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Nitrogen cavitation enables rapid and high-yield
preparation of functional cell-membrane-derived
vesicles
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Cell-membrane-derived vesicles (CMDVs) are increasingly utilized for the delivery of bioactive molecules
due to their retention of membrane proteins, low immunogenicity, and biocompatibility. However,
existing preparation methods (such as homogenization, sonication, and extrusion) struggle to strike
a balance between scalability and structural integrity. More importantly, these methods lack subcellular
selectivity, often leading to contamination from nuclei, mitochondria, lysosomes, and peroxisomes,
which compromises the purity of the vesicles. Here, we present an optimized nitrogen cavitation-based
workflow for the CMDV preparation within <2 hours. Using nanoluciferase-expressing HEK 293 cells
(HEK 293_NLuc), we validated that this method is highly robust, allowing for successful CMDV
generation under varying cell densities and pressures, as well as under high viscosity and salt conditions,
with uniform particle size, minimal contamination, and preserved membrane-associated bioactivity.
Functional assays confirmed enhanced cytotoxic T lymphocyte (CTL) cytotoxicity and enzymatic
retention. This method offers a rapid, scalable, and function-preserving platform for CMDV production,

rsc.li/nanoscale-advances

Introduction

Membrane vesicles constitute a broad family of lipid bilayer
nanoparticles originating from either endogenous biogenesis
pathways or controlled physicochemical processing. This cate-
gory includes extracellular vesicles (EVs),' such as exosomes
derived from the endosomal MVB pathway, and microvesicles
shed directly from the plasma membrane, as well as engineered
vesicles such as cell-membrane-derived vesicles (CMDVs)** and
cell-bound membrane vesicles (CBMVs).”® Despite their distinct
origins, these vesicles preserve key membrane features of the
parent cell, including protein topology, lipid-raft organization,
and receptor presentation, enabling intercellular communica-
tion and cargo transfer. EVs have been widely explored for
diagnostics and therapy; however, their natural secretion is
intrinsically low, and current isolation approaches (ultracen-
trifugation, density gradients, SEC) remain labor-intensive, low-
throughput, and difficult to scale.>*® Many of these techniques
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enabling broad applications in drug delivery, immunotherapy, and biomimetic system design.

also risk compromising EV integrity, bioactivity, or purity,
especially when large volumes are processed."™* These limita-
tions create a bottleneck for producing EVs at sufficient yield,
purity, and reproducibility for translational applications.***
To address these limitations, artificially generated CMDVs
have emerged as a rapidly advancing class of engineered
membrane vesicles that reproduce the surface architecture,
membrane topology, and receptor repertoires of their parental
cells while enabling precisely tunable, high-yield produc-
tion.>*'* Similar to EVs, these CMDVs inherit the surface
function of their parent cells, conferring superior biocompati-
bility, low immunogenicity, and long circulation time.'®"
Existing fabrication methods (such as mechanical extrusion,
probe sonication, freeze-thaw cycling, or high-pressure
homogenization) can disrupt the plasma membrane but often
at the cost of extensive nanodomain disorganization, uncon-
trolled heat generation, and non-selective rupture of intracel-
lular organelles. This leads to contamination by nuclear DNA,
histones, lysosomal hydrolases, or mitochondrial DAMPs, all of
which compromise vesicle purity, immunological safety, and
functional reproducibility.'®'**® Therefore, an ideal method for
producing CMDVs must simultaneously achieve high process-
ing efficiency, structural selectivity, preservation of membrane-
associated functional proteins, minimization of subcellular
contamination (such as nuclear envelope or organelle-derived
components), and scalability for reproducible manufacturing.
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Nitrogen cavitation offers a gentler and more uniform
mechanical disruption strategy compared to conventional
methods and was originally developed for subcellular
fractionation.”*® In nitrogen cavitation, cells are equilibrated
with inert nitrogen gas under a defined pressure, allowing
nitrogen to dissolve into the cytosol and intermembrane spaces.
Rapid decompression triggers sub-millisecond adiabatic expan-
sion of intracellular microbubbles, generating intense local shear
forces and transient transmembrane pressure gradients. At the
moment of release, the extracellular pressure drops to atmo-
spheric levels while the intracellular compartment remains at the
pre-set saturation pressure, mechanically rupturing the plasma
membrane before cytoskeletal or membrane-protein complexes
can reorganize to dissipate the stress.> Unlike static overpressure
lysis, nitrogen cavitation produces localized shear fields that
perforate and vesiculate membranes without uniform crushing,
while adiabatic cooling (Joule-Thomson effect) mitigates thermal
denaturation, and the inert atmosphere prevents oxidative
damage or detergent-induced artifacts. By adjusting the applied
pressure to exploit differential rupture thresholds between
organelles, this method enables selective disruption of target
membranes while preserving the integrity of more resilient
subcellular structures. Consequently, membrane morphology
and protein integrity are preserved more effectively than with
chemical lysis or sonication.”*?

Although previously applied for organelle isolation, its use in
generating CMDVs from whole cells has remained underex-
plored. In our prior studies, we demonstrated that nitrogen
cavitation, under detergent-free conditions, could successfully
release functional membrane proteins, such as interferon-y
receptor (IFN-yR), from intact cells.>® This confirmed the
method's ability to preserve sensitive transmembrane protein
conformation and supports the core premise of the present
invention: a shear-based vesicle generation platform that
combines structural selectivity with biofunction retention.
Here, we investigate nitrogen cavitation as a rapid, scalable, and
function-preserving method to prepare CMDVs derived from
HEK 293_NLuc cells (CMDVs™EX 293-Nu¢) apq CTL (CMDVs©™)
within <2 hours. We provide an integrated evaluation of phys-
ical and chemical properties, organelle contamination, func-
tional retention, including immune effector enhancement, and
enzymatic activity.

Materials and methods

Cell lines and culture conditions

CTLs were maintained in RPMI-1640 supplemented with 10%
fetal bovine serum (FBS) and 10 ng per mL IL-2. HEK 293_NLuc
cells were maintained in DMEM supplemented with 10% FBS.
Cells were grown at 37 °C under 5% CO, and harvested at 70-
80% confluence. Before CMDV production, cells were washed
twice with PBS and counted using a hemocytometer.

Nitrogen cavitation

Washed cells were resuspended in hypotonic lysis buffer
(10 mM HEPES, pH 7.4, 10 mM KCl, 1.5 mM MgCl,) at
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a concentration of 5 x 10° cells per mL and incubated on ice for
10 minutes. Then, cell suspensions were transferred to
a nitrogen cavitation bomb (Parr Instrument Company), pres-
surized to different pressures (300, 450, 600 psi) with N, gas,
and incubated for 10 minutes at 4 °C. The pressure was then
rapidly released to induce cavitation and membrane rupture. To
assess the robustness of this method, HEK 293_NLuc cells were
also resuspended at a high density (2.5 x 107 cells per mL) and
in different buffers (350 mM sucrose and 300 mM NacCl).
Subsequently, the CMDVs were prepared according to the
aforementioned method, maintaining the pressure at 300 psi.
For each set of preparation conditions, CMDV preparation was
conducted in at least three batches.

Centrifugation-based CMDV enrichment

Post-cavitation lysates were subjected to stepwise centrifugation
at 4 °C to fractionate cellular components: 1000 x g for 10
minutes to remove nuclei and large debris, followed by 10 000 x
g for 45 minutes to eliminate mitochondria, lysosomes, and
other dense organelles. Depending on the intended application
and purity requirements, an additional ultracentrifugation step
was optionally performed twice at 160 000 x g for 90 and 120
minutes to collect highly purified CMDVs. This step was con-
ducted using a Beckman Coulter Optima XPN-100 ultracentri-
fuge with a SW32Ti rotor and was primarily used for
downstream applications requiring high structural homoge-
neity and minimal contaminants, such as membrane protein
analysis or therapeutic vesicle formulations.

Physicochemical properties and morphological
characterization of CMDVs

Size distribution and concentration of CMDVs were measured
by nanoparticle tracking analysis (NTA, Particle Metrix, Ger-
many). The sample was diluted with ultrapure water according
to its concentration, and injected into the detection pipeline at
a constant speed using a 1 mL syringe. When the instrument
detects a particle count of 50-200 in the preview field, CMDV
concentration and size were detected and analyzed. The zeta
potential of the CMDVs was characterized using dynamic light
scattering (DLS, Zetasizer Ultra, United Kingdom). For trans-
mission electron microscopy (TEM) imaging, 10 pL of the
CMDV suspension was dropped onto a clean 200 mesh carbon-
coated grid (cat no. BZ11022a, Zhongjing Technology). The
copper grid was placed face down onto the CMDVs, allowing
adsorption for 10 minutes. The grid was then dried and stained
with 3% uranyl acetate for 1.5 minutes. Then, the CMDVs on the
copper grid were observed using a JEM-1400 Plus TEM at 80 kV.
Images were captured using the RADIUS software.

Purity characterization of CMDVs

Western blotting was performed to detect the organelle protein
marker in CMDVs. The CMDVs were lysed using 10x RIPA
buffer, and the protein extracts were separated by 4-12%
gradient SDS-PAGE, followed by the transfer of proteins onto
a PVDF membrane using a 100 V. After blocking with 5% skim
milk for 60 minutes, the membrane was incubated separately

© 2026 The Author(s). Published by the Royal Society of Chemistry
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with anti-EEA1 antibody (BD Biosciences, cat no. 610457), anti-
antibody (Abcam, cat ab133615), anti-
nanoluciferase antibody (Promega, cat no. N700A), anti-
GM130 antibody (Cell Signaling Technology, cat no. 12480T),
anti-lamin B1 antibody (Proteintech, cat no. 12987-1-AP), anti-
LAMP1 antibody (Abcam, cat no. ab24170), and anti-VDAC1
antibody (Abcam, cat no. ab154856). These primary antibodies
were incubated overnight at 4 °C, followed by a 60 minutes
incubation with the goat anti-rabbit IgG-HRP secondary anti-
body or rabbit anti-mouse IgG-HRP secondary antibody. The
membrane was then incubated with the ECL sensitive lumi-
nescence solution for 1 minute before imaging using the gel
imaging system (ChemiScope 6100, CLINX).

calnexin no.

Theoretical vesicle yield estimation

To estimate the theoretical upper limit of vesicle yield per cell,
we constructed a geometrically derived model based on surface
area considerations. This model assumes that the plasma
membrane serves as the predominant source of vesicle material
and that the resulting vesicles are uniform (monodisperse) and
spherical. Using Jurkat T cells as a representative case, given
their near-spherical morphology with an average diameter of
approximately 15 pm, the total available plasma membrane
surface area can be calculated using the standard formula for
the surface area of a sphere:

15\°
Ace = 411 =41 (7> = 47t(7.5)* = 47t x 56.25 = 706.86 um>

The surface area of a single vesicle (Ayesicle) With a diameter of
125 nm (0.125 pm) is:

Ayesicle = 47017 = 47(0.0625)? = 41 x 0.00391 = 0.0491 pm?

Assuming 100% of the cell's plasma membrane is converted
into vesicles without overlap or waste, the theoretical upper
limit of vesicle yield (N) per cell is:

Aen _ 706.86

N= Aveie 0.0491

= 14396 vesicles

For the calculation of the actual vesicle yield in the experi-
ment, the total number of obtained vesicles was divided by the
total number of cells, thereby obtaining the number of vesicles
produced per cell.

Enzymatic activity assay of purified CMDVs"FX 293-Ntue

According to the Nano Glo® Live Cell Assay kit (N2011, Prom-
ega), the substrate and buffer were mixed in a ratio of 1:19,
then the mixture was mixed with the CMDVs"FX 293-NLue jpy
a volume ratio of 1: 5 and added to a transparent 96-well plate.
The bioluminescence intensity was immediately detected by an
enzyme-linked immunosorbent assay (ELISA) reader (Synergy™

H1, BioTek).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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CMDVs“™-mediated killing assay

1000 MC38-OVA cells were seeded into a 96-well plate for 48 h.
Then, hypotonic lysis buffer and CMDVs“™ were added to the
cells and treated for 24 h, and then cell numbers were counted
by FACS.

1 — left cell number of treated well

0
cell number of untreated well | 100%

Killing efficiency =

Results and discussion

Setting up the protocol for CMDV preparation via nitrogen
cavitation

To harvest function-preserving and minimally contaminated
CMDVs, we established a protocol and optimized key steps for
the preparation of CMDVs via nitrogen cavitation (Fig. 1).

First, we selected a mildly hypotonic buffer, specifically
designed to induce gentle osmotic swelling of cells and sensi-
tize the plasma membrane to shear-induced rupture. This low-
ionic-strength formulation promotes membrane relaxation
without triggering premature lysis or compromising organelle
integrity. Importantly, the buffer maintains near-physiological
pH and avoids the use of detergents, thereby preserving the
structural integrity and bioactivity of membrane-embedded
proteins.” The inclusion of Mg”* further stabilizes nuclear
and ribosomal components during disruption. In addition, the
reduced ionic strength helps minimize vesicle aggregation and
facilitates cleaner post-cavitation separation, contributing to
improved vesicle yield and purity. Second, the optimal pressure
is a key parameter for avoiding contamination from the
organelle membrane. Nitrogen cavitation has been used for cell
homogenization. Generally, the cell membrane, endosomes,
endoplasmic reticulum (ER), and Golgi apparatus (Golgi) are
composed of delicate lipid structures that readily fragment into
vesicles during cavitation under applied low pressure.”®*>* In
contrast, mitochondria, lysosomes, peroxisomes, and nuclei
possess multilamellar or enzyme-rich membranes with high
mechanical resilience, allowing them to remain structurally
intact after cavitation with lower pressure.***” Thus,
selecting the appropriate working pressure is essential to enable
controlled rupture of plasma membranes and fragile internal
compartments while maintaining intact denser, mechanically
robust organelles. Nitrogen gas is loaded into the cavitation
chamber and equilibrated for 10 minutes on ice. Rapid
decompression induces intracellular nitrogen bubble expan-
sion, generating uniform shear forces that rupture the plasma
membrane and labile internal membranes. As shown in Fig. 1,
nuclei, mitochondria, and lysosomes remain structurally intact
by optimizing the pressure. In contrast, cell membranes, the
ER, and the Golgi are fragmented into membrane-bound
vesicles.

Then, the centrifugal separation is tuned to match known
organelle-specific thresholds. A 1000 x g spin removes nuclei
and large debris; 10000 x g clears mitochondria, lysosomes,
and other dense organelles. For applications requiring higher
purity or downstream  validation, an  additional
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Fig.1 Workflow of CMDV preparation via nitrogen cavitation. (1) Cultured cells were collected and resuspended in a mildly hypotonic buffer to
increase membrane susceptibility to cavitation. (2) During pressure equilibration at a specified cavitation pressure, nitrogen gas diffuses across
the plasma membrane and dissolves into both the cytosol and the lipid bilayer. (3) Rapid decompression induces intracellular microbubble
nucleation and expansion, generating localized shear forces that preferentially rupture the plasma membrane while preserving mechanically
robust organelles such as nuclei, mitochondria, lysosomes, and peroxisomes. Cavitation releases cytosolic contents and membrane fragments
that spontaneously reseal to form CMDVs. (4) The crude lysate contains CMDVs, cytosolic proteins, membrane fragments, and intact organelles.
(5) Differential centrifugation at 1000 x g for 10 minutes removes intact cells and nuclei. (6) A subsequent 10 000 x g spin for 45 minutes pellets
mitochondria, lysosomes, and other dense organelles. An optional ultracentrifugation step (e.g., 160 000 x g) was employed in this study to
further purify CMDVs by removing free proteins and residual contaminants. (7) The resulting supernatant is enriched in CMDVs, which exhibit
preserved membrane architecture and functional surface components. Created with Biorender.com.

ultracentrifugation step at 160 000 x g can be optionally per- we initially examined the influence of varying nitrogen pres-
formed to pellet highly purified vesicles. This step is not sures (300, 450, and 600 psi) on CMDVs™EX 293-NLue formation,
essential to vesicle formation but enhances structural unifor- The detailed characterization of CMDVs was analyzed by NTA
mity for characterization or therapeutic use. The resulting and TEM. As shown in Fig. 2a, NTA measurements revealed
CMDYV fraction consists predominantly of small vesicles derived median CMDV diameters of 125 nm, 105 nm, and 106 nm,
from the plasma membrane and disassembled internal respectively, corresponding to the 300, 450, and 600 psi condi-
compartments (e.g., endosomes, the ER, and Golgi) with tions. Zeta potential measurements showed strongly negative
minimal contamination from intact subcellular organelles. This  surface charges, ranging between —28 and —31 mV (Table 1).
process design enhances product purity and ensures composi- Furthermore, NTA data indicated an increase in the total CMDV
tional consistency of the vesicle population. Notably, the count from 1.28 x 10" to 1.93 x 10" particles as the pressure
primary advantage of this method is its capacity to enable rapid was elevated from 300 to 600 psi, suggesting that higher pres-
preparation and purification within <2 hours, while preserving sure favors the production of smaller, more numerous vesicles.
the bioactivity of the biomolecules involved. Meanwhile, the TEM imaging demonstrated that CMDVs derived from under
methods can effectively mitigate the contamination by extra- different pressures shared a similar membrane integrity and
neous organelle components that commonly arise from manual cup-shaped morphology with minimal evidence of aggregation
homogenization procedures. Further, this streamlined work- and cellular debris, or contamination from other organelles
flow supports both scalability and reproducibility, making it (Fig. 2b-d).

well-suited for downstream functional studies and therapeutic To further validate whether CMDVs are contaminated with
development. subcellular organelles, such as mitochondria, lysosomes, and
nuclei, we performed western blotting analysis using organelle-
specific protein markers under increasing pressure. Western
blotting confirmed effective organelle removal, showing that
mitochondrial (VDAC1), nuclear (Lamin B1), and lysosomal

Consistent with the above discussion, nitrogen pressure is (LAMP1) markers were nearly absent in purified CMDVs. This
critical for the successful preparation of CMDVs. Consequently,

Influence of preparation conditions on the production of
CMDVs

2024 | Nanoscale Adv., 2026, 8, 2021-2030 © 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Characterization of CMDVsHEK 293-NLue nroquced under different pressures. (a) The size distribution of CMDVs
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under different pressures (300, 450, and 600 psi). (b—d) TEM imaging of (b) CMDVsHEK 293-NLuc roqyced under 300 psi, (c) CMDVsHEK 293-NLue
produced under 450 psi, and (d) CMDVs™EK 293-Ntuc pradquced under 600 psi. (e) Western blotting of different organelle protein markers in
CMDVsMEK 293-NLue Engosome marker: EEAL membrane protein: NLuc, ER marker: Calnexin, Golgi marker: GM130, nucleus marker: Lamin B1,

lysosomal marker: LAMP1, mitochondrial marker: VDAC1.

suggests that robust organelles like nuclei, mitochondria, and
lysosomes were successfully excluded during differential
centrifugation, maintaining their integrity and separability even
under the highest applied pressure (Fig. 2e). This also indicates
that the pressure selection range for vesicle preparation is more
flexible (it should be noted that the pressure threshold may vary
depending on the cell type). For the included marker, the
endosomal marker EEA1, the ER marker calnexin, the cell
membrane marker CD63-NLuc, and the Golgi marker GM130
appeared in all condition groups. This suggests that the
enriched vesicles mainly originate from these organelle
membrane structures (Fig. 2e).

Furthermore, the influence of nitrogen cavitation may also
be modulated by cell density and solution properties, as these
factors can affect nitrogen permeation into cells. To test this, we
prepared CMDVs at a fivefold increased cell density (2.5 x 107
cells). The results showed that the size and the zeta potential of
CMDVs are 109 nm and - 40 mV, respectively (Fig. 3a and Table
1), and have classical cup-shaped morphology (Fig. 3b).
Organelles with lower mechanical resistance, including endo-
somes, the ER, Golgi, and cell membrane, can still be assem-
bled and detected in CMDVs, especially CMDVs derived from
the Golgi were enriched compared those generated at low cell
density. However, the level of contamination from the nucleus

Table 1 Physicochemical properties of CMDVs generated under different conditions

Preparation Total number Size/nm Polydispersity Zeta potential/mVv
Cell line conditions of CMDVs (mean + SD) index (PDI) (mean + SD)
HEK 293_NLuc Pressure 300 psi 1.28 x 10" 125.2 + 2.6 0.3877 —29.9 + 8.3
450 psi 1.40 x 10 105.1 4+ 2.9 0.3251 —28.6 £12.4
600 psi 1.93 x 10! 105.6 + 6.2 0.2639 —29.8 + 4.1
Cell density 2.5 x 10”/mL 2.73 x 10" 108.7 + 1.8 0.2515 —40.0 £ 6.4
Buffer 350 mM sucrose 6.83 x 10'° 119.4 4+ 2.8 0.395 —28.1 + 8.5
300 mM NaCl 4.46 x 10" 112.5 4+ 3.9 0.2062 —31.24+4.7

© 2026 The Author(s). Published by the Royal Society of Chemistry
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also rose slightly (Fig. 3c). Subsequently, we examined vesicle
preparation in both a high-viscosity sucrose buffer and a high-
salt NaCl buffer. The size and zeta potential of the vesicles
prepared under high-viscosity and high-salt conditions were
essentially consistent with those prepared under mildly hypo-
tonic buffer conditions (Fig. 3d and Table 1). Still, there is no
contamination from the higher mechanical resistance organ-
elles (Fig. 3e), but CMDVs produced under high-viscosity and
high-salt conditions are almost derived from endosomes. The
CMDVs also preserved a highly intact structural morphology in
both high viscosity and salt buffer (Fig. 3f and g). However, the
total CMDV count decreased 47% and 65% under high-viscosity
and high-salt conditions, respectively (Table 1), indicating that
the buffer has a significant effect on the yield and origin of
vesicles.

To assess the efficiency of CMDV production, theoretical
models were used to estimate the vesicle yield of CMDVs that
can be generated per cell as a function of vesicle diameter (red
curve), based on plasma membrane surface area, and with
experimental outputs (Fig. 4). The vesicle yield of CMDVs
increased with the increase of nitrogen pressures, and it is
higher than the predicted yield based on the membrane area.
This suggests that the method produces vesicles from diverse

2026 | Nanoscale Adv., 2026, 8, 2021-2030

cellular membrane sources. Additionally, higher pressure leads
to the assembly of more mechanically sensitive membrane
organelles into vesicles. Furthermore, the vesicle yield of
CMDVs produced under higher cell density, high-viscosity, and
high-salt conditions was below the theoretical prediction,
aligning with the NTA measurement results.

Together, the results suggest that the method developed for
CMDV preparation via nitrogen cavitation is highly robust,
allowing for successful CMDV generation under varying cell
densities and pressures, as well as under high viscosity and
ionic strength conditions. Nevertheless, it must be stressed that
the membrane origin of the assembled vesicles and their yield
are influenced by experimental parameters. Consequently, for
effective vesicle preparation using this method, optimization of
the production parameters according to the cell source and
specific experimental conditions is required to produce suitable
vesicles based on the downstream applications.

Functional validation of CMDVs

Since vesicles are mainly utilized for the efficient delivery of
bioactive molecules, preserving their activity is a key consider-
ation in vesicle preparation methods. To further assess vesicle

integrity and functional preservation, CMDVs"FK 293-NLu¢ wyere

© 2026 The Author(s). Published by the Royal Society of Chemistry
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purified by ultracentrifugation, followed by NLuc activity anal-
ysis (Fig. 5a). The yield of highly purified CMDVs can reach 2400
particles per cell after two ultracentrifugation steps, which
indicates that the developed method enables high-yield prepa-
ration of CMDVs (Fig. 4). TEM revealed that the purified CMDVs
exhibited the expected cup-shaped morphology with intact lipid
bilayers, confirming high structural uniformity and membrane
preservation (Fig. 5b). Notably, enzymatic assays demonstrated
that NLuc activity was retained in the CMDVs after processing,
indicating successful protection of membrane-bound func-
tional proteins during cavitation and purification (Fig. 5c). To
further determine whether the prepared CMDVs have the bi-
ofunction as a therapeutic system, the tumor cytotoxicity was
tested using CMDVs“™. The size and the zeta potential of
CMDVs“™ with cup-shaped morphology are 140 nm and
—35 mV, respectively (Fig. 5d and e). Western blotting
confirmed that there is no contamination from mechanically
robust organelles (Fig. 5f). The CMDVs“™" were co-cultured with
MC38-OVA cancer cells, and the cell viability was tested by flow
cytometry. As shown in Fig. 5g, their killing efficiency exceeded
60% compared with the control buffer. Thus, these results
indicate that CMDVs preserve the bioactive content of their
donor cells and confirm their potential for producing function-
preserving vesicles.

Discussion

Cell-derived vesicles are widely recognized for preserving the
membrane composition and functional surface proteins of their
donor cells, offering inherent biocompatibility, long circulation
times, and intrinsic targeting capabilities.***®* However, EVs—
being secreted through tightly regulated but slow biological
processes—typically exhibit low yields, often requiring pro-
longed culture and large input volumes, which limit their

© 2026 The Author(s). Published by the Royal Society of Chemistry
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scalability for preclinical and translational applications.'*®
CMDVs can be produced directly from whole cells through
a variety of physical disruption methods, offering a more rapid
and scalable alternative. However, commonly used techniques,
such as extrusion, sonication, freeze-thaw cycling, and
homogenization, frequently subject cells to substantial
mechanical or thermal stress.**> These techniques can disrupt
membrane architecture, create heterogeneous vesicle pop-
ulations, and release intracellular components such as genomic
DNA, histones, lysosomal hydrolases, and oxidative
enzymes."»*** As a result, vesicle preparations frequently
contain contaminants derived from nuclei, lysosomes, mito-
chondria, or peroxisomes, which complicate downstream
functional analyses and pose challenges for standardization
and safety evaluation.***” These limitations highlight the need
for a CMDV production platform that achieves high yield while
maintaining structural selectivity and minimizing organelle-
derived impurities.

Our results show that nitrogen cavitation addresses these
challenges by providing controlled and selective membrane
disruption. During pressure equilibration, dissolved nitrogen
accumulates in both the cytosol and lipid bilayer. Rapid
decompression induces microbubble nucleation and expan-
sion, generating localized shear forces that preferentially
rupture the plasma membrane, which has a lower mechanical
failure threshold than nuclei, mitochondria, lysosomes, and
peroxisomes. This selective disruption is consistent with the
minimal levels of organelle-associated contaminants detected
in our CMDV preparations. Importantly, cavitation avoids the
high thermal loads and non-uniform shear commonly associ-
ated with sonication or homogenization, thereby preserving
membrane protein conformation and vesicle integrity.

CMDVs generated by nitrogen cavitation retain key
membrane-bound functionalities, including receptor presenta-
tion, ligand interactions, and enzymatic activity. Functional
validation assays further demonstrate their capacity to enhance
CTL-mediated cytotoxicity, indicating conservation of biologi-
cally relevant signaling capabilities. In addition, cavitation-
derived CMDVs remain compatible with established purifica-
tion workflows such as ultracentrifugation,*® SEC,* and enzy-
matic digestion,* allowing integration into stringent quality-
control pipelines when needed. This modularity enables
downstream engineering applications, including membrane
hybridization, vesicle-nanoparticle assembly, and synthetic-
biology-based surface modifications.*® Overall, the mecha-
nistic selectivity, structural preservation, and functional reten-
tion demonstrated in this study support nitrogen cavitation as
a robust and scalable strategy for CMDV generation.

Nitrogen cavitation also has inherent limitations. Rupture
selectivity is cell-type dependent, as different cells exhibit
distinct mechanical thresholds, requiring pressure optimiza-
tion for each system. Although cavitation reduces organelle
contamination, size heterogeneity can still occur, necessitating
additional purification for applications requiring high unifor-
mity. Extremely fragile or highly vacuolated cells may also
experience non-selective rupture. Finally, because cavitation

Nanoscale Adv., 2026, 8, 2021-2030 | 2027
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bypasses endogenous vesicle biogenesis, it cannot be used to
study natural cargo-sorting or EV secretion pathways.

Conclusion

In this study, we propose a streamlined strategy for generating
CMDVs via nitrogen cavitation. This modularity makes the
method compatible with downstream integration into
bioreactor-based production systems, membrane-coating
workflows, or CMDV-nanoparticle hybrid constructs. Beyond
acting as delivery vehicles, CMDVs can serve as modular
building blocks in a wide range of applications, including cell
membrane hybridization, immune modulation, and biomi-
metic coatings.’® By coupling this approach with emerging
technologies in synthetic biology and drug formulation, CMDVs
may be further engineered for targeted delivery, immune
evasion, or biosensing functions. In conclusion, we have
developed a rapid, scalable, and function-preserving method to
prepare CMDVs using nitrogen cavitation. This platform
enables consistent production of structurally intact and bio-
logically active vesicles, offering a practical foundation for
advancing CMDV-based therapeutics and translational
applications.
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