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ABSTRACT
Cell membrane-derived vesicles play essential roles in intercellular communication, material 
transport, and waste disposal. Despite their biomedical and industrial potential, isolating 
extracellular vesicles from natural sources remains technically challenging, limiting purification 
efficiency and scalability. This study introduces cell membrane extrusion as an alternative approach 
to optimize the production of cell membrane-derived vesicles (CSMs), from eukaryotic and 
prokaryotic cells. CSMs, generated from HeLa and SH-SY5Y cells exhibited a distinctive cup-shaped 
morphology and sizes of 151.36 ± 72.36 nm, and 416.86 ± 108.49 nm at 20 °C by DLS respectively, 
showing remarkable thermal stability at 4-70 °C range. Furthermore, loaded vesicles interacted 
with mammalian cells and achieved successful cargo internalization. CSMs were also produced 
from E. coli membranes, forming unilamellar vesicles of approximately 100 nm, as observed by 
Cryo-TEM. These vesicles displayed an inverse correlation between vesicle size and thermal 
stability and efficient cargo incorporation detected in 85% ± 3% of CSMs. However, under tested 
conditions, no interaction with prokaryotic cells occurred, and consequently, no delivery of the 
loaded molecule was observed. Overall, thesefindings highlight the potential of generating cell 
membrane-derived nanovesicles through extrusion, offering a promising strategy to mimic 
extracellular vesicles for innovative biomedical and industrial applications, including targeted drug 
delivery system.

Introduction

Cell membrane-derived vesicles from eukaryotic cells, 
known as extracellular vesicles (EVs), are small, spheri-
cal structures encased by lipid bilayers, originating 
from the cellular membrane [1–4]. These vesicles par-
ticipate in various physiological and pathological pro-
cesses, including immune response modulation, cancer 
progression, and tissue repair [5–7].

In bacterial systems, cell-derived vesicles, referred to 
as bacterial membrane vesicles (BMVs), are nano-sized, 
spherical particles released by both Gram-positive and 
Gram-negative bacteria [8–11]. Research on BMVs 
offers insights into novel antimicrobial strategies, vac-
cine development, and biomimetic nanotechnology 
applications, highlighting their significance in microbi-
ology and biomedicine [10,12].

The inherent biocompatibility, physiochemical sta-
bility, and non-immunogenicity of natural extracellular 
vesicles (EVs) distinguish them as highly promising 
biological products for advanced drug delivery and 
theranostic applications, while also serving as efficient 
carriers for immune checkpoint blockade agents 
[13,14]. Extracted, for instance, from donated human 
Mesenchymal Stem Cells (MSCs), EVs offer a cell-free 
therapeutic platform, presenting a significant advan-
tage over conventional stem-cell-based treatments and 
opening avenues for personalized medicine [15].

Although natural vesicles hold promising potential 
for biomedical applications, several critical parameters 
remain suboptimal. These include the absence of stan-
dardized methods for isolation and purification, low 
efficiency in drug loading, and challenges in achieving 
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clinical-grade production [16]. Advanced methods have 
already helped tackle the challenges of isolating natu-
ral EVs and improving throughput by using targeted 
chemical recognition. Examples include the 
Amphiphile-Dendrimer Supramolecular Probe system 
(ADSP array), which enables high-throughput in situ 
protein detection, and Molecularly Imprinted Polymers 
(MIPs), designed to recognize specific membrane phos-
pholipids and deliver much higher capture efficiency 
than ultracentrifugation [17–23]. These strategies speed 
up the process and improve specificity, but they are 
not without drawbacks. Even platforms built for high 
throughput struggle with the low concentration of EVs 
in certain biofluids, such as urine, which often makes 
sample preconcentration necessary [17,19]. On top of 
that, affinity-based approaches face scalability issues, 
with high costs and limited expansion in antibody-based 
capture remaining a concern. Array-based systems also 
fall short when it comes to automated sample 
pre-treatment, which is essential for complex down-
stream proteomic workflows [17].

An alternative approach involves the generation of 
cell membrane-derived vesicles, also known as cell-
somes (CSMs), through extrusion [24–30], among oth-
ers. CSMs offer significant advantages as an alternative 
to exosomes, primarily due to the ability to produce 
vesicles with a more uniform size distribution, which is 
crucial for applications requiring precise dosing and 
predictable biological responses. Additionally, extru-
sion can be scaled up more easily than natural vesicle 
purification, making it more feasible for industrial pro-
duction. This method also reduces the risk of contam-
inating the vesicle preparations with unwanted cellular 
components, enhancing the safety profile of 
vesicle-based products [31]. Related approaches, such 
as cell-membrane-functionalized nanocarriers, likewise 
exploit membrane biology for targeting and biodistri-
bution, and are complementary to our extrusion-based 
strategy [32–35].

Prior work has outlined several strategies to gener-
ate mimetic vesicles from cellular membranes [36]. 
Among these, membrane-extruded cell-derived 
nanovesicles (CDNVs) reproduce key EV features and 
have been proposed as practical substitutes for natural 
EVs [29]. Other approaches include producing nano 
plasma membrane vesicles (nPMVs) through homoge-
nization of chemically induced blebs, which offer high 
particle yields and improved uniformity [37], and 
adapting mechanical extrusion for organ-targeted 
delivery [30]. Comprehensive reviews summarize these 
manufacturing strategies and their translational con-
siderations [38]. Building on these foundations, this 
study introduces a harmonized, cross-kingdom 

workflow that applies consistent evaluation mètrics, 
such as size, polydispersity, stability, and functional 
assays to vesicles derived from both mammalian and 
bacterial membranes. The protocol integrates practical 
purification steps, including FACS-based gating and 
IMAC-based cargo depletion, and sequences estab-
lished methods to enable side-by-side benchmarking 
and improve reproducibility across laboratories.

Materials and methods

Cellsomes from animal cells

HeLa cells (ATCC, CCL-2), derived from human cervical 
adenocarcinoma and classified as epithelial in lineage, 
were nurtured in Minimum Essential Medium (MEM, 
Gibco, 12571063) supplemented with 10% Foetal 
Bovine Serum (FBS, Gibco, 10437028) under a humidi-
fied 5% CO2 atmosphere at 37 °C. SH-SY5Y (ATCC, 
CRL-2266), originating from human neuroblastoma and 
exhibiting a neuroblastic lineage, were grown in 
DMEM/F12 medium (Gibco, 31331093) with10% FBS 
(Gibco, 10437028) under the same conditions.

Cell Preparation: mammalian cells, reached 100% 
confluence in 75 ml flasks (~8.4 x 106 cells). After tryp-
sinization, 6 ml of MEM was added, and the suspension 
from two flasks was centrifuged at 500 g for 5 min. The 
supernatant was discarded, and cells were resuspended 
in 10 ml of PBS, followed by another centrifugation. 
The pellet was then resuspended in 10 ml of 0.25 X 
PBS (prepared in Milli-Q water) containing a crushed 
tablet of cOmplete™, Mini, EDTA-free protease inhibitor 
cocktail (Roche, Basel, Switzerland) and was incubated 
on ice for 10 min.

Membrane Disruption: Cells underwent four 
freeze-thaw cycles, alternating 1 min liquid nitrogen 
exposure (−196 °C) with 10 min incubation in a 37 °C 
water bath. Sonication followed for 5 min using a probe 
sonicator (20 kHz, 30% amplitude), with an ice bath to 
prevent overheating. Pulses of 30 s ON/OFF minimized 
thermal damage, totalling 5 min of sonication.

Membrane Purification: The suspension was centri-
fuged at 700 g for 10 min at 4 °C and, discarding the 
pellet. The supernatant underwent further centrifuga-
tion at 15,000 g for 30 min at 4 °C yielding a pellet 
enriched in cytoplasmic membranes. This sequential 
centrifugation enriches the plasma-membrane fraction 
and removes most soluble/cytosolic contaminants, con-
stituting an upstream purification step prior to extrusion.

Recombinant eGFP production: Production of recom-
binant eGFP was performed as previously described 
[39,40]. Briefly, the codon-optimized GFP-H6 gene was 
cloned into the pET22b (AmpR) vector and transformed 
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into E. coli BL21(DE3) via heat shock (42 °C, 45 s). 
Cultures (1–2 L) were grown in LB with 100 μg/mL 
ampicillin at 37 °C, 250 rpm. At OD600 ≈ 0.5, expression 
was induced with 0.1 mmol/L IPTG and continued over-
night at 20 °C. Cells were harvested (5,000 g, 15 min, 
4 °C), frozen at −80 °C, then resuspended in wash buffer 
(20 mM Tris-HCl, 500 mM NaCl, 20 mM imidazole, pH 
8.0) with EDTA-free protease inhibitors. Lysis was per-
formed using a high-pressure homogenizer (Avestin 
Emulsiflex C5, 3 passes). Lysates were clarified (15,000 g, 
45 min, 4 °C), and the soluble fraction was purified by 
Ni2+ IMAC on a HisTrap HP column (ÄKTA Pure) using 
the N-lauroylsarcosine–assisted capture workflow, fol-
lowed by dialysis against 0.01% acetic acid (pH 3.8) and 
TGX Stain-Free SDS-PAGE quality control and Western 
blot using anti-6xHis antibody [41]. Protein concentra-
tion was determined by UV–Vis at 489 nm using ε489 = 
55,000 M−1·cm−1 with a NanoDrop One spectrophotom-
eter; the stock used here was 1.03 mmol/L. For all 
loading experiments, eGFP solutions were prepared at 
2 µmol/mL from this stock. Gel quality control showed 
a single predominant band at ~27 kDa with negligible 
higher-molecular-weight contaminants.

Cellsome Formation: The membrane pellet was 
resuspended in 1 ml of PBS containing 2 µmol/L recom-
binant eGFP[39–41].

The sample was vortexed and incubated on ice for 
10 min to enhance membrane interaction. It was then 
extruded 21 times through an extruder (NanoSizerTM 
extruder, T&T Scientific, Knoxville, TN, USA) using a 
400 nm polycarbonate filter. Pilot runs established the 
final conditions used throughout: extrusion at 4 °C in 
isotonic buffered saline, with multiple passes at a fixed 
count to stabilize size distributions; 400 nm polycar-
bonate membranes were used for mammalian mem-
branes to balance yield and PDI. Preparations were 
kept on ice and gently mixed to minimize foaming. 
Upstream pre-clearing spins reduced viscosity and fil-
ter clogging. After extrusion, FACS was used to gate 
size-defined vesicle subpopulations and affinity deple-
tion removed unencapsulated cargo; it does not pro-
vide quantitative encapsulation metrics. DLS 
(hydrodynamic diameter, PDI) served as the selection 
criterion for acceptable runs (low PDI, reproducible 
Z-average), and these settings were then kept constant 
across all replicates.

We selected extrusion for vesicle formation due to 
its equipment-light, reproducible workflow and the 
ability to preserve membrane proteins relevant to 
uptake; more aggressive approaches (e.g. cavitation or 
extended sonication) were confined to upstream mem-
brane liberation rather than vesicle shaping in order to 
minimize protein denaturation [29,34,42].

For all downstream assays, CSM preparations were 
used fresh whenever possible; when storage was nec-
essary, samples were kept at 4 °C, protected from light, 
and were not subjected to freeze–thaw cycling.

Cellsomes from bacterial cells

For cellsome production from bacterial cells, BL21 (DE3) 
pLEMO E. coli cells (Lemo21(DE3)) were used [39], grown 
in 1 mM rhamnose to facilitate cell wall degradation.

Bacterial Cell Preparation: A single colony of E. coli 
Lemo21(DE3) (New England Biolabs, Ipswich, MA, USA) 
was resuspended in a 50 ml LB containing 30 µg/ml 
chloramphenicol. This was done in duplicate.

Growth and harvesting: Cells were grown overnight 
at 37 °C with 200 rpm shaking and 1 mM of L-rhamnose. 
Following induction, the 100 ml culture (OD600 5.5; 8.8 
x 109 cells) was centrifuged at 4000 g for 5 min, dis-
carding the supernatant. PBS was added, followed by 
a second centrifugation step.

Lysozyme Treatment and Freezing: Cells were incu-
bated in PBS with 10 mg/mL lysozyme for 30 min at 37 °C 
with agitation, then centrifuged at 500 g for 5 min. The 
supernatant was removed and the pellet homogenized 
in PBS before immediate freezing in liquid nitrogen.

Membrane processing and CSM Formation: 
Membrane disruption, purifications, and CSM forma-
tion followed the protocol described in the previous 
section using 100 nm polycarbonate extruder (T&T 
Scientific). After extrusion, the membrane pellet was 
resuspended in extrusion buffer with recombinant 
eGFPH6 and mRUBYH6.

Confocal microscopy experiments of mammalian 
cells incubated with CSMs

HeLa cells and SHSY-5Y cells were seeded onto 35 mm 
Ibidi glass-bottom plates (Ibidi GmbH, Gräfelfing, 
Germany) at 40-50% confluency. Nuclei were labelled 
with 0.2 μg/mL Hoechst 33342 (Molecular Probes, 
Eugene, OR, USA) for 10 min in the dark.  Subsequently, 
50 μL of HeLa cellsomes were added directly without 
dilution, requiring no further incubation.

Images were captured using a ZEISS LSM 980 con-
focal laser scanning microscope equipped with 
Airyscan 2 (Carl Zeiss GmbH, Oberkochen, Germany). 
Given the small sample size, images were acquired uti-
lizing the Airyscan detector, enabling the collection of 
fluorescence signals in distinct and independent chan-
nels. Specifically, a plasma membrane stain (CellMask 
Deep Red) was excited at 639 nm, with emission col-
lected at 300–720 nm, while eGFP fluorescence was 
excited at 488 nm, with emission at 495–550 nm. To 
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faithfully represent the sample composition prior to 
purification, images in Figure 1 were acquired with 
identical laser power, detector gain, and display ranges 
across groups, and no background subtraction or non-
linear contrast operations were applied. For Figure 5, 
images were acquired at t = 0 and 60 min (soluble GFP) 
and t = 0 and 30 min (GFP-CSMs). No full time-lapse 
was collected and no kinetic analysis was performed. 
A subset of samples was inspected by Z-stack acquisi-
tion for visual assessment only; no extracellular 
quenching/stripping or protease-protection assays 
were performed in this study.

Cellsome purification by cell sorting and affinity 
chromatography

Immediately after extrusion, vesicle suspensions were 
purified to (i) remove debris and large aggregates, (ii) 
isolate size-defined vesicle subpopulations, and (iii) 
deplete unencapsulated cargo, as detailed in Materials 
and Methods Sections Flow cytometry and cell sorting 
and Affinity chromatography.

Flow cytometry and cell sorting
Flow cytometric analysis on CSM samples was conducted 
using a CytoFLEX LX flow cytometer (Beckman Coulter, 
Brea, CA, USA), detecting GFP fluorescence in the FITC 
channel (525/40 filter) with 488 nm laser. Data was pro-
cessed using CytExpert software (Beckman Coulter). A 
BD FACSJazz cell sorter (BD Biosciences, Franklin Lakes, 
NJ, USA) with 488 nm and 635 nm lasers sorted cells, 
configured to detect GFP fluorescence in the FITC chan-
nel (530/40 filter) at a flow rate to optimize detection of 
small particles. Sorted fractions were collected into 
pre-cooled tubes and immediately re-analysed by flow 
cytometry to verify gate fidelity before downstream use.

Populations were gated using forward and side 
scatter (FSC/SSC) scatter to remove debris. Sorting was 
based on size into three categories: small, big, and 
superbig. Green fluorescence was not used for gating 
due to interference from other green particles (e.g. 
membranes, aggregated GFP). At least 150 particles 
per group were sorted using the purity mode.

Data analysis was conducted with BD Sortware soft-
ware (BD Biosciences), incorporating negative controls 

Figure 1. LSCM  images of cell membrane-derived vesicles (CSMs) extruded with 2 µmol/L GFP. (a) General image of CSMs from 
HeLa cells. (b) Image amplification of one CSM from HeLa cells. (c) Fluorescence profile of the isolated CSM from HeLa cells of 
panel (b). (d) General image of CSMs from SH-SY5Y cells. (e) Image amplification of one CSM from SH-SY5Y cells. (f ) Fluorescence 
profile of one isolated CSMs from SH-SY5Y cells. Green fluorescence signal of GFP associated with CSMs was recorded (λex = 
488 nm, λem = 495–550 nm). Scale bar (a) and (d): 5 µm; (b) and (e) 2 µm.
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(GFP and dilution buffer) to validate gating strategies 
and instrument sensitivity.

Affinity chromatography
To remove unencapsulated eGFPH6 and mRUBYH6 from 
cellsomes, affinity chromatography step was performed 
using empty columns (Econo-Pac® columns, Bio-Rad 
Laboratories, Inc, Hercules, CA, USA) packed with 2 ml of 
affinity resin (Talon® Superflow™ resin, ref. 28-9575-02, 
Cytiva, Marlborough, MA, USA). To deplete unencapsu-
lated His-tagged recombinant proteins, vesicle suspen-
sions were passed over Co2+-charged IMAC resin; free 
His-tagged proteins were retained on the matrix, 
whereas the vesicle-containing flow-through was col-
lected and used for subsequent assays. The purification 
with sequential washes: 10 ml distilled water, followed 
by 10 ml PBS. Subsequently, 1 ml of impure cellsomes 
was loaded onto the column, washed with 1 ml PBS, 
and the flow-through collected as purified cellsomes. 
The bound sample was eluted using buffer (20 mM Tris 
HCl, pH 8/500 mM NaCl/500 mM Imidazole). This deple-
tion step removes non-encapsulated cargo but does 
not distinguish lumenal cargo from peripherally 
adsorbed cargo on the vesicle surface.

Cellsomes visualization in Cryo-TEM

For Cryo-TEM visualization, samples were prepared 
using a Leica GP 2 automatic plunge freezer (Leica 
Biosystems, Wetzlar, Germany) at 4 °C and 95% humid-
ity. Following extrusion, CSMs were purified with Ni 
Sepharose High Performance histidine-tagged protein 
purification resin (ref. 17526801, Cytiva, Marlborough, 
MA, USA). 3 µl of purified bacterial cellsomes were 
applied to a glow-discharged holey carbon grid 
(Quantifoil copper R 2/2, 200 mesh). Subsequently, the 
sample was blotted for 4 s to remove excess liquid 
before plunge freezing in liquid ethane. The grid was 
then transferred to a JEOL JEM-F200 cryo-electron 
microscope (JEOL Ltd., Akishima, Japan) and imaged at 
200 kV using a Gatan RIO detector. Prior to vitrification, 
preparations were briefly incubated with Ni-Sepharose 
High Performance resin to capture residual His-tagged 
proteins; the vesicle-enriched supernatant was recov-
ered for imaging. This additional cleanup reduces pro-
teinaceous background and constitutes a downstream 
purification step. Cryo-TEM was chosen over negative 
staining to avoid dehydration-related artefacts (e.g. 
vesicle collapse/flattening) and to preserve native 
hydrated morphology; consequently, image contrast is 
lower than in stained EM. Contrast and brightness set-
tings were uniformly applied across all panels.

DLS size determination and thermal stability of 
cellsomes

The homogeneity of CSM populations obtained via 
extrusion, described in the sections Cellsomes from 
Animal Cells” and Cellsomes from Bacterial Cells, was 
assessed using Dynamic light scattering (DLS) analysis 
with a Zetasizer Nano ZS instrument (Malvern 
Panalytical, UK), at 633 nm. This method provided a 
volume-weighted size distribution and polydispersity 
index (PDI), indicating sample uniformity. A PDI below 
0.2 signified a monodisperse sample. Analyses were 
conducted in triplicate, with vesicle suspensions equil-
ibrated at 25 °C for 3 min before measurements. We 
report the Z-average hydrodynamic diameter (Dₕ) and 
PDI (mean ± SD); size-distribution plots in Figure 3(a, c, 
and e) show the corresponding volume distributions 
provided by the instrument; these quantitative sizes 
are the reference for vesicle dimensions in this study.

CSM thermal stability was evaluated across a tem-
perature range of 4- 70 °C, with measurements per-
formed at intervals of 4, 10, 20, 25, 30, 37, 40, 50, 60, 
and 70 °C. Each measurement was preceded by a 180-s 
incubation to ensure equilibration. Stability was deter-
mined based on size consistency and the absence of 
significant PDI increases, which would indicate vesicle 
aggregation or structural disruption.

Zeta potential was measured by electrophoretic 
light scattering using Zetasizer Nano ZS instrument 
(Malvern Panalytical, UK) at 25 °C. All samples were 
measured at least in triplicate, and data are expressed 
as mean ± standard error.

All determinations were performed using vesicle 
samples that had been prepared less than seven days 
prior to analysis, considering that natural extracellular 
vesicles generally maintain relative stability when 
stored at 4 °C for short durations, typically spanning 
several days to a few weeks [43].

Confocal microscopy experiments on bacterial 
cells incubated with CSMs

To visualize E. coli pLEMO cells incubated with CSMs, 
samples were stained and prepared under specific 
conditions. Bacterial DNA was labelled with 0.2 μg/
mL Hoechst 33342 (Molecular Probes, Eugene, OR, 
USA) and a plasma membrane dye at 2.5 μg/mL 
(CellMask™ Orange, Molecular Probes), both incu-
bated for 10 min in the dark. Then, 100 μL of undi-
luted E. coli pLEMO CSMs were applied directly to 
microscope slides (Corning® microscope slides, 
Sigma-Aldrich, CLS294875X25). A 1:10 dilution from 
an OD600 of 0.2 was used for bacterial visualization.
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Imaging was performed using a Leica SP5 (Leica 
Biosystems, Wetzlar, Germany) confocal scanning micro-
scope equipped with a 405 nm diode laser, an Argon 
laser at 488 nm, and a 561 nm diode-pumped solid-state 
(DPSS) laser. Hoechst-stained DNA was excited at 
405 nm (emission: 430–490 nm) and CellMask Orange 
was excited at 561 nm (emission: 300–720 nm). 
GFP-tagged CSMs were excited at 488 nm with emission 
detected at 500–560 nm. All channels were acquired 
under conservative, identical laser/detector settings to 
avoid saturation and bleed-through, and no nonlinear 
background subtraction was applied. Quantification of 
GFP enrichment within CellMask-positive vesicle ROIs is 
reported in Figure S1A as bar-with-scatter.

Confocal images were analysed using ImageJ soft-
ware (NIH) to determine the colocalization between 
GFP (488 nm excitation, 510 nm emission) and CellMask 
Orange (561 nm excitation, 590 nm emission). The 
Pearson correlation coefficient (PCC) was calculated via 
Coloc2 with automatic threshold settings. Colocalization 
was measured as the ratio of overlapping fluorescence 
pixels to total red fluorescence pixels per field of view. 
Three independent samples were analysed, with at 
least five images per sample. Images were acquired 
with identical settings. Vesicle ROIs were obtained 
from the CellMask channel (Otsu thresholding, hole 
filling, watershed; size filter 0.05–2.0 µm2, circularity 
0.2–1.0). For each ROI, mean GFP was measured and a 
local background was computed from a 2–4 px annu-
lus excluding neighbouring ROIs. A vesicle was classi-
fied as GFP-overlapping if mean (GFP_ROI) > bg_mean 
+ 3 × bg_SD. For each field, the fraction overlapping = 
(# overlapping/# total vesicles). We report n fields = 2, 
nROIs = 110; per-field values are 92.6% and 83.1% 
(mean ± SD 87.9% ± 6.7%); overall fraction (weighted 
by ROIs) 85.5%. ROI-level CSVs and overlays are pro-
vided in the repository.

Transformation of bacterial cells with CSMs

Plasmid DNA incorporation was performed by mixing 
the membrane preparation with a plasmid DNA solu-
tion (1.65 ng/mL in PBS, pH 7.4). Extrusion was car-
ried out using 400 nm filters with purified plasmids 
pET22GFP 41 and pETmRUBY (Addgene plasmid 
# 86934).

Plasmids were purified using the NZYMiniprep kit 
(Nzytech, Lisbon, Portugal). Briefly, E. coli BL21(DE3) 
cells transformed with pET22GFP or pETmRUBY were 
cultured in LB with 100 µg/mL ampicillin at 37 °C, 
200 rpm overnight. Plasmid DNA was extracted follow-
ing the manufacturer’s protocol, including alkaline lysis 
and silica column purification. DNA was eluted in 50 µL 

Tris-HCl (10 mM, pH 8.5) and quantified via NanoDrop 
(Thermo Fisher), yielding 500–800 ng/µL.

The membrane-DNA mixture was homogenized by 
pipetting for 1 min and incubated at room tempera-
ture for 15 min to facilitate interaction. Following DNA 
loading, samples were treated with DNase I to digest 
non-encapsulated plasmid and then washed by cen-
trifugation (15,000 g, 30 min, 4 °C) to remove the 
enzyme and degradation products, thereby minimizing 
free DNA in the final preparations.

The suspension was extruded through a 400 nm poly-
carbonate Nanosizer filter (T&T Scientific, Knoxville, TN, 
USA) using 21 cycles under moderate pressure to ensure 
vesicle formation and encapsulation while preserving 
membrane integrity. DNase I (1 U/μL, Thermo Fisher 
Scientific) was then added to degrade any unencapsu-
lated plasmid DNA, followed by incubation at 37 °C for 
1 h with gentle agitation (100 rpm). Negative controls 
consisted of bacterial CSMs without plasmid DNA.

Extruded CSMs were washed by centrifugation 
(15,000 g, 30 min, 4 °C) to remove excess DNase and 
degradation products, then resuspended in fresh PBS 
and stored at 4 °C. Encapsulation efficiency was 
assessed through confocal microscopy (see Section 
Confocal microscopy experiments on bacterial cells 
incubated with CSMs) and dynamic light scattering 
(DLS, see Section DLS size determination and thermal 
stability of cellsomes).

DNA-loaded CSMs (100 µL) were incubated with 
900 µL of E. coli competent cells (OD600 0.6) at 37 °C for 
2 h with gentle agitation (150 rpm) before heat shock 
treatment. Transformed cells were seeded on LB-agar 
plates with ampicillin (100 mg/mL, pET22GFP) or kana-
mycin (50 mg/mL, pETmRuby).

In parallel to CSM-mediated transformations, the 
assay was validated with standard controls. Positive 
control: chemically competent E. coli BL21(DE3) cells 
subjected to CaCl2 heat-shock transformation with the 
same mass of pGFP plasmid DNA used in the CSM 
condition (42 °C, 45 s; recovery 1 h in SOC; plate on 
LB + Amp). Negative controls: (i) CSMs prepared with-
out DNA; (ii) DNase-treated CSMs (incubation with 
DNase I in the presence of Mg2+, followed by EDTA 
quench/heat inactivation) processed identically. These 
controls are standardized procedures and are refer-
enced to established protocols [44]. Control plates are 
not shown, as Figure 8 focuses on the CSM condition.

Statistical analysis

All experiments included at least three independent 
replicates, with data presented as mean ± standard 
deviation (SD). For comparisons of vesicle size and 

https://doi.org/10.1080/21691401.2025.2599072
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stability across different conditions, one-way analysis 
of variance (ANOVA) was performed, followed by 
Tukey’s post-hoc test for pairwise comparisons. 
Statistical significance was set at p < 0.05. The software 
used for statistical analysis was GraphPad Prism 9 
(GraphPad Software, San Diego, CA, USA).

Image analysis

Image analysis was performed in Fiji and Python/NumPy 
with identical parameters across groups. For Figure 7, 
CellMask images were lightly smoothed and thresholded 
to segment vesicle ROIs; for each ROI we measured GFP 
mean intensity and a local background annulus (2–4 px) 
to compute S/B ratio = mean (ROI)/mean(background). 
For Figure 8, vesicle puncta were segmented from the 
relevant channel (GFP or CellMask) and S/B ratio was 
computed analogously; a puncta-per-field count is also 
reported. Data are shown as bar-with-scatter (all points 
visible); acquisition and display settings were identical, 
and no nonlinear background subtraction was applied.

Results

Characterization of extruded cell membranes from 
eukaryotic cells

CSMs were generated from HeLa and SH-SY5Y cell 
membranes via extrusion through a 400 nm pore size 
filter with recombinant GFP. Laser Scanning Confocal 
Microscopy (LSCM) revealed a unique cup-shaped mor-
phology, with HeLa-derived CSMs measuring 
1,130 ± 110 nm (n = 10) and SH-SY5Y-derived CSMs at 
1,740 ± 190 nm (n = 7) (Figure 1a, d). Fluorescence inten-
sity profiles showed a central reduction, more pro-
nounced in SH-SY5Y-derived CSMs, which had a smaller 
central gap compared to HeLa CSMs (Figure 1c, f ). At 
this pre-purification step, soluble GFP remains in the 
medium and appears as diffuse background, while 
vesicle-associated GFP is visible as rim-labelled rings and 
bright puncta (Figure 1). Background was not subtracted 
to avoid removing true soluble signal present at this 
stage; all panels share identical acquisition and display 
settings. The subsequent purification workflow removes 
the soluble fraction, as decribed in the Materials and 
Methods section on Cellsome purification by cell sorting 
and affinitychromatography. These LSCM images are 
used qualitatively to visualize GFP-associated vesicles on 
glass; the apparent widths obtained from line profiles 
reflect diffraction-limited optical features of rim-labelled 
vesicles and are not used for size determination.

HeLa CSM purity was assessed through fluorescence- 
activated cell sorting, identifying three populations: 

small, big, and superbig (Figure 2a, b). Confocal micros-
copy showed large aggregates in the superbig popula-
tion, while no fluorescent CSMs were detected in the 
small or big groups (Figure 2c). SH-SY5Y CSMs lacked 
distinct populations based on fluorescence intensity, 
and LSCM imaging did not reveal observable CSMs.

Quantitative sizing was therefore obtained by dynamic 
light scattering (DLS), which reports the hydrodynamic 
diameter (Dₕ) of vesicles in suspension together with the 
polydispersity index (PDI) (Figure 3). These DLS/PDI read-
outs were used to select the final pore sizes and pass 
number, which were then fixed for all experiments 
reported here. Dynamic Light Scattering (DLS) analysis 
indicated HeLa-derived CSMs (superbig population) 
averaged 151.36 ± 72.36 nm at 20 °C, while SH-SY5Y CSMs 
measured 416.86 ± 108.49 nm (Figure 3a, c). Differences 
between the apparent optical diameters in LSCM and 
the hydrodynamic diameters from DLS are expected 
because the two modalities probe different physical 
quantities and sample states. As previously described for 
extracellular vesicles, Zeta potentials of CSMs at pH 7.4 
were mildly negative in all cases: HeLa −5.8 ± 1.5 mV, 
SH-SY5Y −4.6 ± 0.2 mV, and E. coli −4.0 ± 0.9 mV [15]. We 
evaluated thermal stability by DLS over a temperature 
range of 4–70 °C (Figure 3b, d, f ) to characterize vesicle 
robustness under thermal stress. Quantitative size mea-
surements are reported as hydrodynamic diameters (Dₕ), 
accompanied by corresponding PDI values. Thermal sta-
bility assessments showed HeLa CSMs remained stable 
across the tested temperature range, with minimal size 
reduction above 60 °C (Figure 3b). SH-SY5Y CSMs exhib-
ited increasing size with temperature, with slight shrink-
age around 30 °C (Figure 3d).

Characterization of extruded cell membranes from 
prokaryotic cells

Bacterial CSMs were generated from E. coli BL21(DE3) 
membranes using a 100 nm pore size filter and 
observed by Cryo-Transmission Electron Microscopy 
(Cryo-TEM). Cryo-TEM grids were prepared from the 
post-extrusion Ni2+-affinity–purified fraction, detailed 
in the Materials and Methods section on Cellsomes 
characterization in Cryo-TEM, which captures residual 
His-tagged proteins and reduces proteinaceous back-
ground. Cryo-TEM imaging revealed unilamellar vesi-
cles with an average size of ~100 nm, consistent with 
bacterial CSM morphology (Figure 4).

In contrast, DLS measurements in Figure 3 were 
acquired on the bulk suspension before this purifica-
tion step; thus, Cryo-TEM and DLS probe differently 
cleaned preparations, explaining cleaner fields in 
Figure 4 and differences in apparent sizes. In fact,  
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DLS analysis at 20 °C showed an average size of 
879.12 ± 232.14 nm. Thermal stability assessments 
tracked size variations across various temperatures, 
revealing an inverse size-temperature correlation, 
except for slight increases around 30 °C (Figure 3e, f ).

Interaction of CSMs from eukaryotic cells with 
HeLa cells

The interaction between HeLa-derived CSMs loaded 
with GFP and HeLa cells was assessed by LSCM. As a 
control, exponentially growing HeLa cells were incu-
bated with soluble GFP. At 0 min, fluorescence was 
detected only in the medium, indicating no cell inter-
action. After 60 min, green fluorescence dots appeared 
inside the cells, suggesting GFP uptake into the cyto-
plasm (Figure 5a, b). When HeLa cells were exposed to 

GFP-loaded CSMs, fluorescence was immediately visi-
ble on the cell surface and within the cells, indicating 
rapid interaction and possible uptake (Figure 5c). At 
extended time points, fluorescence was consistently 
detected inside the cells (Figure 5d). We observe 
cell-associated GFP signal compatible with internaliza-
tion; however, as no extracellular quenching or 
surface-stripping controls were performed, we cannot 
exclude a contribution from vesicles adhered to the 
plasma membrane. These images are shown as quali-
tative endpoints; intermediate time points were not 
acquired, so we do not report kinetics.

Closer inspection of the cell membranes revealed 
bright fluorescence spots at specific surface locations 
(Figure 6a). Magnified images showed structures consis-
tent with CSM-cell interaction points (Figure 6b, d, f ). 
Fluorescence profiles from these regions matched 

Figure 2. F low cytometry coupled to cell sorting applied to CSMs from HeLa cells extruded with 2 µmol/L GFP. (a) Three different 
subpopulations were isolated and marked by coloured boxes (small, big, and superbig events). (b) Percentage of the isolated CSM 
subpopulations of cell membrane-derived vesicles. (c) LSCM image of one superbig event. Extrusion was performed using 400 nm 
polycarbonate filters. GFP fluorescence was recorded (λex = 488 nm, λem = 500–560 nm). Sorting gates were set based on forward 
and side scatter (FSC and SSC) to separate subpopulations. Sacale bar 5 µm.
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patterns observed in isolated CSMs (Figure 1c, f ), con-
firming attachment and potential internalization. Due to 
purification challenges, full characterization via confocal 
microscopy was not conducted for SH-SY5Y-derived CSMs.

Interactions of CSMs from prokaryotic cells with E. 
coli

CSMs derived from E. coli membranes and loaded with 
GFP were stained with a plasma membrane dye 
(CellMask Orange) for visualization. LSCM imaging 
revealed discrete red spherical structures 

corresponding to the stain, along with green fluores-
cence from GFP (Figure 7).

Colocalization appeared as yellow signals, confirm-
ing GFP presence within CSMs (Figure 7a–cC). Analysis 
showed 85% ± 3% of CSMs exhibited overlapping GFP 
and CellMask Orange fluorescence, with a Pearson cor-
relation coefficient (PCC) of 0.85 ± 0.03, indicating effi-
cient GFP incorporation and minimal leakage or 
aggregation. Fluorescence profiles supported vesicle 
integrity. To summarize these observations, GFP S/B 
ratio within CellMask-positive vesicle ROIs from the 
same fields is reported in Figure S1A. The GFP channel 

Figure 3. DLS  analysis of CSMs from cell membranes. (a) Size Distribution of CSMs obtained from HeLa cells at 25 °C. (b) Thermal 
stability of CSMs from HeLa cells. (c) Size Distribution of CSMs obtained from SH-SY5Y cells at 25 °C. (d) Thermal stability of CSMs 
from SH-SY5Y cells. (e) Size distribution of CSMs obtained from E. coli cells at 25 °C. (f ) Thermal stability of CSMs from E. coli cells.

Figure 4. C ryo-TEM Bacterial CSMs. Representative images of purified CSMs obtained from E. coli cell membranes. CSMs are 
highlighted within red squares to indicate their structure and morphology. Extrusion was performed using 100 nm polycarbonate 
filters. Images were acquired by cryo-TEM from the post-extrusion Ni2+-affinity–purified flow-through (see Materials and Methods 
section Cellsomes visualization in Cryo-TEM). Representative fields are shown; scale bars as indicated. Vitrified samples without 
staining. Contrast and brightness settings were uniformly applied across all panels. Insets highlight representative membrane 
bilayers to facilitate visualization. Scale bars 100 nm and 200 nm.

https://doi.org/10.1080/21691401.2025.2599072
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appears dimmer than CellMask because cargo is pres-
ent at low copy number within diffraction-limited ves-
icles. Images were acquired with identical settings and 
without nonlinear background subtraction to preserve 
comparability. The ROI-based quantification from these 
same fields shown in Figure S1A (GFP signal-to-back-
ground ratio within CellMask-positive ROIs) demon-
strates that the GFP signal is specific.

To assess CSMs interaction with bacterial cells, 
GFP-labelled CSMs were incubated with E. coli, whose 
DNA was stained with Hoechst. The bacterial suspen-
sion displayed evenly distributed cells with blue fluo-
rescence. Upon CSMs addition, green fluorescence 
surrounded bacteria, suggesting proximity. However, 
no colocalization between GFP and bacterial DNA was 
observed, indicating CSMs did not achieve direct inter-
nalization (Figure 8). A descriptive comparison of S/B 
ratio for the two conditions and a puncta-density 
proxy are shown in Figure S1B-C.

Transformation experiments tested whether CSMs 
could deliver plasmid DNA into E. coli. Membranes 
were extruded with pET expression vectors encoding 
GFP and Ruby proteins. After incubating with compe-
tent E. coli cells, transformation mixtures were plated 
on LB agar with selective antibiotics. No colonies 
formed under any tested condition, suggesting CSMs 
did not facilitate plasmid DNA uptake in these experi-
mental settings. Given the DNase pre-treatment used 

to remove non-encapsulated plasmid prior to expo-
sure (see Materials and Methods section Transformation 
of bacterial cells with CSMs), these negative outcomes 
argue against spurious uptake from free DNA and 
instead point to limitations in vesicle–cell interaction 
and/or intracellular release.

Discussion

Extracellular vesicles (EVs) play a crucial role in cell-to-
cell communication and regulation of physiological 
processes in both eukaryotic and prokaryotic organ-
isms. Natural bacterial vesicles encapsulate proteins, 
genomic DNA, and plasmid DNA, protecting them 
from degradation and facilitating transfer to recipient 
bacterial cells [45–47]. Their biomedical potential has 
gained attention, with applications in biomarker dis-
covery, targeted drug delivery, tissue regeneration, 
nanovaccines, diagnostics, and cancer immunotherapy 
[6,7,16].

EVs enter cells through multiple endocytic path-
ways, influenced by surface proteins and glycoproteins. 
Multiple routes can be used simultaneously, explaining 
why blocking a single pathway doesn’t fully prevent 
entry. Membrane-derived vesicles obtained through 
extrusion may mimic EV interactions with cells, offer-
ing enhanced encapsulation efficiency and a controlled 
production process.

Figure 5. LSCM  images of HeLa cells incubated with GFP or loaded GFP-CSMs. (a) HeLa cells incubated with soluble 2 µmol/L GFP 
at 0 min. (b) confocal fluorescence microscopy image of the same cells at 60 min. (c) HeLa cells incubated with GFP-CSMs at 0 min. 
(d) HeLa cells incubated with GFP-CSMs at 30 min. The series includes confocal fluorescence microscopy images, bright field 
images, and merge images. Green fluorescence: GFP; blue fluorescence: Hoechst. GFP fluorescence was recorded at λex = 488 nm 
and λem = 495–550 nm. Hoechst fluorescence was recorded at λex = 405 nm and λem = 430–470 nm. Scale bar 10 µm.

https://doi.org/10.1080/21691401.2025.2599072
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EV contents can be modified via incubation, trans-
fection, sonication, extrusion, freeze-thaw cycles, elec-
troporation, or chemical treatments [33,48]. These 
approaches facilitate the loading of EVs with drugs, 
nucleic acids, and therapeutic molecules, highlighting 
their promise in targeted therapies [48].

While EVs hold significant biomedical potential, 
their extraction poses challenges due to the variability 

in quality and yield, complicating production and 
downstream processes [49]. Lipid vesicles help improve 
these parameters [50,51] but may trigger immune acti-
vation, aggregate easily, and require stabilizers [52]. 
Compared to natural vesicle isolation methods like dif-
ferential centrifugation and density gradient ultracen-
trifugation, extrusion-based cell membrane-derived 
vesicles (CSMs) provide advantages by minimizing 

Figure 6. LSCM  (Laser Scanning Confocal Microscopy) images of HeLa cells showing CSM interaction points. (a) Broad view of two 
HeLa cells with marked areas (numbered 1, 2, and 3) indicating regions of interest for closer examination of CSM interaction 
points. (b, d, f ) Close-up images of the respective areas marked in A (1 = B, 2 = D, 3 = F). (c, e g) Fluorescence intensity profiles 
corresponding to the red square regions in B, D, and F. Each graph plots the intensity of fluorescence across the area, providing 
quantitative data supporting the visual observations of CSM attachment. GFP fluorescence was recorded at λex = 488 nm and  
λem = 495–550 nm. Hoechst fluorescence was recorded at λex = 405 nm and λem = 430–470 nm. Scale bar 10 µm.

Figure 7. R epresentative LSCM images of purified CellMask-labelled CSM membranes from E. coli. (a) Fluorescence image showing 
the CSM membrane stained with a plasma membrane dye (CellMask Orange). (b) GFP fluorescence signal indicating the presence 
of encapsulated or surface-associated recombinant GFP. (c) Merged images. GFP fluorescence was recorded at λex = 488 nm and 
λem = 495–550 nm. CellMask Orange was recorded at λex = 546 nm and λem = 560–620 nm. Scale bar 5 µm.
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heterogenicity observed in extracellular vesicles (EVs), 
such as exosomes, microvesicles, and apoptotic bodies. 
This heterogeneity complicates applications requiring 
precise control, such as drug delivery and diagnostics.

An alternative to natural vesicle isolation is using 
purified cell membranes subjected to extrusion pro-
cesses, encapsulating proteins, nucleic acids, or drugs 
to form CSMs. Extrusion ensures a standardized, repro-
ducible vesicle population in contrast to heteroge-
neous mixtures. Extrusion-based CDNVs [29] and 
nPMVs derived from chemically induced blebs have 
demonstrated standardized, high-yield production in 
mammalian systems [37]. Our workflow builds on 
these advances but differs in scope: (i) it applies a sin-
gle parameterized sequence to both mammalian and 
bacterial membranes; (ii) it incorporates FACS-based 
subpopulation gating and IMAC cargo depletion 
directly into the workflow; and (iii) it reports harmo-
nized DLS and thermal-stability readouts for 
cross-kingdom comparability. Recent organ-targeted 
implementations of mechanical extrusion are comple-
mentary to our approach [30].

Consistent with recent analyses of extrusion-prepared 
coreless CMVs, membrane orientation is expected to 
be mixed owing to stochastic wrapping; we therefore 
anticipate a distribution of right-side-out and inside-out 
vesicles in our preparations [53]. Although we did not 
profile specific HeLa markers here, engineered nanove-
sicles produced by extrusion are widely reported to 
inherit parental membrane proteins and preserve sur-
face features relevant to uptake and homotypic inter-
actions [25,26,29,54]. Membrane purification also 
reduces contaminants in EV preparations. Originally 
developed for synthetic liposome-based delivery, 
extrusion technology has been adapted for 
GMP-compliant active cell-derived vesicle production 
[31]. This study explores CSMs derived from eukaryotic 
and prokaryotic sources as biological delivery vehicles. 
Beyond engineered vesicles produced by extrusion, a 
large body of work has explored membrane- 
functionalized and hybrid nanocarriers that leverage 
cell-membrane biology for targeting, immune evasion, 
and uptake. Representative studies illustrate how 
membrane-informed designs and tumor-penetration 

Figure 8.  Visualization of GFP-labelled CSM interactions with E. coli. Upper row: E. coli + GFP-labelled CSMs (GFP, green; Hoechst, 
blue; Merge). Lower row: E. coli + CellMask-labelled CSMs (CellMask, red; Hoechst, blue; Merge). GFP fluorescence was recorded 
at λex = 488 nm and λem = 495–550 nm. CellMask Orange was recorded at λex = 546 nm and λem = 560–620 nm. Hoechst fluores-
cence was recorded at λex = 405 nm and λem = 430–470 nm. Scale bar 5 µm.
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strategies can enhance delivery performance, comple-
menting our standardized, cross-kingdom CSM work-
flow [55,56]. Readers are referred to recent reviews on 
cell-membrane-coated nanoparticles for broader con-
text on coating methods, interactions with biological 
membranes, and translational considerations [32,55,56].

In the protocol presented here, soluble his-tagged 
eGFP and eGFP/mRuby were mixed with the mem-
brane pellet prior to extrusion, followed by 
post-extrusion cell sorting or IMAC depletion of free 
His-tagged protein. Given that eGFP/mRuby are solu-
ble β-barrel fluorescent proteins with no transmem-
brane segments, spontaneous integration into the 
bilayer is unlikely without dedicated anchors or deter-
gents; the most plausible outcomes are lumenal 
encapsulation and/or peripheral adsorption [57]. 
Consistent with analogous liposome systems that 
encapsulate GFP as an aqueous cargo, we avoid 
over-interpreting LSCM ring-like signals and treat them 
as qualitative. Future work will apply standard discrim-
inators to characterize vesicle cargo, such as protease 
protection assays, sodium carbonate extraction to 
remove peripheral proteins. and limited trypsin acces-
sibility to assess surface exposure.

The results of this study confirm that vesicles can 
be successfully formed by extruding membranes from 
both eukaryotic and prokaryotic cells. CSMs derived 
from HeLa and SH-SY5Y cells displayed uniform, 
GFP-labelled cup-shaped structures, as shown in LSCM 
images (Figure 1). However, cell sorting flow cytometry 
compromised the stability of SH-SY5Y-derived CSMs. 
Variations in membrane composition across cell lines 
likely account for variations in molecule diffusion, 
influencing sensitivity to purification. For instance, 
higher membrane fluidity in SH-SY5Y cells compared 
to HeLa cells may explain their reduced stability [58]. 
We speculate that the improved stability observed for 
HeLa–derived vesicles reflects differences in membrane 
lipid order/raft content rather than cargo composition 
per se. In SH-SY5Y cells, altering cholesterol/GM1 
changes membrane physicochemical properties, con-
sistent with raft-associated remodelling [59]. Membrane 
order is a measurable biophysical parameter in living 
cells by Laurdan/C-Laurdan imaging [60]. Furthermore, 
membrane order/fluidity can modulate vesicle- 
membrane interactions and uptake [61]. In this con-
text, cholesterol enrichment is known to hinder the 
passive penetration of amphiphiles through fluid bilay-
ers [62]. The size differences between vesicles further 
suggest that CSM physicochemical properties depend 
on membrane origin (Figures 1 and 3).

Discrepancies between Dynamic Light Scattering 
(DLS) and Transmission Electron Microscopy (TEM) 

methodologies are expected due to fundamental 
differences in measurement principles. DLS reports  
the intensity-weighted hydrodynamic diameter (Rh), 
encompassing the hydration shell or soft corona, and 
inherently exhibits a strong bias towards larger species 
because scattered light intensity is proportional to par-
ticle diameter raised approximately to the sixth power 
(I ∝ d^6) [63,64]. In contrast, cryo-TEM measures the 
projected physical diameter of vitrified particles, a 
result sensitive to segmentation criteria and potential 
artefacts from sample preparation [65]. Consistent with 
current standards in the Extracellular Vesicle (EV) field 
[66], accurate particle sizing must be supported by 
multiple orthogonal methods such as single-particle 
techniques (Nanoparticle Tracking Analysis -NTA, 
Microfluidic Resistive Pulse Sensing (MRPS/TRPS)) 
alongside EM, rather than relying on any single tech-
nique [64,65]. Consequently, we avoid definitive claims 
of ‘monodisperse’ (a descriptor rarely met in biological 
systems, where Polydispersity Index (PDI) <0.05 is 
uncommon) [63], choosing instead to describe our 
preparations as ‘narrowly distributed under our condi-
tions’, pending quantitative single-particle validation. 
Temperature stability tests revealed that CSMs 
remained structurally intact across 4-75 °C. Similar sta-
bility studies have shown that glycolipids can enhance 
liposomal thermal stability [67]. Although we did not 
perform a storage time-course, prior studies on engi-
neered/extruded nanovesicles report that short-term 
storage at 4 °C preserves size and dispersion with lim-
ited drift, whereas long-term storage is improved by 
cryopreservation (e.g. addition of a cryoprotectant) 
and by minimizing freeze–thaw cycles. In our work-
flow, vesicles were used immediately after preparation 
or temporarily held at 4 °C in the dark, and repeated 
freeze–thawing was avoided [37,68]. Our focus is on 
establishing a standardized, cross-kingdom protocol, 
characterized by clearly defined parameters such as 
pore size tailored to each kingdom, multi-pass extru-
sion at 4 °C, and isotonic buffering, along with inte-
grated purification steps. This approach is designed to 
ensure reproducibility of yields, particle sizes (mea-
sured via DLS), and morphology (assessed via 
cryo-TEM), without the need for specialized hardware. 
The efficiency of IMAC/FACS in removing 
non-encapsulated cargo was not quantified in the cur-
rent study. Future work will incorporate SDS-PAGE and 
Western blot-based mass balance analyses, as well as 
protease protection assays, to enable a more accurate 
assessment of encapsulation efficiency.

Interaction assays with HeLa cells showed that CSMs 
rapidly bind and interact with cell membranes, show-
ing cell-associated GFP signal compatible with 
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internalization soon after incubation. Cellular mecha-
nisms for nanoparticle internalization have been 
described to occur rapidly [69]. Time-lapse imaging 
was not conducted for Figure 5; uptake was depicted 
through endpoint images only. This efficient interac-
tion is consistent with membrane fusion events 
observed in bacterial vesicle studies, such as Yaron 
et  al. (2000), where E. coli O157 vesicles successfully 
transferred virulence factors to recipient cells. However, 
unlike natural bacterial vesicles, our CSMs did not 
enable plasmid DNA transformation of E. coli, suggest-
ing that Gram-negative bacterial vesicles originating 
from the outer membrane may possess specific mech-
anisms for nucleic acid encapsulation and delivery, 
which are likely absent in extruded CSMs. Future work 
will implement extracellular quenching (trypan-blue/
anti-GFP), acid/pronase washes and temperature/endo-
cytosis controls, and protease-protection ± mild deter-
gent to distinguish internal vs surface-bound cargo.

While eukaryotic CSMs appeared as monodisperse 
populations in DLS analysis (Figure 3a, c), bacterial 
CSMs showed greater dispersion under the same 
experimental conditions (Figure 3e). Cryo-TEM images 
confirmed monodisperse structures around 100 nm 
(Figure 4), but DLS indicated larger sizes (Figure 3e), 
likely due to vesicle clustering or aggregation in solu-
tion, a phenomenon that has been previously docu-
mented in studies on synthetic and natural vesicle 
systems [67]. The discrepancy stems from differences 
in technique: Cryo-TEM captures individual, unhydrated 
vesicles in frozen states, while DLS measures hydrody-
namic diameter, which reflects hydration layers, defor-
mation, and potential aggregation. Factors such as 
ionic strength and temperature during DLS may fur-
ther promote apparent size increases, as seen in ther-
mal stability tests (Figure 3). Optimizing buffer 
conditions and centrifugation protocols could mini-
mize aggregation and better align DLS with Cryo-TEM 
data. Although negative-stain TEM can provide higher 
contrast, it may distort vesicle shape and apparent 
membrane thickness; for this workflow we prioritized 
cryo-TEM to preserve native features.

Moreover, the lower concentration of bacterial CSM 
in the cryo-TEM due to additional Ni2+ affinity purifica-
tion (see  section Cellsomes visualization in Cryo-TEM) 
may also explain size differences. Furthermore, 
vesicle-vesicle interactions might hinder cell transforma-
tion, further suggesting that current methods for gen-
erating bacterial CSMs by extrusion need significant 
refinement. Using E. coli strains with altered peptidogly-
can, such as ΔnlpI mutants or cultures supplemented 
with 1% glycine, can enhance vesicle production and 
plasmid loading [70]. Selecting small, high-copy 

plasmids further increases incorporation [71]. 
Post-formation approaches, including electroporation or 
cell-penetrating peptides, markedly improve nucleic 
acid encapsulation [72]. Finally, optimizing extrusion 
with suitable buffers, alongside stabilizers like trehalose, 
helps maintain vesicle integrity and functionality [73].

Natural OMVs can package plasmid/genomic DNA 
and mediate horizontal gene transfer (HGT) between 
bacteria under defined conditions. Reports include 
several Gram-negative species where OMVs carry plas-
mids and transfer them to cell recipients [74–78]. 
Mechanistically, OMV biogenesis and composition (LPS 
architecture, outer-membrane proteins, periplasmic 
content) are thought to support docking, fusion, or 
uptake pathways [70,79]. In contrast, extruded CSMs, 
assembled from disrupted membranes with mixed ori-
entation, may lack the curated outer-membrane land-
scape and biogenesis-linked factors that favour DNA 
delivery, which could explain the absence of transfor-
mants observed here (Figure 8). We also note that our 
plasmids are relatively large and highly supercoiled 
polyanions; without cation bridging (e.g. Ca2+/Mg2+) or 
fusogenic cues, successful release across the 
Gram-negative envelope is unlikely. Future directions 
may involve outer membrane characterization by opti-
mizing sample preparation to enrich outer membrane 
fractions and lipopolysaccharides (LPS), including the 
use of specific outer membrane protein markers [79]. 
Incubation protocols could be refined by incorporating 
Ca2+ and Mg2+ ions to reduce electrostatic repulsion 
[80]. Additionally, insights from hypervesiculating 
mutants such as ΔnlpI and ΔtolA may inform vesicle 
composition strategies [70]. Finally, DNase protection 
assays, with and without detergent treatment, could 
be employed to confirm the presence of intravesicular 
DNA [79]. Together, these considerations suggest that 
OMV-like delivery is not recapitulated by simple extru-
sion and that CSM-mediated bacterial transformation 
will require further engineering. Challenges in produc-
ing transformation-competent bacterial CSMs via 
extrusion may also stem from contamination with cel-
lular components like peptidoglycans or inner mem-
brane remnants. Enhancing the production process by 
incorporating or mimicking key features of natural ves-
icles could improve fusion and delivery efficiency.

Our findings introduce an alternative strategy for 
generating cell membrane–derived vesicles as a substi-
tute for naturally secreted extracellular vesicles. This 
approach addresses some of the inherent variability 
and limited scalability associated with native vesicle 
production, offering a more controllable platform for 
biomimetic delivery. By leveraging extrusion-based 
methods, we preserve key membrane components 
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that may contribute to biological compatibility, while 
enabling customization of cargo loading. These fea-
tures position extruded vesicles within the broader 
landscape of synthetic and semi-synthetic delivery sys-
tems, where the balance between structural fidelity 
and functional tuneability remains a central challenge. 
Future work should explore how this strategy com-
pares to other biomimetic carriers in terms of stability, 
targeting, and immunogenicity, thereby clarifying its 
potential role in therapeutic and diagnostic applications.

In conclusion, while extruded CSMs show strong 
potential for biomedical uses, including drug delivery 
protein transport, and imaging agents, their effective-
ness in genetic material transfer remains limited. 
Comparing these results with previous studies on nat-
ural bacterial vesicles emphasizes the unique attributes 
that natural vesicles possess in gene transfer, attributes 
that CSMs could potentially be engineered to replicate. 
Future research should focus on refining CSM compo-
sition and encapsulation methods to fully exploit their 
therapeutic potential.
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