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Introduction

Bacterial extracellular vesicles (EVs) are small, membrane-
bound vesicles with diameters ranging from 20 to 250 nm 
[1, 2]. They are released by both Gram-negative (e.g. 
Escherichia coli, E. coli) and Gram-positive (e.g. Lactoba-
cilli, Lb.) bacteria, through different mechanisms that vary 
according to the structural characteristics of the originat-
ing cell [1–3]. In the case of Gram-negative bacteria, EVs 
(also known as outer membrane vesicles, OMVs) primar-
ily arise from the blebbing of the outer membrane [1–4]. 
This process is caused by several factors, including an 
imbalance in peptidoglycan biosynthesis, the intercalation 
of hydrophobic molecules, or explosive cell lysis induced 
by phage-derived endolysins that degrade the peptidogly-
can cell wall [3, 4]. Given the thicker peptidoglycan layer 
in Gram-positive bacteria, it was initially believed that 
they could not release EVs [5]. However, recent research 
has elucidated that Gram-positive bacteria indeed produce 
EVs through budding from the cytoplasmic membrane [5]. 
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Abstract
Bacterial extracellular vesicles (EVs) are nanosized vesicles released by both Gram-negative and Gram-positive bacteria, 
playing critical roles in microbial communication, host-pathogen interactions, and immune modulation. Despite their sig-
nificance in research and clinical applications, conventional isolation methods, such as ultracentrifugation (UC), are often 
slow, labor-intensive, and susceptible to contamination. In this study, we evaluated a novel portable microstructured elec-
trochemical device (PMED) designed for rapid and selective bacterial EV isolation directly from biological samples. Using 
immunoaffinity-based capture and voltage-triggered release, the device-isolated EVs from Gram-negative Escherichia coli 
(E. coli), Gram-positive Lactobacillus fermentum (Lb. fermentum) culture supernatants and from urine samples spiked 
with E. coli , showing superior purity compared to UC. Characterization through nanoparticle tracking analysis (NTA), 
dynamic light scattering (DLS), and Western blot confirms enhanced selectivity and reduced contaminants. Functional 
assays demonstrated that device-isolated Lb. fermentum EVs selectively activated Toll-like receptor 4 (TLR4) without 
triggering TLR2, unlike UC-isolated EVs, suggesting a more refined immunomodulatory effect. These findings highlight 
the device’s translational potential for EV-based diagnostics, particularly for noninvasive urinary tract infection detection, 
and its broader applications in studying bacterial communication and immune regulation.
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Overall, bacterial EVs are able to enter host cells and deliver 
various biomolecules, including proteins, virulence factors, 
peptidoglycan, and nucleic acids [1, 2, 4–6].

Bacterial EVs can activate both the innate and adaptive 
immune systems, influencing a variety of biological func-
tions including virulence, horizontal gene transfer, phage 
infection and transport of bacterial metabolites [1–7]. In 
host-microbe interactions, EVs contribute to immune modu-
lation, epithelial cell adhesion, and the delivery of bacterial 
effectors that can influence host cell signaling and pathogen 
defense mechanisms [8, 9]. In particular, these EVs carry 
specific molecules known as pathogen-associated molecular 
patterns (PAMPs) which act as recognizable signals to the 
host immune system. Common PAMPs include lipoteichoic 
acid (LTA), lipopolysaccharides (LPS), lipopeptides, pep-
tidoglycan, flagellin, and bacterial DNA [8, 10, 11]. Such 
molecules are recognized by highly conserved pattern rec-
ognition receptors, such as Toll-like receptors (TLRs). For 
instance, EVs derived from Lactobacilli have been shown 
to boost certain immune responses mediated by TLR2/1 
and TLR4 receptors while dampening responses through 
TLR2/6 [10, 12].

Beyond their immunomodulatory roles, bacterial EVs 
have emerged as promising biomarkers for liquid biopsy 
applications, particularly for diagnosing conditions affect-
ing the kidneys, bladder, and urogenital tract, including the 
prostate, uterus, and vagina [13–17]. While some patho-
genic bacteria release EVs that contribute to infection and 
inflammation, these vesicles also serve as indicators of bac-
terial presence and activity within specific tissues [11].

Despite increasing interest in bacterial EVs and their 
diverse roles, their practical implementation remains con-
strained by the limitations of traditional isolation techniques 
[18, 19]. Generally, methods such as ultracentrifugation 
(UC), filtration, and size-exclusion chromatography are 
used to isolate these vesicles from their native biologi-
cal samples [18, 19]. However, these approaches present 
several challenges: they are often time-consuming, retain 
impurities, offer limited yields, require chemical elution, as 
well as specialized laboratory equipment and expertise [18, 
19]. Standard protocols for bacterial EV isolation typically 
start with ultrafiltration to remove bacterial debris, protein 
aggregates and other impurities. This is followed by UC 
steps to concentrate bacterial EVs and reduce the amount 
of non-bacterial EV-associated proteins, though with mod-
erate success. In particular, isolated bacterial EVs may be 
contaminated with remaining bacterial flagella or large pro-
tein complexes, complicating downstream experiments and 
analyses [18, 19].

Building on these limitations, we have recently introduced 
a portable microstructured electrochemical device (PMED) 
for the immunoaffinity-based capture and voltage-triggered 

release of EVs [20]. In our previous work, this device was 
used to isolate different EV subpopulations from large vol-
umes of various mammalian biofluids, as well as from the 
skin wounds of both healthy and diabetic mice [20]. Com-
pared to UC, the method allowed to isolate EVs within a 
considerably shorter time, with enhanced purity and selec-
tivity, while preserving their biological activity and struc-
tural properties [20].

In this study, we investigated the performance of the 
device for isolating EVs from bacteria cell culture super-
natants and contaminated human urine. After isolation, the 
collected bacterial EVs were characterized for their physi-
cochemical and biological properties. As a proof of concept, 
we used E. coli and Lb. fermentum cell culture supernatants 
for bacterial EV isolation. The selection was strategically 
made to demonstrate the versatility and robustness of the 
device across bacterial types with distinct EV biogenesis 
mechanisms, surface markers and biophysical properties. 
Both bacterial species are clinically significant. E. coli EVs 
serve as biomarkers for urinary tract infections (UTIs) and 
systemic infections [17, 21], while Lb. fermentum EVs have 
potential applications in probiotic therapies and modulation 
of inflammatory responses [22, 23].

Materials and methods

Materials

3-Aminopropyldimethylethoxysilane (S00750-5  g) was 
purchased from Fluorochem (UK). Mouse monoclonal anti-
CD9 antibody (C-4) (sc-13118), mouse monoclonal anti-
TSG101 antibody (sc-7964), were purchased from Santa 
Cruz Biotechnology (USA). Mouse monoclonal anti-bac-
terial outer membrane protein-A antibody (OMPA11-M), 
rabbit polyclonal anti-bacterial outer membrane protein-C 
antibody (BS-20213R), mouse monoclonal anti-bacterial 
E. coli elongation factor TU antibody (LS-C128699-100), 
rabbit polyclonal anti-bacterial flagellin antibody (316137), 
were purchased from Anawa CliniSciences Group (Switzer-
land). Rabbit polyclonal anti-bacterial surface layer protein 
antibody (AA 301–400) was purchased from Antibodies 
Online (USA). Polyclonal goat anti-mouse immunoglobu-
lins/HRP secondary antibodies (P0447) were purchased 
from Dako (Denmark) and polyclonal goat anti-rabbit 
immunoglobulins/HRP secondary antibodies (ab97051) 
were purchased from abcam (CB2 0AX, United Kingdom). 
Phosphate buffered saline (PBS, KH2PO4 1 mM, NaCl 155 
mM, Na2HPO4.7H2O 3 mM, pH 7.4) was purchased from 
Thermo Fisher Scientific (USA). Silver/silver chloride paste 
(60/40), skim milk powder, bovine serum albumin (BSA), 
tris(hydroxymethyl)aminomethane (Tris) base, polysorbate 
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20, and ethanol absolute (> 99.8%), were purchased from 
Sigma–Aldrich (USA). SYLGARD 184 silicon elastomeric 
kit was purchased from Dow Corning (USA). De-ionized 
water (DIW) was supplied by a Merck Millipore MilliQ 
Direct-Q8 (USA). All the chemicals were used as received 
without further purification.

Fabrication of the PMED

The PMED was fabricated as described previously [20]. 
Briefly, the device consists of a three-dimensional (3D) 
carbon electrode with a high surface area embedded in a 
poly(dimethylsiloxane) (PDMS)-based microchannel. The 
micro-carbon fiber (µCF) electrode is constructed from 
Freudenberg H23 carbon paper (22  cm × 30  cm, catalog 
number: 1590042, Freudenberg Performance Materials SE 
& Co. KG., Germany). The fluidic channel integrates sili-
con tubing to facilitate the flow of biosamples, which are 
injected using syringes. The initial step in the device assem-
bly is the fabrication of the microchannels. Two ethanol-
washed molds were used for this purpose. Double-sided 
adhesive carbon tape (8 mm × 20 m, cat. AGG3939, Agar 
Scientific Ltd, UK) was applied to the molds, and µCF elec-
trodes (Freudenberg H23, 22 cm × 30 cm, 0.15 mm thick-
ness, cat. 1590042, Freudenberg Performance Materials SE 
& Co. KG, Germany) were positioned on top of the tape. 
For the reference electrode, a thin 3–4 mm layer of Ag/AgCl 
paste (60/40% m/m, 901773-50G, Sigma-Aldrich) was 
applied and then dried in an oven at 80  °C. Silicon tubes 
(1 mm inner diameter, 3 mm outer diameter, 4.5 cm length, 
Millipore) were inserted into the counter electrode using 
needles (100 Sterican ⌀ 0.90 × 50  mm, 20 G×2″, Braun 
Injekt, Germany). PDMS (50  g) and a curing agent (5  g) 
were mixed, creating a whitish mixture that was poured 
onto the molds. The sides of the molds were delimited by 
microscope slides (26 × 76 × 1  mm, Menzel X50, Thermo 
Fisher Scientific) covered in aluminum foil. PDMS cur-
ing occurred at 80 °C for 1 h. The two semi-channels were 
then carefully removed, and the electrodes were thoroughly 
washed with ethanol and deionized water. The resistance of 
the electrodes and the quality of the contacts were measured 
using a Digital Multimeter (UNI-T UT61E, Unitrend Tech-
nology, China). The conductivity of the working electrode 
and counter electrode) was approximately 3 Ω cm− 1.

Functionalization of the µCF electrodes

The functionalization of the µCF electrodes has been 
described in our previous publication [20]. The semi-chan-
nels with embedded µCF electrodes were cleaned with 40 
mL of ethanol and dried in a vacuum oven at 100  °C for 
30 min. A radio frequency (RF) source at 60 W for 1 min, 

at an oxygen gas pressure of 30 Pa (CY-P2L-B150, Zheng-
zhou CY Scientific Instrument Co., China), was then used to 
induce the formation of hydroxyl groups. Silanization was 
performed via gas-phase chemical adsorption of 300 µL 
3-Aminopropyldimethylethoxysilane (APDMES) for 16  h 
at 100 °C and 0 Pa in a covered glass Petri dish, followed by 
heating to 105 °C under vacuum for 2 h. The semi-channels 
were subsequently washed with 50 mL of ethanol and dried 
under vacuum at 100 °C in a vacuum oven (KVTS11, Sal-
vis, AG., Switzerland).

PMED channel assembly

The assembly and characterization of the PMED chan-
nels were performed as described before [20]. The two 
semi-channels were aligned and combined to form a flu-
idic channel, then secured between two clear poly(methyl 
methacrylate) lids (105 mm × 55 mm × 5 mm) using six 
bolts and nuts. Steel needles were inserted into the PDMS 
to penetrate the µCF electrodes without touching the fluidic 
channel and tubing. The fluidic system was flushed with 5 
mL of deionized water and 5 mL of PBS. The metal needles 
were connected to a potentiostat (EmStat3 Blue, PalmSens 
BV, Netherlands).

Preparation of E. coli samples

The manufacture step involves the bacterial growth via 
successive unit operations from bacterial cell bank stored 
at -80  °C up to 400–600  L fermenters stage. The culture 
medium (200 mL) was collected at the end of the fermenta-
tion processes: optical density range 20.00–25.00, measured 
at 700 nm, (V-730, JASCO, Japan) with > 1.5 × 1010 cells/
mL. The culture medium was spun at 10,000 x g for 20 min 
at a temperature of 4 °C (Allegra X-30R, Beckman Coul-
ter, USA). The supernatant was then collected, filtered with 
0.2  μm pore-size filter (567 − 0020 reference, Rapid Flow 
Nalgene, Thermo Fisher Scientific) and used for subsequent 
EVs isolation experiments. In addition, 1 mL of sterile 
supernatant was plated on Tryptone Soy Agar plate (43011 
reference, BioMérieux, France) and incubated for 48 h at 
37 °C (IF75, Memmert, Germany) to check absence of bac-
teria cells.

Preparation of Lb. fermentum I3929 samples

Bacteria were grown via successive culture steps from bac-
terial cell bank stored at -80 °C up to 800-1000 mL lab scale 
fermenter. The culture medium (250 mL) was collected at 
the end of the fermentation processes (Multifors, INFORS 
HT, Switzerland) at optical density values of 3.00-3.50, 
measured at 700  nm, (NanoDropOne C, Thermo Fisher 
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same experimental conditions described for the experiment 
with E. coli supernatant, were applied.

Preparation of E. coli-contaminated urine sample and 
isolation of bacterial EVs with the PMED

Urine (Human Urine Male, BioIVT, LOT# NMN563177, 
UK) biosample was stored at − 80 °C. The initial concentra-
tion of E. coli culture media was 107 CFU/mL. Given that 
counts as low as 102 CFU/mL in urine can indicate an infec-
tion [24], a series of 1:10 serial dilutions was performed to 
progressively reduce the bacterial concentration. First, 1 mL 
of the 107 CFU/mL culture was transferred into 9 mL of 
sterile PBS. The mixture was then thoroughly mixed. From 
this diluted sample, 1 mL was transferred into another tube 
containing 9 mL of PBS. This process was repeated until the 
bacterial concentration reached 104 CFU/mL. To achieve a 
final concentration of 102 CFU/mL in 25 mL of urine, 0.25 
mL of the 104 CFU/mL dilution was added directly to the 
urine sample and mixed thoroughly. Finally, the resulting 25 
mL of contaminated urine sample were introduced into the 
device channels without any pre-purification step, and EVs 
were isolated, following the protocol described in Section 
“Isolation of bacterial EVs from E. coli and Lb. fermentum 
I3929 samples with the PMED”. To exclude the presence 
of EVs from Gram-negative bacteria and eukaryotic cells, 
three devices were modified with anti-OmpA and tested 
with urine only. Following the application of standard elec-
trical potential, no particles were detected by NTA.

Atomic force microscopy (AFM)

AFM topography imaging was conducted in tapping mode 
under ambient conditions using an AFM system from 
Horiba, France. Si cantilevers from AppNano (USA) with 
a spring constant of 2.7–44 N/m and a resonance frequency 
of 68–290 kHz were employed. Imaging was performed at 
a scan rate of 0.5–5 Hz. AFM topography images were ana-
lyzed using the open-source software Gwyddion (Version 
2.49, Czech Republic) [25]. The root mean square (RMS) 
was calculated based on Eq. 1:

RMS =
√

1
N

∑
N
j=1r2

j
� (1)

Where:

	● N = number of data points.
	● j = index.
	● rj = zj− −

z , where:

	– zj = height at a specific point j.

Scientific) with > 1.0 × 109 cells/mL. The culture medium 
was spun at 6000 x g for 30 min at 10 °C (Allegra X-30R, 
Beckman Coulter). The supernatant was then collected, fil-
tered with 0.2 μm pore size filters (Supor EKV membrane 
in mini Kleenpak capsule, KA02EKVP2S reference, PALL, 
USA) and used for subsequent EVs isolation experiments. 
The supernatant was also tested for sterility as mentioned 
above.

General protocol for isolation by UC

For both bacterial strains, 25 mL of supernatant were centri-
fuged at 110,000 x g and 4 °C for 60 min using an Optima 
XE-90 ultracentrifuge (Beckman Coulter), equipped with a 
Type 45 Ti Fixed-Angle Titanium Rotor. The resulting pel-
let was resuspended in 25 mL PBS, pooled and subjected to 
a second UC run under the same conditions. The final pellet 
was resuspended in 1 mL of PBS and stored at 4 °C. After 
characterization, the aliquots were stored at -20 °C.

Isolation of bacterial EVs from E. coli and Lb. fermentum 
I3929 samples with the PMED

For the isolation of EVs from E. coli and Lb. fermentum 
I3929 with the device, the electrodes were coated with 20 µg 
of the antibody, (100 µg/mL in 200 µL PBS), using a 1-mL 
syringe. An empty 1-mL syringe was used at the other end 
of the channel to collect the solution. The antibody solution 
was incubated for 1 h at room temperature and transferred 
between the two syringes every 10  min, facilitating mix-
ing and re-distribution of the antibodies. This dynamic flow 
approach helps ensuring even deposition of the antibodies 
on the carbon surface.

After incubation, the non-adsorbed antibody solution 
was removed using a 1 mL syringe, followed by washing 
with 5 mL of PBS to remove remaining non-bound antibod-
ies. Then, 25 mL of E. coli supernatant or of Lb. fermentum 
supernatant were injected into the fluidic channel at a rate of 
0.3- 1 mL/s and recirculated ten times. The remaining solu-
tion was then withdrawn, and 40 mL of PBS were injected at 
0.3 mL/s to remove contaminants. For the release step, 1 mL 
of PBS was injected and then withdrawn from the device. 
Before the electrochemical release, a 1-mL syringe filled 
with PBS was connected to one end of the device, and an 
empty 1 mL-syringe was connected to the other end. The 
device’s needles were connected to a potentiostat, and a 
potential of − 1.5 V was applied to the working electrode for 
45 s while the solution was cycled back and forth through 
the channel for 10 times. This process was repeated with the 
electrical poles reversed. As a negative control, only PBS 
solution (no bacteria or additives) was processed using the 
PMED device, and no particles were detected by NTA. The 
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with a 1:500,000 dilution of silica beads. To measure our 
samples, the shutter was set to 150, sensitivity to 85, and 
the frame rate to 30. Data were analyzed with the ZetaView 
software version 8.04.04 SP2, (Particle Metrix GmbH), 
applying a bin class width of 5 nm, a minimum brightness 
of 25, a minimum area of 5, and a maximum area of 1000, 
A 1:50 (v/v) dilution of the EV samples was inserted using 
a syringe and measured for each sample in triplicates. The 
Savitzky-Golay filter (Points of Window 10) was used for 
smoothing data by fitting successive subsets of adjacent 
data points with a second-degree polynomial function. The 
NTA plots show the mean particle size and concentration, 
derived from 3 independent experiments, conducted each in 
triplicates.

Dynamic light scattering (DLS)

The hydrodynamic diameter (nm) and zeta-potential (mV) 
of the vesicles were measured on a Malvern Zetasizer 
Advance Pro 722 instrument (Malvern Panalytical, UK) 
operating at a scattering angle of 179° and at a temperature 
of 25  °C. The hydrodynamic diameters were determined 
based on light scattering intensity, with samples diluted 1:10 
(v/v) PBS in nanopure water, and measured in 70 µL micro 
UV-cuvettes (Brand GmbH + CO. KG., Germany). The 
zeta-potentials were performed via laser Doppler anemom-
etry, with samples diluted with 10% (v/v) PBS in nanopure 
water and analyzed in 800 µL Folded Capillary Zeta Cell 
cuvettes (Malvern Panalytical GmbH, Germany).

Transmission electron microscopy (TEM)

TEM was used to image EVs. To this end, 300-mesh cop-
per grids with ultrathin carbon support film were negatively 
glow-discharged in a Pelco EasiGlow discharge system (Ted 
Pella Inc., USA) at 25 mA for 30 s at a pressure of 38 Pa. 
Subsequently, 4 µL of the EV solution were deposited onto 
the grids for a 30 s absorption period. The grids were treated 
with a uranyl acetate staining solution and washed with 
distilled water. Excess liquid was carefully removed using 
filter paper, and the grids were dried under ambient con-
ditions. The samples were imaged with a Tecnai F20 field 
emission gun microscope equipped with a combination of a 
CCD camera (ORIUS SC200 2 K, Gatan, USA) and a direct 
electron detector (Falcon II 4 K, Thermo Fisher Scientific) 
at an acceleration voltage of 120 kV. The micrographs were 
acquired in the bright field mode.

Cryo transmission electron microscopy (Cryo-TEM)

To prepare samples for cryo-TEM, lacey carbon EM grids, 
(Au 300 mesh, 150  μm, Byolist Scientific, USA), were 

−
z= mean height of the surface [25].

Preparation of the antibody, vesicles and antibody-
vesicle complex solution on mica substrate for AFM 
imaging

The mica surface underwent the same functionalization treat-
ment as the carbon fibers, which included oxygen plasma 
and silanization [20]. To prepare the OmpA antibody solu-
tion, 20 µL of the antibody solution were drop-cast directly 
from the original batch onto the mica surface and then dried 
at 40 °C for 48 h. For the E. coli EVs, 25 mL of the original 
supernatant were processed through UC (Section “General 
protocol for isolation by UC”). The resulting pellet was 
resuspended in 1 mL of PBS. Subsequently, 20 µL of this 
EV solution were drop-cast onto the mica surface and dried 
at 40  °C overnight. The antibody-vesicle complexes were 
prepared by gently mixing post-UC EVs with OmpA anti-
bodies from their original stock solution at a volume ratio 
of 1:2 (EVs:OmpA), resulting in a final volume of 150 µL. 
The mixture was incubated at room temperature for 30 min 
to ensure efficient binding of the antibodies to the OmpA 
molecules on the EV surfaces. Following incubation, 20 µL 
of resulting solution were then drop-cast directly onto the 
mica surface and dried at 40 °C overnight.

Preparation of the antibody-vesicle complexes on 
device fibers for AFM imaging

To prepare the OmpA antibody-EV complex on the device 
fibers, the isolation procedure described in Section “Isola-
tion of bacterial EVs from E. coli and Lb. fermentum I3929 
samples with the PMED” was followed without applying 
electrical voltage, as the objective was to image vesicle 
binding to the antibodies rather than their release. After 
introducing 25 mL of supernatant into the antibody-modi-
fied channels and performing a PBS wash, the fibers—now 
containing the antibody-vesicle complexes—were carefully 
removed from the carbon tape using tweezers, separated, 
and placed on a glass substrate. The substrate was then incu-
bated at 40 °C overnight, covered with a cup to prevent dust 
contamination. Once dried, the fibers were transferred onto 
an atomically flat mica surface and placed under the AFM 
microscope for imaging.

Nanoparticle tracking analysis (NTA)

NTA was used to estimate the particle concentration and the 
size profile of the isolated bacterial EVs. For the measure-
ment, a ZetaView® PMX 120-Z instrument (Particle Metrix 
GmbH, Germany), featuring a 405-nm laser source and a 
CMOS camera, was used. The NTA device was calibrated 
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TBS-T was used for ENO-1 and S-layer. These conditions 
were optimized to minimize non-specific antibody interac-
tions while maintaining effective target binding. Following 
this incubation time, the blocking solution was discarded, 
and the membranes were incubated with primary mouse 
monoclonal anti-bacterial antibodies including OmpA and 
Elongation TU, or with primary rabbit polyclonal anti-
bacterial antibodies including OmpC, flagellin, S-layer 
and ENO1 in TBS-T (1:200 v/v). Primary antibodies were 
incubated overnight at 4 °C. After three washes with TBS-T 
(20 min, room temperature), secondary horseradish peroxi-
dase (HRP)-conjugated antibodies in TBS-T were added for 
4 h at 4 °C. Antibody concentrations (v/v) are provided in 
Table S2. Membranes were incubated with Western Blot-
ting Luminol reagent (Santa Cruz Biotechnology, USA) 
according to the manufacturer’s protocol and imaged using 
a ChemiDoc MP Imaging System (Bio-Rad).

Nano flow cytometry (NanoFCM)

Bacterial EVs were labeled with 5 µM CellTrace™ Far Red 
dye (Thermo Fisher Scientific) in PBS, following a previ-
ously described protocol [26]. Briefly, samples were incu-
bated overnight at 4 °C with the dye, followed by 15 min at 
37 °C to promote acetate hydrolysis of the dye. Excess dye 
was removed by dialysis against PBS overnight at 4 °C using 
the Pur-A-Lyzer™ Mini 6000 Dialysis Kit (Sigma-Aldrich).

Samples were analyzed using a Flow NanoAnalyzer N30 
instrument (NanoFCM Co., Ltd., UK). Light scattering and 
fluorescence from individual particles were collected for 
1  min across three channels: 488/10, 525/40, and 670/30 
using single-photon counting avalanche photodiode (SPCM 
APD) detectors. Channel alignment was performed with 
fluorescent 250 nm silica QC beads and particle size was 
determined according to standard operating procedures by 
generating calibration curves using the S16M-Exo silica 
nanosphere cocktail (both NanoFCM Co., Ltd.), which 
includes four distinct silica particle populations with diam-
eters of 68 nm, 91 nm, 113 nm and 155 nm. Samples were 
measured with lasers set to 10/50 mW (488 nm) and 20/100 
mW (638 nm) with a 10% side scatter decay. The sampling 
pressure was maintained at 1.0 kPa throughout the measure-
ment. Before measurement, the samples were diluted in PBS 
to ensure a final event count ranging from 500 to 3200. The 
data was processed using the NanoFCM Professional Suite 
(version 2.3, NanoFCM Co., Ltd.) and the FlowJo software 
(version 10.9.0, BD Biosciences, USA). Experimental data 
are shown as a result of 3 independent experiments, con-
ducted each in triplicates.

glow-discharged in Pelco EasiGlow system (Ted Pella Inc) 
at 25 mA for 30 s at a pressure of 38 Pa. Subsequently, 3.4 
µL of the EV solution were applied onto the carbon side of 
EM grid, which was then blotted for 2.0 s and plunge-frozen 
into the precooled liquid ethane: propane mixture with Vit-
robot Mark IV (Thermo Fisher Scientific). This procedure 
applied a thin layer of amorphous ice to the samples, pre-
serving them in their native state and shielding them from 
potential radiation damage. In order to obtain a good ice 
thickness, the blotting time was set to 2.5  s, the blotting 
force to 0, and the temperature to 22  °C. The cryo-TEM 
images were acquired at Titan Krios FEG (Thermo Fisher 
Scientific) at 300 kV using a direct electron detector (Fal-
con III 4k × 4k) (Thermo Fisher Scientific), which works in 
tandem with a Ceta 16 M 4k × 4k CMOS detector (Thermo 
Fisher Scientific) and K2 (Gatan, USA) with the Quantum 
LS energy filter (Gatan).

Determination of bacterial EV protein concentration

The total protein content of bacterial EV samples was 
measured with the Micro BCA Protein Assay Kit (Thermo 
Fisher Scientific), according to the manufacturer’s instruc-
tions. The preparation of BSA standards is described in 
Table S1. Bacterial EVs samples were prepared by diluting 
5 µL of sample with nanopore water to a volume of 150 µL. 
After addition of 150 µL Micro BCA reagent (25:24:1 (v/v), 
reagent A:B:C) per well, the plate was incubated at 37 °C 
for 90  min in the dark. The absorbance was measured at 
562 nm using the Tecan Infinite M200 plate reader (Tecan, 
Switzerland). Protein concentration was determined by 
accounting for the dilution of the EV sample.

Western blotting

Sample buffer (0.25 M Tris, 10% w/v SDS, 30% v/v glycerol, 
0.02% w/v bromophenol blue, 5% v/v β-mercaptoethanol) 
was added 5:1 (v/v) to the bacterial EV samples to dena-
ture proteins and promote a sufficient flow on the gel. The 
samples were then heated for 5 min at 95 °C. Following this, 
the samples and the size marker were loaded on a 12% SDS 
polyacrylamide gel (total final volume loaded in each well 
was 15 µL). The protein samples (1–7 µg) were resolved 
at 80  V for approximately 1.5  h. The transfer to polyvi-
nylidene fluoride membranes was performed with a Trans-
Blot® Turbo™ system at 25 V for 10 min (Bio-Rad, USA). 
Blocking was conducted for 2 h using Tris-buffered saline 
(20 mM Tris, 150 mM NaCl) with 0.1% (v/v) polysorbate 
20 (TBS-T) and 5% (w/v) skim milk powder for OmpA, 
OmpC, flagellin, TSG101 and CD9. Instead, blocking was 
conducted for 2  h using 8% (w/v) BSA in tris-buffered 
saline (TBST) for Elongation TU, while 15% (w/v) BSA in 
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This ratio was expressed as activity “relative to unstimu-
lated cells”; a ratio equal to 1 corresponding to absence of 
NF-kB activity.

Statistical analysis

The statistical analysis was conducted using the GraphPad 
Prism software version 8.0.0, (GraphPad Software, Inc., 
USA). The data were presented as mean ± SD. p-values 
were calculated using an unpaired t-test with a two-tailed 
distribution and unequal variance. *p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001.

Results and discussion

AFM imaging of the antibody-vesicle interaction

The PMED operates via a dual mechanism of EV capture 
through immunoaffinity and subsequent release triggered 
by electrical voltage (Fig. 1A-E). As previously described, 
the system comprises a fluidic channel featuring antibody-
coated microstructured carbon electrodes (Fig. 1A-B) [20]. 
During operation, the biological sample flows through the 
channel (Fig.  1C), enabling selective capture of EVs by 
immunoaffinity. This process isolates EVs from the rest of 
the sample components, which are subsequently removed by 
washing with PBS (Fig. 1D). Finally, the captured EVs are 
released into PBS using a -1.5 V electrical voltage (Fig. 1E), 
and stored at 4 °C for a short period prior to downstream 
characterization. Three main processes contribute to the 
release of the EVs from the antibodies: (I) Electrical repul-
sion between the negatively charged EVs and the negative 
working electrode (WE). (II) Below − 1.23 V, water mol-
ecules are subjected to electrolysis, which produces H2 (g) 
and O2 (g) on the surface of the WE and the counter elec-
trode (CE), respectively. These gases repel the EVs and pre-
vent re-binding. (III) Local pH changes on the surface of the 
electrodes lead to conformational changes of the antibodies 
and weaken their affinity towards the EVs [20].

To isolate bacterial EVs from E. coli culture media, the 
device’s carbon electrodes were coated with an anti-OmpA 
antibody. OmpA is a porin, which is abundant in the outer 
membrane of many Gram-negative bacteria, including E. 
coli. It facilitates the passive diffusion of small molecules, 
like amino acids, across the membrane and plays a crucial 
role in maintaining membrane integrity [27, 28].

AFM was used to confirm and visualize the specific 
binding interactions between the captured E. coli vesicles 
and anti-OmpA antibodies on the carbon fiber (Fig.  1F-
H). To allow vesicle-antibody binding, the E. coli culture 
medium was introduced into the device, where the carbon 

Proteomic analysis—EVs proteome analysis

Two Lb fermentum EV samples (post-device) were dissolved 
in 1% (w/v) sodium deoxycholate in 50 mM ammonium 
bicarbonate buffer (pH 8), reduced with 1 mM dithiothrei-
tol, and alkylated using 5.5 mM iodoacetamide for 10 min 
at room temperature. Proteins were in-solution digested 
with trypsin (Promega, USA). Sodium deoxycholate was 
precipitated using 50% TFA (trifluoroacetic acid), and tryp-
tic peptides were purified by STAGE tips prior to LC–MS/
MS measurements. These were performed on a QExactive 
HF-X mass spectrometer (Thermo Fisher Scientific) cou-
pled to an EasyLC 1000 nanoflow-HPLC (Thermo Fisher 
Scientific). Peptides were separated on a fused silica HPLC-
column tip (I.D. 75 μm, New Objective, self-packed with 
ReproSil-Pur 120 C18-AQ, 1.9 μm (Dr. Maisch, Germany) 
to a length of 20 cm), using a gradient of A (0.1% v/v formic 
acid in water) and B (0.1% v/v formic acid in 80% v/v ace-
tonitrile in water). The mass spectrometer was operated in 
data-independent mode. After each survey scan (mass range 
m/z = 350–1200; resolution: 120,000), 28 DIA scans with 
an isolation width of 31.4 m/z were performed, covering a 
precursor range of 350 to 1200 m/z. AGC target value was 
set to 3 × 106, resolution to 30,000, and normalized collision 
energy to 27%. Data were analyzed using Spectronaut soft-
ware version 15.7 (Biognosys, Switzerland) with standard 
settings (without imputation) in direct DIA mode, using the 
reference proteomes uniprotkb_Limosilactobacillus fer-
mentum and uniprotkb_Rabbit (UniProt, full length) and 
common contaminants.

Cell stimulation assays

HEK-Blue™ hTLR2: hkb-htlr2 and HEK-Blue™ hTLR4: 
hkb-htlr4 (Invivogen, USA) were plated at a density of 
5.104 cells / well of a 96 well plate in 100 µL of culture 
medium (DMEM high glucose glutamax, Gibco, 61965-
026 + 10% v/v fetal calf serum, Gibco A52567, 10% fetal 
bovine serum (FBS), Thermo Fisher Scientific). After 24 h 
of incubation, the medium was replaced with fresh medium, 
and various dilutions of EVs isolated from Lb. fermentum 
culture supernatant were added to the cells. After 24 h of 
incubation 37 °C under 5% CO2 atmosphere, SEAP activ-
ity was revealed using QUANTI-Blue reagent (Invivogen) 
and a Fluorescence plate reader (SpectraMax M3. Molecu-
lar Devices, USA) according to manufacturer’s instruction. 
Results were expressed by comparison between the basal 
Optical Density (OD) measured in cells supernatant without 
any treatment and OD obtained after cells stimulation. The 
NF-kB activity was calculated using Eq. 2

NF − κ B activity = OD of stimulated cells
OD of cell cultured with medium

� (2)
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(Fig. S1 and Section “Preparation of the antibody, vesicles 
and antibody-vesicle complex solution on mica substrate for 
AFM imaging”). AFM imaging of individual antibodies on 
carbon fibers was not feasible due to the substantial intrinsic 
roughness of the fiber surface.

As shown in Fig. S1A-N, similar height was observed 
for the antibody-EV complexes on the carbon fibers and 
those on the mica substrate, suggesting successful imag-
ing of the complexes on the fibers. In particular, the AFM 
topography image (Fig. 1F) and its corresponding 3D repre-
sentation (Fig. 1G) revealed several globular features on the 

electrodes were coated with anti-OmpA antibodies (Section 
“Preparation of the antibody-vesicle complexes on device 
fibers for AFM imaging”). After passing the E. coli culture 
medium through the channels, the carbon fibers were care-
fully removed from the carbon tape. They were then dried 
at 40 °C on a clean glass substrate overnight before being 
transferred to an atomically flat mica surface for analysis. 
The coated fibers were compared with 5 control samples: 
mica substrate, pristine carbon fibers, OmpA antibodies on 
the mica substrate, EVs isolated via UC on the mica sub-
strate, OmpA antibody-EV complexes on the mica substrate 

Fig. 1  (A-E) Schematic representation of the PMED and operation 
process. (A) PMED setup, (B) antibody conjugation of the electrodes, 
(C) injection of the sample, (D) washing step and (E) controlled 
release of the attached EVs through the application of voltage. (F) 
AFM topography image of a carbon fiber incubated with E. coli-
derived EV- anti-OmpA antibody complexes attached on top (after 
step D of the process). Area:1 µm2. Resolution: 516 × 516 pixels. (G) 

3D representation of the AFM topography image shown in Panel F), 
displaying the presence of E. coli-derived EV- anti-OmpA antibody 
complexes on the carbon fiber surface. (H) Height profile of the carbon 
fiber surface along the line marked in Panel F). The arrows in Panels 
F) and H) indicate the location of the E. coli-derived EV- anti-OmpA 
antibody complexes on the carbon fiber
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The less negative zeta potential observed in EVs isolated 
from Lb. fermentum compared to those from E. coli could 
be attributed to differences in cell wall structure and compo-
sition. EVs derived from Gram-negative bacteria, such as E. 
coli, are characterized by the presence of abundant LPS on 
their membranes [1, 2, 11]. LPS carry a high negative charge 
due to phosphate groups and other negatively charged moi-
eties that contribute to the more negative zeta potential of E. 
coli-derived EVs. EVs from Gram-positive bacteria, such 
as Lb. fermentum, lack LPS but contain lipoteichoic acid 
[30]. While LTA contributes to the negative charge of Lb. 
fermentum-derived EVs, its effect is less pronounced than 
LPS [31]. TEM micrographs of the device- and UC-isolated 
EVs revealed a field of spherical vesicles (Figs. 2B and C 
and 3B and C, Fig. S2B, C and Fig. S3B, C), with the dis-
tinctive cup-shaped morphology observable at low magnifi-
cation. The cup-shaped morphology was less pronounced in 
Gram-positive EVs, possibly due to their thicker outer layer 
or the reduced staining efficiency, which may lead to poor 
dehydration of the vesicles [32]. The phospholipid bilayer 
membrane structure was clearly visualized in cryo-TEM 
images (Figs. 2D and 3D, Fig. S2D). The cryo-TEM image 
of the Lb. fermentum sample collected post UC was heavily 
contaminated with proteins and/or cell debris, obscuring the 
grid and preventing clear visualization. Next, protein profil-
ing was performed by Western blot analysis (Figs. 2E and 
3E). For E. coli-derived EVs, the surface porins OmpA and 
OmpC, as well as the cytosolic protein elongation factor TU 
(EF-TU), were detected (Fig. 2E). The latter has the function 
to shuttle aminoacylated tRNAs to the ribosome during pro-
tein translation [18, 33]. Although initially predicted to be 
predominantly expressed in the bacterial cytoplasm, EF-TU 
has also been detected in OMVs from various E. coli strains 
[33, 34]. In contrast to UC, the bacterial EV sample isolated 
with the device barely showed any flagellin, a contaminat-
ing protein marker, suggesting higher purity of the isolated 
sample [18]. During bacterial culture or sample processing, 
small amounts of OmpA proteins may be released from cell 
debris or disrupted vesicles. Therefore, we performed West-
ern blot analysis on the collected supernatant, as a control 
experiment. However, no detectable bands were observed 
for these proteins in the supernatant samples, suggesting 
that their concentrations were below the detection limit of 
Western blotting (Fig. S7).

For Lb. fermentum-derived EVs, Western blot analysis 
revealed the presence of S-layer and enolase-1 (ENO1) 
(Fig.  3E). ENO1 is a multifunctional protein that primar-
ily serves as a glycolytic enzyme in the cytosol, catalyzing 
the conversion of 2-phospho-D-glycerate to phosphoenol-
pyruvate during aerobic glycolysis [35]. It is found both 
as a cytoplasmic and a surface-associated protein in many 
Gram-positive bacteria and their derived EVs [36, 37]. 

surface of the coated carbon fibers. The height profile along 
the fiber, presented in Fig. 1H, indicates that the globular 
features attain a height of up to 30 nm, consistent with the 
maximum height of the EV-protein complexes observed on 
the mica substrate (Fig. S1G and H). In contrast, the AFM 
topography image of a pristine carbon fiber (without anti-
bodies and EVs) showed no globular features (Fig. S1I). 
The RMS roughness of the topography image of the carbon 
fiber incubated with the antibody-EV complexes (Fig. 1F) 
was 17.7 nm, whereas the uncoated fiber exhibited an RMS 
roughness of 8.4 nm (Fig. S1J). Additional AFM measure-
ments of the carbon fibers incubated with the antibody–
EV complexes revealed RMS roughness of 12.1  nm and 
14.0 nm (Fig. S1K and S1M). These results confirm suc-
cessful capture of the E. coli-derived EVprotein complexes 
by the carbon fibers.

Isolation of bacterial EVs from Gram-negative E. coli 
and Gram-positive Lb. fermentum

As described above, the electrode surfaces were coated 
with anti-OmpA antibodies to isolate bacterial EVs from 
the Gram-negative E. coli culture medium. For Lb. fermen-
tum, an anti-S-layer antibody was used to capture the cor-
responding bacterial EVs, taking advantage of its presence 
on the outer membrane of Lactobacillus species. S-layer 
glycoproteins self-assemble into a uniformly spaced pattern 
on the bacterial cell surface, where they play a key role in 
adhesion to intestinal epithelial cells and the mammalian 
extracellular matrix [29].

For both types of experiments, EVs were isolated in trip-
licates using either the device or UC, collected in PBS and 
subsequently characterized (Figs. 2 and 3, Fig. S2, S3, S5 
and Table S3). Following isolation with the device, NTA 
revealed mean particle diameters of 107.3 ± 2.8 nm for E. 
coli-derived EVs, and 140.7 ± 10.6 nm for Lb. fermentum-
derived EVs, with concentrations of 1.6 × 10¹¹ and 1.9 × 10⁸ 
particles/mL, respectively (Fig. 2A, and 3A). With UC, the 
mean diameters were 104.2 ± 14.7  nm for E. coli-derived 
EVs and 138.8 ± 9.4  nm for Lb. fermentum-derived EVs, 
with concentrations of 1.2 × 10¹¹ and 1.6 × 10⁹ particles/
mL, respectively (Fig. S2A, S3A). Overall, the mean par-
ticle diameters were comparable between the two isolation 
methods, whereas the particle size distribution was notably 
broader in the UC-isolated samples vs. the device. This dis-
crepancy may be due to a higher presence of contaminants, 
such as protein aggregates and cell debris, retained during 
the UC process. DLS analysis revealed comparable size val-
ues (~ 120–130 nm) for EVs isolated using the device and 
UC (Fig. S5A, Table S3). In contrast, the zeta potential val-
ues differed between the two methods, possibly reflecting 
the presence of additional impurities (Fig. S5B, Table S3). 
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to characterize the proteomes of isolated vesicles. Data were 
analyzed against a Limosilactobacillus fermentum and rabbit 
database, confirming no IgG was identified in the samples.

Taken together, these results confirm that EVs were iso-
lated from the medium of E. coli and Lb. fermentum bacte-
rial cells using our electrochemical device. 

Isolation of bacterial EVs from Gram-negative E. coli 
contaminated urine sample

Urinary EVs provide valuable insights into the health of the 
urinary system, particularly the functionality of podocytes 
and renal tubular cells [38]. Urine, which can be collected 
easily, frequently, and in large quantities through noninva-
sive methods, is an ideal fluid for biomarker analysis [38]. 

Unlike UC, a faint band corresponding to the contaminant 
flagellin was observed in the bacterial EV sample isolated 
using the device method. This contaminant might eventually 
be removed by optimizing the washing step [20]. NanoFCM 
was used to further validate the presence of bacterial EVs 
in all collected samples (Figs. 2F and 3F, Fig. S2E, F, S3D, 
E). To this purpose, bacterial EVs were labeled with Cell-
Trace™ Far Red (CTFR) dye. After staining the samples 
isolated with the electrochemical device, 91.9 ± 2.8% of 
events in E. coli-derived EVs and 84.8 ± 9.5% of events in 
Lb. fermentum-derived EVs were positive for CTFR stain-
ing, suggesting that the majority of detected particles were 
EVs. Finally, a pilot classical bottom-up proteomics analy-
sis coupled to label-free quantification of fragment spectra 
based on Data-Independent-Analysis (DIA) was performed 

Fig. 2   Characterization of bacterial EVs from Gram-negative E. coli 
supernatant. (A) NTA plot of EVs isolated using the device with an 
anti-OmpA antibody coating. Experimental data are expressed as mean 
(orange) ± SD (dark blue) (n = 3) Inset: schematic representation of a 
Gram-negative EV with the outer membrane colored in gold. (B) Rep-
resentative high magnification TEM image of a field of isolated EVs in 
PBS. Scale bar: 200 nm. (C) Representative low magnification TEM 
image of a field of isolated EVs in PBS. Scale bar: 500 nm. (D) Repre-
sentative high magnification cryo-TEM image of two isolated EVs in 
PBS. Scale bar: 200 nm. (E) Western blot analysis of bacterial EV pro-

tein markers (EF-TU, OmpC, flagellin and OmpA), showing the EV 
proteins isolated with the device in the left lane, and those isolated by 
UC in the right lane. (F) NanoFCM analysis of CTFR stained E. coli-
derived EVs. A representative bivariate dot plot of size (nm, x axis) 
vs CTFR (y axis) shown, with corresponding histograms displayed 
alongside. CTFR-positive events are shown in red, while CTFR-neg-
ative events are shown in blue. A representative plot is reported, with 
the mean values of 91.9 ± 2.8% for CTFR-positive events and 8.1 ± 
2.8% for CTFR-negative events. Original uncropped Western blots are 
provided in the supporting information (Fig. S6)
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from the culture medium, EVs collected with the device 
from urine had an average diameter of 126.2 ± 1.8 nm and 
124.6 ± 4.5  nm, as shown by NTA and DLS, respectively 
(Fig. 4, Fig. S5 and Table S3). Instead, EVs isolated with UC 
from urine showed an average diameter of 145.2 ± 6.0 nm 
and 175 ± 30.2 nm, as reported by NTA and DLS, respec-
tively, (Fig. S4, Fig. S5 and Table S3). The particle con-
centration was found to be 2.8 × 1010 particles/mL, similar 
to the concentration value of 3.3 × 1010 particles/mL after 
isolation with UC. NanoFCM also revealed a mean value of 
89.2 ± 2.8% of the events to be positive for CTFR, while a 
mean value of 10.8 ± 2.8% to be negative for CTFR (Fig. 4).

Similar to the results from the cell culture media, the 
device outperformed UC in efficiently isolating EVs. West-
ern blot analysis of the samples (Fig. 4E) indeed revealed 

However, its complex composition—including proteins, 
salts, urea, and various metabolites—can dilute EVs and 
obscure key biomarkers. E. coli, a bacterium normally resid-
ing in the gastrointestinal tract, can migrate into the urinary 
system and cause UTIs [24]. Although there exist estab-
lished diagnostic methods for UTIs, isolating bacterial EVs 
could provide complementary information, offering deeper 
insights into infection mechanisms and disease progression. 
As a proof of concept, we evaluated the device for its ability 
to isolate E. coli-derived EVs from urine (Fig. 4). E. coli 
was spiked into the urine sample to achieve a concentration 
of 10 CFU/mL, which falls within the typical bacterial load 
associated with UTIs [24]. The samples were processed 
with the device or UC and analyzed as described above 
(Fig. 4, S4, S5, Table S3). As for the isolation of vesicles 

Fig. 3  Characterization of bacterial EVs from Gram-positive Lb. fer-
mentum supernatant. (A) NTA plot of EVs isolated using the device 
with an anti-S-layer antibody coating. Experimental data are expressed 
as mean (orange) ± SD (dark blue) (n = 3). Schematic representation 
of a Gram-positive EV with the cytoplasmic membrane colored in rose 
pink. (B) Representative high magnification TEM image of isolated 
EVs in PBS. Scale bar: 100 nm. (C) Representative low magnification 
TEM image of isolated EVs in PBS. Scale bar: 1000 nm. (D) Repre-
sentative high magnification cryo-TEM image of two isolated EVs in 
PBS. Scale bar: 100 nm. (E) Western blot analysis of bacterial EV pro-

tein markers (ENO1, flagellin and S-layer), showing the EV proteins 
isolated with the device in the left lane, and those isolated by UC in 
the right lane. (F) NanoFCM analysis of CTFR stained Lb. fermentum-
derived EVs. A representative bivariate dot plot of size (nm, x axis) 
vs CTFR (y axis) is shown, with corresponding histograms displayed 
alongside. CTFR-positive events are shown in red, while CTFR-neg-
ative events are shown in blue. A representative plot is reported, with 
the mean values of 84.8 ± 9.5% for CTFR-positive events and 15.2 ± 
9.5% for CTFR-negative events. Original uncropped Western blots are 
provided in the supporting information (Fig. S6)
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Isolated Lactobacillus fermentum-derived EVs 
activate TLR4 pathway

Lactic acid-producing bacteria are widely recognized for 
their probiotic benefits, including bolstering the host’s 
immune system, enhancing feed digestibility, and mitigat-
ing metabolic disorders [22, 23]. Lb. fermentum is a Gram-
positive bacterium within the Lactobacillus genus, known 
for its ability to boost immune responses and help prevent 
gastrointestinal and upper respiratory infections [22, 23]. In 
a pilot experiment, we evaluated whether the bacterial EVs 
isolated from Lb. fermentum supernatant, using the PMED 
and UC, were able to selectively modify the expression of 
negative regulators of Toll-like receptor 4 or 2 (TLR4 or 
TLR2) signaling in HEK-TLR4 and HEK-TLR2 reporter 

that, in contrast to UC, which co-isolated both human and 
bacterial EVs from contaminated urine samples (detecting 
human EV markers such as TSG101 and CD9 alongside 
bacterial markers like EF-TU and OmpA), the electrochem-
ical device was more selective, with reduced contamination 
from human EVs and the flagellin marker. This feature is 
essential for clinical diagnostics, as the ability to distin-
guish between bacterial and host EVs can provide valuable 
insights into the diagnosis and progression of infections 
[39].

Fig. 4  Characterization of bacterial EVs from Gram-negative E. coli 
contaminated urine sample. (A) NTA plot of EVs isolated from patient-
derived urine samples, using the device with an anti-OmpA antibody 
coating. Experimental data are expressed as mean (orange) ± SD (dark 
blue) (n = 3). (B) Representative high magnification TEM image of a 
field of isolated EVs in PBS. Scale bar: 200 nm. (C) Representative 
low magnification TEM image of a field of isolated EVs in PBS. Scale 
bar: 1000 nm. (D) Representative high magnification cryo-TEM image 
of two isolated EVs in PBS. Scale bar: 100 nm. (E) Western blot analy-
sis of bacterial EV protein markers (EF-TU, flagellin, OmpA), and of 

human EV protein markers (TSG101, CD9), showing the EV proteins 
isolated with the device in the left lane, and those isolated with UC in 
the right lane. (F) NanoFCM analysis of CTFR stained EVs from E. 
coli contaminated urine sample. A representative bivariate dot plot of 
size (nm, x axis) vs CTFR (y axis) is shown, with corresponding his-
tograms displayed alongside. CTFR-positive events are shown in red, 
while CTFR-negative events are shown in blue. A representative plot 
is reported, with the mean values of 89.2 ± 2.8% for CTFR-positive 
events and 10.8 ± 2.8% for CTFR-negative events. Original uncropped 
Western blots are provided in the supporting information (Fig. S6)
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EVs suggests that the composition of the EV subset prefer-
entially supports TLR4 engagement and/or LTA and PGN 
are lower in content compared to UC [40]. Proteomics and 
lipidomics analyses would, in the future, be essential to 
uncover the compositional differences between bacterial EV 
samples isolated using the device vs. UC.

Overall, our results highlight the ability of the PMED 
in isolating functionally distinct bacterial EV populations, 
providing a more targeted approach to studying immune 
responses.

Conclusion

In this study, EVs from Gram-negative (E. coli) and Gram-
positive (Lb. fermentum) bacterial supernatants were iso-
lated with an electrochemically controlled device. This 
device addresses key limitations of traditional methods 
like UC, such as contamination and limited selectivity. By 
combining immunoaffinity-based EV capture with voltage-
driven release, the device achieves enhanced selectivity, and 
reduced contaminats compared to conventional techniques. 

cell lines, respectively. To this end, the cells were incubated 
with UC- or device-isolated EVs, or native fermentation 
supernatant for 24  h. NF-kB activation was quantified by 
measurement of the secreted embryonic alkaline phospha-
tase (SEAP) activity (Fig. 5). Lb. fermentum fermentation 
supernatant was shown to induce TLR4 and TLR2 signaling 
in HEK-TLR4 and HEK-TLR2 reporter cell lines, respec-
tively, indicating the presence of TLR2 and TLR4 agonists 
secreted by Lb. fermentum during fermentation (Fig. 5).

The bacterial EVs collected with the device did not induce 
activation of TLR2 (Fig. 5A-B), yet they were capable of 
stimulating TLR4 in this HEK reporter system (Fig. 5C-D). 
In contrast, the UC-isolated EVs indiscriminately activated 
both TLR4 and TLR2, more potently than the native Lb. fer-
mentum supernatant. This differential activation may stem 
from the absence of TLR2-activating components in device-
isolated EVs, whereas UC isolation likely retains additional 
bacterial fragments that also engage TLR2. In this respect, 
in Gram-positive bacteria, TLR2-mediated recognition of 
PAMPs, such as LTA and PGN, triggers downstream sig-
naling through MyD88, ultimately leading to NF-κB acti-
vation. The absence of TLR2 activation in device-isolated 

Fig. 5  Assessment of NF-κB activity in HEK-TLR2 and HEK-TLR4 
reporter cells in response to Lb. fermentum I3929 bacterial EVs, as a 
function of: (A) EV particle concentration (particles/mL) and (B) EV 
protein concentration (mg/mL) in HEK-TLR2 cells; (C) EV particle 

concentration (particles/mL) and (D) EV protein concentration (mg/
mL) in HEK-TLR4 cells. Reporter cells were stimulated for 24 h at 
37  °C. Mean ± SD (n = 4, technical replicates), SN = Lb. fermentum 
supernatant
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This isolation method creates avenues for biomarker dis-
covery in liquid diagnostics and the targeted modulation 
of immune responses. Furthermore, the versatile antibody-
conjugation strategy broadens the device’s applicability to 
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malian EVs [20], future studies could explore its use in iso-
lating EVs from plant-derived samples. Such applications 
may provide insights into plant-microbe interactions, crop 
improvement strategies, or the role of plant EVs in stress 
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