamics of DOC, TDN, and TSP associated with nanoparticles. DOC (A), TDN (B), and 

TSP (C) were measured on the size fractions 100 kDa - 0.22 µm and < 100 kDa. The < 100 kDa background was then 

subtracted from the 100 kDa - 0.22 µm measurements to obtain the concentrations associated with nanoparticles only. All 

parameters were measured on stations 1-3 on three sampling events. 

  

 

The average DOC, TDN, and TSP concentrations measured in the cell-free (< 0.22 µm) size 

fraction were 117.6 ± 10.4 µmol L-1, 5.6 ± 1.4 µmol L-1, and 0.06 ± 0.06 µmol L-1, respectively. Overall, 

6.2 ± 2.7% of the total DOC, 6.6 ± 2.8% of the TDN and 6.7 ± 6.4% of the TSP was contained in 
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nanoparticles (Table 1). The ratio of DOC to TDN in the cell free (< 0.22 µm) fraction was 22:1, while 

this ratio for nanoparticles was 20:1. 

 

 

Table I. Average nutrient concentrations in the different fractions. Average concentrations of nutrients (DOC, TDN, 

TSP) measured in the cell-free (< 0.22 µm) size fraction and nutrients contained in nanoparticles were obtained by 

subtracting the truly dissolved nutrients (< 100 kDa) from the concentrations in the 100 kDa – 0.22 µm size fraction. 

Percentage of nutrients of the cell-free fraction contained in nanoparticles. 

 Cell-free (< 0.22 µm) Purely from 

nanoparticles 

Percentage (%) 

Mean DOC (µmol L-1) 117.6 ± 10.4 7.2 ± 3.0 6.2 ± 2.7 

Mean TDN (µmol L-1) 5.6 ± 1.4 0.4 ± 0.2 6.6 ± 2.8 

Mean TSP (µmol L-1) 0.06 ± 0.06 0.004 ± 0.002 6.7 ± 6.4 

 

 

 Figure 6 shows the dissolved organic matter concentrations in nanoparticles. The DOC 

concentrations ranged between 0.7 to 3.0 µmol carbon per 106 nanoparticles with an average DOC 

concentration of 1.7 ± 0.7 µmol per 106 nanoparticles (Fig. 6A). The average TDN concentration was 

0.09 ± 0.04 µmol per 106 nanoparticles ranging from 0.03 to 0.14 µmol per 106 nanoparticles (Fig. 6B). 

Besides the measurement from station 3 on the second sampling day being below detection threshold, 

TSP per 106 nanoparticles did not display remarkable spatial or temporal variations averaging 0.0008 ± 

0.0002 µmol TSP per 106 nanoparticles (Fig. 6C). 
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Figure 6. DOC, TDN, and TSP per 106 nanoparticles. DOC (A), TDN (B) and TSP (C) concentrations of Fig. 5 were used 

to calculate the amount of dissolved nutrients contained in 106 nanoparticles. 

  

 

Extracellular enzymatic activity (EEA) 

 Extracellular enzymatic activity assays for LEU, BETAGLU, OLE, CHIT, and AP activities 

were conducted for all three stations on each sampling event. The nanoparticle enumeration by NTA 

showed that the concentration of nanoparticles by tangential flow filtration in Amicon tubes with 100 

kDa membranes only worked on the third day of sampling. Therefore, we focused the analysis of the 
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EEA on the third sampling event. The EEA measured in the cell-free fraction < 0.22 µm was compared 

to the EEA associated with nanoparticles of the size fraction 100 kDa - 0.22 µm and the outflow of the 

100 kDa tangential flow filtration. To minimize the background EEA for the EEA measurements 

associated with nanoparticles, the samples that were first concentrated on a 100 kDa membrane and 

then diluted 20x with artificial seawater. 

The highest EEA in the < 0.22 µm cell-free fraction and associated with nanoparticles was 

measured for OLE with 55.0 ± 3.5 nmol L-1 h-1 and 9.9 ± 1.3 nmol L-1 h-1,respectively (Fig. 7). The 

mean EEA of AP in the cell-free fraction (0.22 µm) was 2-fold higher at station 1 compared to station 

2 and 3.The measured EEA of AP associated with nanoparticles was similar between all stations with 

a mean of 0.29 ± 0.10 nmol L-1 h-1. For LEU a mean EEA of 3.1 ± 0.9 nmol L-1 h-1 was measured in the 

cell-free fraction. The mean EEA associated with nanoparticles was ten-fold lower (0.35 ± 0.03 nmol 

L-1 h-1). With a mean of 2.7 ± 0.6 nmol L-1 h-1 the EEA of CHIT in the cell-free fractions was also ten-

fold higher than the EEAs associated with nanoparticles (mean of 0.26 ± 0.3 nmol L-1 h-1). BETAGLU 

EEA was very low (0.3 ± 0.1 nmol L-1 h-1) in the cell-free fraction (< 0.22 µm). For all substrates the 

EEA measured in the < 100 kDa fraction was very similar to the EEA measured in the cell-free fraction 

(Fig. 7).  
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Figure 7. Extracellular enzymatic activity (EEA) measured in the cell-free fraction (< 0.22 µm), associated with 

nanoparticles (100 kDa - 0.22 µm), and in the nanoparticles-free fraction (< 100 kDa). The EEAs were measured on 

sampling stations 1-3 and results are shown from the third sampling event. OLE: olease, AP: alkaline phosphatase, LEU: 

leucine aminopeptidase, CHIT: chitinase, BETAGLU: β-glucosidase.  
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The highest contribution of EEA by nanoparticles to the total EEA of the cell-free fraction was 

seen for LEU (19.6%). For CHIT and OLE the contribution was on average 10 ± 2.4% and 10 ± 7.5% 

respectively. Nanoparticles contributed to the total EEA of the cell-free fraction with 7.5 ± 3.6% for 

AP. For BETAGLU the contribution of nanoparticles was on average 6.4 ± 7.5%  (Table 2).  

 

 

Table II. Percentage of nanoparticles (100 kDa - 0.22 µm) contributing to the total EEA of the cell-free (< 0.22 µm) 

fraction. LEU: leucine aminopeptidase, OLE: olease, CHIT: chitinase, AP: alkaline phosphatase, BETAGLU: β-

glucosidase. 

Enzyme Percentage (%) 

LEU 4.6 – 19.6 

OLE 2.0 – 17.0 

CHIT 7.3 – 11.6 

AP 3.3 – 10.0 

BETAGLU 0.0 – 14.6 

 

 

Discussion 

  

Over the course of the last ten years studies have shown that EVs are likely an important 

component in the complex microbial food web in marine environments. Laboratory studies indicate that 

EVs can be metabolized and that they harbor active ectoenzymes necessary for the degradation of 

complex substrates (Biller et al. 2014, Fadeev et al. 2023). However, little is known thus far on the 

abundance and fate of EVs in marine environments. Nekrouf et al. (2025) could identify some of the 

most common EV producers in the Mediterranean Sea like Flavobacteria and Pelagibacter. In this 

study, we determined the abundance and functional role of EVs in the natural environment of the North 

Adriatic Sea. This was done by measuring nutrient concentrations and EEA derived from nanoparticles 

and identifying what part of nanoparticles can be characterized as EV-like particles. As the 

concentrations of nanoparticles in the ocean are too low for most analysis, lengthy concentration, 

isolation and purification workflows are required. These processes - like any manipulation of samples 

- have their potential shortcomings which need to be taken into consideration when interpreting the 

results of this study. 
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Methodological considerations 

Extracellular vesicles can be found in a variety of sizes commonly between 20 and 250 nm. 

They are extracted by filtration through a 0.22 µm membrane and concentrated via tangential flow 

filtration on a 100 kDa membrane. By default, there will always be smaller bacterial cells and high 

molecular weight aggregates that are able to pass the 0.22 µm barrier. Filtration also holds the risk of 

bursting cells on the membrane, releasing their contents into the filtrate. These residuals will then be 

included in the measurements of dissolved nutrients and EEA in the filtrate and the < 100 kDa outflow. 

By the design of our EEA approach, the EEA of the 100 kDa – 0.22 µm fraction and the < 100 kDa 

fraction together would need to add up to the EEA measured on the cell-fee (< 0.22  µm) samples. Yet 

for almost all samples EEA in the cell-free fraction and the nanoparticle-free fraction is almost the same. 

This might indicate potential damage of cells and hence artificial enrichment in hydrolases (Fig. 7).  

Furthermore, EVs cannot be separated from virus-like particles by size fractionation. To study EVs, the 

nanoparticles need to be separated by density gradient fractionation. This method, however, is 

associated with high biomass losses as the particles need to be washed from iodixanol and resuspended 

in PBS. To accurately enumerate nanoparticles by NTA the concentrations should range between ~ 107 

to 109 particles per mL (Nanosight NS300 User manual, MAN0541-01-EN-00, 2017). To reach these 

concentrations, the volume of seawater that would need to be filtered exceeded the available time frame 

of this analysis. Therefore, the enumeration had to be conducted on the lowest concentration of particles 

analyzable by NTA. This leads to decreased precision in particle counts and size estimates. The density 

gradient purification of nanoparticles further can lead to batch effect errors as likely occurred for the 

NTA results from station 3 on the second sampling event and station 1-3 on the third sampling event 

(Fig. 3). All four samples were purified in the same run. It is assumed that in the extraction of virus-

like particles most particles could not be collected from the ultracentrifugation tubes leading to the low 

abundance of virus-like particles which should be typically in the range of 107 mL-1 for surface waters 

in the Northern Adriatic Sea (Weinbauer 2004). As these kinds of methodological biases could not be 

avoided, it is important to keep them in mind when analyzing these types of experimental data. 

However, it is reasonable to assume that the loss of virus-like and EV-like particles is similar during 

the concentration of nanoparticles. Hence the relation in abundance between these two categories of 

nanoparticles is likely not affected in the samples containing concentrated nanoparticles (100 kDa - 0.22 

µm). 

 

Ecological relevance of EVs 

Ten - 30 % of nanoparticles in surface seawater can be characterized as EV-like particles. 

Nanoparticles defined as virus-like, were found in comparable concentration and size-range to particles 

defined as EV-like (Figs. 3 & 4). This is especially valid to take into account when enumerating viruses 

and phages by nucleic acid staining without former density gradient fractionation.  
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The detected concentrations of EV-like particles are comparable to  concentrations in other oligotrophic 

surface waters (Biller et al. 2014, 2017, Nekrouf et al. 2025). These studies have also detected similar 

ratios of EV-like particles per bacterial cell in oligotrophic marine environments compared to the ratio 

measured during the course of this thesis (0.3 – 4.1 EV-like particles per bacterial cell). Unlike the 

findings of Nekrouf et al. (2025) in the Mediterranean Sea, we found only a weak correlation between 

the number of bacterial cells and EV-like particles (correlation coefficient 0.12). Surprisingly, the 

number of EV-like nanoparticles  was negatively correlated with the bacterial carbon production 

(correlation coefficient -0.45). Overall, the average carbon production (3.0 ± 2.1 µg C L-1
 d-1 (Fig. 2)) 

was lower than previous measurements of surface waters in the northern Adriatic where BCP was 9 µg 

C L-1
 d-1 at 5 m depth. Our measurements are closer to the usual production at 20 m depth where rates 

of 5 µg C L-1
 d-1 were measured at this time of the year (Orel et al. 2022, Tinta et al. 2015). Yet, it was 

surprising to see lower nanoparticle concentrations in samples with higher bacterial carbon production, 

generally indicating better bacterial growth conditions. However, having extracted samples from the 

depth of the thermocline, where the growth conditions might be disadvantageous compared to the 

surface waters, cells might produce more EVs as a stress response while BCP is decreasing. Thus far, 

many drivers of EV release have been investigated, yet no main regulator for vesicle production could 

be determined and it most likely differs for different microbes (Biller et al. 2023). 

 A spatial or temporal pattern of nanoparticle concentrations between sampling events and 

sampling stations could not be detected. Even though the sampling stations were chosen in different 

proximities to the coast we could also not see consistent patterns in dissolved nutrient concentrations or 

enzyme activities. However, increasing numbers of nanoparticles resulted in increasing concentrations 

of DOC, TDN, TSP (Figs. 2 & 5). To investigate the potential role of EVs as nutrient hotspots in the 

ocean DOC, TDN, and TSP concentrations derived from nanoparticles were evaluated. To achieve this, 

the measurements of the truly dissolved, nanoparticle-depleted (< 100 kDa) samples were subtracted 

from the measurements of the EV-containing size fraction (100 kDa - 0.22 µm). By subtracting the truly 

dissolved “background”, it was discovered that roughly 6% of DOC, TDN and TSP are contained in 

nanoparticles (Fig. 5, Table 1). This shows that a small, but substantial fraction of dissolved nutrients 

is actually associated with high molecular weight nanoparticles, which includes microbial extracellular 

vesicles. Further, our findings indicate that nanoparticles not only harbor nutrients, but are also enriched 

in nitrogen compared to the surrounding environment (Table 1). Encapsulated in a protective membrane 

it can be assumed these nutrient aggregates are somewhat protected against degradation and diffusion 

(Biller et al. 2014, Deatherage & Cookson 2012). 

Another important aspect of the ecological role of extracellular vesicles is their potential to 

hydrolyze complex organic compounds. This was investigated by comparing the EEA of major 

hydrolases in cell-free (< 0.22 µm) seawater to the EEA directly associated with nanoparticles (100 kDa 

- 0.22 µm). Former studies have shown that 20 – 50 % of the total EEA is contributed by the nanoparticle 

containing size fraction (Baltar et al. 2019, Fadeev et al. 2023). From the five hydrolases investigated, 
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only β-glucosidase appeared to be truly dissolved and not attached to nanoparticles. Even though the 

EEA for BETAGLU is relatively high on station 3, the big standard deviation indicates that it is not a 

reliable value. The highest EEA measured from nanoparticles alone was measured for olease, indicating 

that the detected nanoparticles might be a part of the lipid cycling in oligotrophic marine environments 

(Fig. 7). The highest contribution of nanoparticles to the total EEA of the cell-free fraction was seen for 

LEU with almost 20% (Table 2). On average for LEU, OLE, and CHIT nanoparticles contributed 

approx. 10% to the total measured EEA in the cell-free size fraction (< 0.22 µm) (Table 2). This results 

indicate that at least a part of the active extracellular enzymes is not truly dissolved, but associated with 

nanoparticles. Measuring extracellular activity that is associated with nanoparticles supports the 

hypothesis that nanoparticles such as EV-like nanoparticles can support the hydrolyzation of different 

complex organic compounds. 

  

Conclusion and future perspectives 

  

It has been evident that extracellular vesicles can have various functions in the marine 

environment. In this contribution we could show that EVs make up a substantial amount of the total 

nanoparticles found in the Northern Adriatic Sea. Encapsulating a small, yet considerable amount of 

nutrients and harboring concentrated active enzymes, nanoparticles can both work as nutrient storage 

as well as for targeting complex substrates for degradation in oligotrophic marine environments. 

To further investigate this, it would be very interesting to see how much of the nutrients can be 

extracted from the purified EVs directly. Assuming 6% of the measured nutrients are derived from 

nanoparticles it would result in 2% of nutrients solely from EV-like particles. However, being composed 

of different component concentrations, this is only a crude estimate. In order to examine such 

composition reliably, the concentration of EV-like particles would have to be a lot higher, which is yet 

challenging with the current methods for EV extraction from natural seawater samples. The same holds 

true for EEA assays on purified EV-like particles from the natural environment. As a comparison to this 

study a valuable extension could be to focus on one sample only, but increase the sample volume at 

least 10-fold and repeat nutrient and EEA analyses on purified EV-like particles. 
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