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ABSTRACT

Biomimetic nanosystems and vesicles have arisen as a novel approach to design vesicular transport systems with diverse
therapeutic potential. The ‘biomimetic’ strategy involves the integration of cell membrane components into lipid bilayers,
conferring them with biological properties originating from the cell of origin. Until now, most studies have primarily focused on the
evaluation of the biological activity and function of different biomimetic nanosystems with limited exploration of the engineering
parameters selected and little characterization of their features at the molecular level. This study aimed to address this knowledge
gap by describing a preparation method for biomimetic lipid vesicles using traditional liposome fabrication principles and cellular
components exclusively derived from glioblastoma (GL261) cell membrane proteins. Critical engineering parameters were studied,
such as bilayer lipid and cholesterol content, the degree of surface PEGylation and some processing aspects like purification and
quantification. Following fabrication, the GL261-derived vesicles underwent purification using size exclusion chromatography
to separate unbound proteins from the vesicles. Subsequently, the GL261-derived vesicles were characterized by cryo-EM and
differential scanning calorimetry (DSC) to assess their morphological and thermal properties, respectively. Both cholesterol and
PEGylated lipid content played an important role on the structural and colloidal features of the biomimetic vesicles (BV). Mass
spectroscopy (LC-MS/MS) revealed the proteomic signature of the fabricated vesicles at the molecular level. Collectively, these
findings advance the rational engineering of BV and offer an in-depth proteomic framework that reveals their molecular identity
and functional potential. By connecting the design principles of fabrication with the molecular features of the vesicles, this study
paves the way for next-generation biomimetic platforms for cancer chemotherapy, immunomodulation and cancer vaccination.

1 | Introduction last years is the incorporation of cellular components into

these nanoparticles, mainly derived from the cell membrane,
Nanoparticle (NP) drug delivery systems are promising tools  generating hybrid vesicle systems with some biological properties
in nanomedicine, demonstrating remarkable clinical benefit in deriving from the cell of origin [1]. These ‘biomimetic’ systems
recent years. One of the strategies that has emerged over the attempt to address many of the challenges faced by more tra-
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ditional drug delivery strategies, such as providing long blood
circulation and stealth properties [2], offering specific targeting to
sites of interest [3, 4] and generating specific immune responses
[5]. More importantly, such approaches can also pave the way
to the development of personalized nanomedicines featuring
specific molecular components from each patient.

Under the umbrella of ‘biomimetic” systems, a considerable
number of different nanocarrier designs can be found, that can
generally be classified in two categories: cell-membrane wrapped
nanoparticles [4, 6] and biomimetic vesicles (BV) [7]. Cell-
membrane wrapped nanoparticles are composed of a synthetic,
usually solid or semi-solid (e.g. polymeric), NP core covered
by a membrane bilayer that includes cell-derived membrane
components. These systems are typically generated by a top-down
approach, where the deconstructed cell membrane components
are allowed to re-assemble onto nanoparticles by extrusion or
sonication methods. Alternatively, BV consist primarily of either:
(i) the whole cell membrane components (in some cases with
additional inclusion of synthetic lipids), termed as (cell) “ghosts”
[8, 9]; or, (ii) of synthetic lipids as the main lipid component,
with incorporation of a selected or random mix of protein extracts
from the cells of origin [10, 11]. The strategy of incorporating
selected protein cell components can theoretically offer some
advantages in comparison to the incorporation of the whole cell
membrane extract or the whole cell-lysates, mainly in minimizing
the complexity of the components to be incorporated, and offering
a more controlled system, hence facilitating more accurate and
potentially a more industrially translatable technology. Recent
studies using BV have reported various therapeutic applications,
such as anti-inflammation [12], chemotherapy [13-16], gene
therapy [17], targeted drug delivery [18-20], and immunotherapy
[21-24].

With regards to the preparation of BV, most published works
rely on traditional liposome fabrication techniques, such as lipid
film hydration with an aqueous solution of the biological source
followed by extrusion. There are relatively few investigations
using alternative fabrication techniques such as ethanol injection
[25] or microfluidics [26-28]. Although lipid film hydration is one
of the most established techniques for BV preparation, systematic
studies investigating the influence of key parameters, such as
lipid bilayer composition, surface functionalization, and related
physicochemical factors, remain scarce [10, 29, 30]. Consequently,
there is an urgent need to identify and optimize the key param-
eters that influence the fabrication of BV, ensuring their long-
term stability, reproducibility, and functionality. Development of
standardized protocols will be critical to advance these systems
toward clinical translation, ultimately unlock their full potential
for therapeutic applications.

Moreover, the majority of studies regarding BV focus on their
functional evaluation, rather than in their methodological opti-
mization and characterization, typically focused on measure-
ments of hydrodynamic radius and surface charge, as well as basic
morphological evaluation. The lack of characterization is espe-
cially noticeable in the proteomic analysis of the BV undertaken.
From the few studies that provide proteomic characterization, the
vast majority only perform qualitative evaluation by SDS-PAGE
and western blot, frequently to determine if certain proteins of
interest present in the source have been incorporated in the

resulting biomimetic systems. From the few studies that do
execute proteomics analysis by LC-MS/MS, most focused on
describing the proteins present in the cell sources used (and
not those that are part of the final BV) [31-33]. We consider
proteomic profiling of any biomimetic system crucial, and a
determinant factor of their downstream pharmacological and
biological performance.

One of the potential uses of BVs proposed is as a novel deliv-
ery system of therapeutics in the treatment of glioblastoma
multiforme (GBM). GBM is a grade IV malignant brain tumor
constituted by a genetically unstable and heterogeneous popu-
lation of cells, comprising tumoral cells, reactive astrocytes, and
cancer stem cells [34, 35], typically resistant to chemotherapy,
which are highly infiltrative. In addition, GBM is characterized
by a high cell mitotic activity and vascularization [36] that lead
to fast progression of the disease resulting in an aggressive
and invasive phenotype. To date, multiple strategies have been
attempted to improve its poor prognosis. The vast majority
of those have been unsuccessful attempts to develop efficient
targeted therapeutics, and biomimetic nanosystems have lately
been considered in that context [37]. Until now, the prepara-
tion of GBM cell-derived biomimetics has been little explored.
Most studies have focused on utilizing GBM-derived systems
to exploit their inherent homotypic targeting of homologous
tumors. For example, Jia et al. used glioma cell membrane
proteins to integrate with liposomal doxorubicin, and reported
their enhanced diffusion and penetration into GBM tissues [38].
Similarly, Li et al. engineered plasma membrane BV derived from
RG2 cells co-encapsulating the chemotherapeutics elemene and
cabazitaxel [39], while more recently Xu et al. fabricated U251IMG
cell membrane BVs carrying temozolomide and a proteolysis-
targeting chimera (PROTAC) BRD4 inhibitor to overcome GBM
chemoresistance [40]. Also, Arduino et al. also reported US7MG
cell membrane-derived vesicles co-loaded with paclitaxel and
carboplatin using an in-house 3D-printed microfluidic chip [41].
In all these studies, the BV exhibited strong homotypic targeting
toward GBM cells, enhanced blood-brain barrier (BBB) perme-
ability in vitro and significantly suppressed tumor growth in vivo
compared to conventional liposomal formulations. Alternative
approaches have explored the combination of membranes from
multiple cell types to endow hybrid vesicles with complementary
biological functions. For instance, Liu et al. fabricated hybrid cell
membrane-coated, ICG-loaded liposomes by combining B16F10
(melanoma) and G422 (glioblastoma) membranes, achieving
improved BBB penetration and tumour-specific accumulation for
enhanced image-guided glioma resection [42]. Likewise, Zhou
et al. developed a hybrid macrophage (RAW.264) and GBM (U87)
plasma cell membrane biomimetic vesicular system capable of
efficiently crossing the BBB and delivering paclitaxel to GBM cells
[43].

In this study, we sought to address the limited understanding of
how engineering variables influence the structural, biophysical,
and molecular characteristics of BV. Using a glioblastoma-derived
membrane protein source (GL261), which constitutes one of
the most widely used preclinical orthotopic GBM models, we
systematically examined key fabrication parameters, including
lipid and cholesterol ratios, PEGylation degree, and purification
conditions, and evaluated their impact on vesicle integrity and
composition. We further coupled these engineering assessments
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with detailed morphological, thermal, and proteomic characteri-
zation.

2 | Materials and Methods
2.1 | Membrane Protein Extraction

GL261 cells were seeded at a density of approximately 15 000
cells/cm? and cultured in Roswell Park Memorial Institute
(RPMI-1640) medium supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin-streptomycin solution. Cultures were
maintained at 37°C in a humidified incubator with 5% CO,
and 95% of relative humidity. After reaching a confluence of
around 90%, cells were expanded by removing old media, washed
twice with phosphate saline buffer (PBS) without calcium and
magnesium, trypsinized, and replated in new flasks with fresh
media. Cells expanded between passages 14 to 18 were used for
the preparation of membrane protein extracts. All culture media,
buffers, and supplements were purchased from Sigma-Aldrich
(Merck, Spain).

Protein extracts were produced using ProteoExtract Native Mem-
brane Protein Extraction Kit purchased from Sigma-Aldrich
(Merck, Spain, Cat. No. 444810). Briefly, after reaching a GL261
cell confluence of approximately 90% in a T75 flask, the old media
was removed and cells were washed twice with 5 mL of Washing
Buffer. Then, 6 mL of Extraction Buffer I and 30 puL of Protease
Inhibitor were added, and cells were incubated for 10 min at 4°C
and 0.5 g. The cell suspension was centrifuged for 10 min at 4°C
and 9 000 g. The supernatant was discarded, and the cell pellet
was resuspended in 3 mL of Extraction Buffer II and 30 uL of
protease inhibitor by pipetting multiple times up and down. The
resulting cell suspension was incubated for 30 min at 4°C and
0.5 g and centrifuged for 10 min at 4°C and 9 000 g. The pellet was
discarded and the supernatant contained the membrane protein
extract, which was quantified by fluorescamine assay.

2.2 | Liposomes and BV Preparation

Liposomes and glioblastoma BV were prepared using
1,2-dipalmitoyl-sn-glycero-3-phosphocholine ~ (DPPC,  Cat.
No. 850355P), 1,2-dimyristoyl-sn-glycero-3-phosphocholine
(DMPC, Cat. No. 850345P) and 1,2-dilauroyl-sn-glycero-3-
phosphocholine (DLPC, Cat. No. 850335P) purchased from
Avanti Polar Lipids, cholesterol purchased from Sigma-Aldrich
(Merck, Spain, Cat. No. C3045) and 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[carboxy(polyethylene  glycol)-1000]
(sodium salt) (DSPE-PEG,,,, Cat. No. 588200) purchased from
Lipoid GmbH. Several compositions were investigated by using
DPPC, DMPC, and DLPC as primary phospholipids and varying
the percentage of cholesterol (0%, 15%, and 40%), as well as the
degree of PEGylation (0%, 1%, and 5%) in the vesicles. Liposomes
and BV were produced by standard liposome preparation
techniques, such as lipid film hydration and extrusion. Briefly,
20 umol of lipid (with the appropriate amount of phospholipid
(DPPC, DMPC, DLPC), cholesterol and DPPC:DSPE-PEG,,)
were dissolved in chloroform:methanol (4:1 v/v) and the solvent
was evaporated to complete dryness in a rotary evaporator
equipped with a water bath at 45°C. For liposomes, the lipid film

was hydrated only with 2 mL of PBS, meanwhile for BV, it was
hydrated with 2 mL of protein extract at 300 ug/mL in PBS. In
both cases, the mixture was incubated in a water bath at 45°C for
1 h. The mixture was vortexed for a few seconds until full resus-
pension of the lipid film and extruded five times at 45°C with a
LIPEX liposome extruder (Evonik, Germany) equipped with poly-
carbonate membranes with porous size of 800, 400, and 200 nm.

2.3 | Dynamic Light Scattering (DLS) and Surface
Charge

The hydrodynamic size, polydispersity index and {-potential of
GL261-derived vesicles and liposomes were measured using a
Zeta-sizer Nano ZS (Malvern Panalytical, United Kingdom) using
disposable capillary cells by diluting 10 uL of sample in 1 mL of
samples in deionized water.

2.4 | Biomimetic Vesicle Purification

The purification of the GL261 BV was performed by size exclusion
chromatography. The efficiency of separation between the BV
and the unbound proteins was evaluated using two solid phases:
Sepharose CL-4B (Cat. No. CL4B200) and Sephadex G25 (Cat.
No. G2580), both purchased from Sigma-Aldrich. Econo-Pac
Chromatography Columns (Biorad, Spain) were filled with 10 cm
of previously hydrated size exclusion chromatography solid phase
and washed three times with saline buffer prior use. BV were then
introduced in the size exclusion chromatography column and
1 mL fractions were collected. Fraction eluted after introducing
BV inside the column was considered as fraction FO. The lipid
content in each of the fractions was analyzed by Stewart assay
whereas the protein content was analyzed by fluorescamine assay.
After purification, liposomes and BV were concentrated using
Vivaspin 6 (Sartorius) at 9,000 g and 4°C until reaching around
200 pL for protein quantification and proteomics analysis.

2.5 | Lipid Content Quantification by STEWART
assay

The lipid content in the vesicles was evaluated by the Stewart
assay. In a 1.5 mL Eppendorf tube, 400 pL of Stewart Reagent
(0.1 M FeCl; and 0.4 M NH,SCN in water, both purchased from
Sigma-Aldrich, Cat. No. 236489 and 221988) was added, together
with between 5 and 20 uL of vesicles and 1 mL of chloroform.
The biphasic mixture was vortexed for 20 s and centrifuged for
5 min at 20°C and 3 000 g. The organic phase is transferred
to a clean Eppendorf tube, and its absorbance was recorded at
470 nm. The absorbance was interpolated in a calibration curve
prepared with the same lipid formulation as the sample to obtain
the concentration of the sample.

2.6 | Protein Content Quantification by
Fluorescamine Assay

Fluorescamine assay was used for the quantification of the
protein content in the membrane protein extracts and the vesicle
samples. Briefly, 150 uL of sample in PBS was added into a black
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96 well fluorescence plate. Then, 50 pL of a 3 mg/mL solution
of fluorescamine (ThermoScientific, Cat. No. 43749) in DMSO
was added to each well and samples were homogenized by mild
shaking for 10 s. The fluorescence intensity was measured in
the plate reader SpectraMax iD3 at ICN2 Nanobioelectronics and
Biosensors Group, using excitation and emission wavelengths
of 400 and 460 nm, respectively. The fluorescence signal was
then interpolated onto a bovine serum albumin calibration curve
(BSA, ThermoScientific, Cat. No. 23210B), ranging from 10 to
200 pg/mL.

2.7 | Cryo-Transmission Electron Microscopy

The native morphology of the BV was studied by cryo-
transmission electron microscopy (cryoTEM) at the Joint Elec-
tron Microscopy Center at ALBA (JEMCA). Samples were
vitrified by depositing 3.0 pL of vesicles in a previously glow-
discharged grid (Micro to Nano, EMR Lacey Carbon support film
on copper 400 square mesh, Cat. No. 22-IMLC40), blotted for
4 s, and plunged into liquid ethane at —186°C (Vitrobot cryo-
plunger, Thermo Scientific). Samples were images in Glacios
200 kV transmission electron microscope (ThermoScientific)
with extreme field emission gun (X-FEG) optics, equipped with
a cryogenic sample manipulator robot and Falcon 4 direct
electron detector. The images were taken using an applied
defocus of -2.00 um, an exposition time of 6 s and a dose of
4263.85¢/nm?.

2.8 | Differential Scanning Calorimetry

The thermal properties of the BV and liposomes were analyzed
by Differential Scanning Calorimetry (DSC) at the Thermal
Analysis and Calorimetry Service from the Institute for Advanced
Chemistry of Catalonia (IQAC-CSIC). Briefly, 100 pL of sample
were placed in an aluminum sample holder and hermetically
sealed. Then, samples were placed in a DSC821 calorimeter
(Metler Toledo, New Zealand) together with an empty crucible as
a reference and underwent controlled heating from 0°C to 70°C
at 5°C/min, meanwhile monitoring the heat flow.

2.9 | Protein Analysis by SDS-PAGE

The proteins incorporated in the vesicles were visualized by
SDS-PAGE. The preparation of the sample consisted in mixing
20 uL of sample with 16 pL of Novex Tris-Glycine SDS Run-
ning Buffer (2X) (Invitrogen, USA, Cat. No LC2676) and 4 uL
NuPAGE Sample Reducing Agent (10X) (Invitrogen, USA, Cat.
No. NP0004). Samples were vortexed and incubated at 95°C for
5 min. After cooling down, samples were added to Novex Tris-
Glycine Mini Protein Gels, 4-20%, 1.0 mm, WedgeWell, using
Thermo Scientific PageRuler Prestained Protein Ladder (10 to
180 kDa, Cat. No. 26619) as a reference. Gels were run in Novex
Tris-Glycine SDS Running Buffer (Cat. No. LC2675) for 40 min
at 225V, stained for 3 h with Thermo Scientific Imperial Protein
Stain (Cat. No. 24615) and washed several times with ultrapure
water.

2.10 | Protein Analysis by Mass Spectrometry

Proteins contained in membrane protein extracts and BV were
digested using S-Trap micro columns, as published before by
our group [44, 45]. Briefly, samples containing 3 g of protein
were mixed with lysis buffer containing 5% SDS in triethylammo-
nium bicarbonate buffer (TEAB, 50 mM, pH 7.5; Sigma-Aldrich,
Cat. No. T7408) to enable protein denaturation prior reduction
with dithiothreitol (5 mM, ThermoScientific, Cat. No. BP172)
and alkylated iodoacetamide (15 mM; Sigma-Aldrich, Cat. No.
11149). Unreacted iodoacetamide was quenched with dithiothre-
itol (5 mM). Samples were centrifuged (14 000 g, 10 min, 4°C)
for the collection of protein lysates present in the supernatant.
Protein lysates were acidized with phosphoric acid (12%) and
mixed with six-volume equivalents of binding buffer (100 mm
TEAB in 90% methanol, pH 7.1). Proteins were immobilized
in S-Trap micro columns (ProtiFi, LLC, USA) by centrifugation
(4 000 g, 2 min, 4°C), washed with methyl tert-butyl ether:
methanol (1:3) and washed four times more with binding buffer.
Immobilized proteins were then digested with trypsin (0.1 ug/mL,
1 h, 47°C). Resultant peptides were eluted from S-Trap columns
using digestion buffer (50 mM TEAB), 0.1% formic acid in water
and 30% acetonitrile in water containing 0.1% formic acid. Peptide
samples were desalted using Oligo R3 beads (Life Technologies,
Cat. No 1133903) stored in 50% acetonitrile in water with 0.1%
formic acid in 30% acetonitrile and dried in a Speedvac Savant
(Thermo Scientific).

Digested samples were analyzed by liquid chromatography mass
spectrometry/mass spectrometry (LC-MS/MS). The separation
was performed on a Thermo RSLC system consisting of a
NCP3200RS nano pump, WPS3000TPS autosampler, TCC3000RS
column oven and analytical column (Waters nanoEase M/Z
Peptide CSH C18 Column, 130A, 1.7 um, 75 pym X 250 mm)
configured with buffer A as 0.1% formic acid in water and buffer
B as 0.1% formic acid in acetonitrile. A multistage gradient was
used varying the percentage of buffer B, as described: 1% to 6%
B over 2 min, 6% to 18% over 44 min, 18% to 29% over 7 min,
and 29% to 65% over 1 min before washing for 4 min at 65%.
Then, the multistage gradient was dropped down to 2% B in 1
min. The analytical column was connected to a Thermo Exploris
480 mass spectrometry system via a Thermo nanospray Flex Ion.
Fragmentation data was obtained from signals with a charge state
of +2 or +3 and an intensity over 5000, and they were dynamically
excluded from further analysis for a period of 15 s after a single
acquisition within a 10 ppm window.

2.11 | Data Analysis and Statistics of MS data

For the statistical comparison of the proteins identified in the
GL261-derived membrane protein extracts and BV was performed
using Mascot Software and Scaffold, as previously described by
our group [46]. Briefly, acquired mass spectrometry data was
matched to SwissProt_2016_04 database for mouse taxonomy
using Mascot (Matrix Science UK). Relative protein quantifica-
tion was performed based on spectral counting using Scaffold
software (version 4.3.2, Proteome Software, Inc.). Protein identi-
fication were considered valid when their probability was higher
than 99.0% and contained at least two identified peptides.
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FIGURE 1 | Graphical representation of the methodologies used for the preparation of the GL261 BV. (A) The extraction of GL261 membrane
proteins with ProteoExtract Native Membrane Kit. (B) Preparation of liposomes and BV based on lipid film hydration and extrusion. Liposomes and BV
were purified using size exclusion chromatography columns (see Figures S5 and S6).

2.12 | Data and Statistical Analysis

Unless specified, all data processing and plots generation were
performed using OriginPro (version b9.5.0.193) software. Statisti-
cal significance of data presented as mean + standard deviation
(SD) was assessed using one-way ANOVA followed by Bonfer-
roni post hoc correction, with p < 0.05 considered statistically
significant.

3 | Results and Discussion
3.1 | Engineering of GL261 BV

Glioblastoma BV were composed of a synthetic lipid core incor-
porating proteins extracted from GL261 immortalized murine cell
line. Proteins were extracted from cultured GL261 cells using the
ProteoExtract Native Membrane Protein Extraction Kit. This kit
was specifically chosen among the variety commercially available
because it was reported to provide the lowest contamination
of cytosolic proteins in the protein extract [47]. Briefly, as it
is schematized in Figure 1A, the preparation of the protein
extract relied on two sequential steps. First, Buffer I was used
to lyse GL261 cells and then, the protein extract was obtained
after the incubation of the cell suspension with Buffer II. The
protein concentration of the extract was then quantified using

fluorescamine assay. The methodology and conditions followed
are detailed in Figure S1A. The concentration of the protein
extract was obtained by correlating the sample’s fluorescence
intensity to a calibration curve built with BSA (Figure S1B) and
was determined to be 1553 + 135 pg/mL (n = 3), as shown
in Figure S1C. The sensitivity of the fluorescamine assay was
also studied by evaluating the signal to noise ratio of increasing
BSA concentrations (Figure S1D). In here, we observed that for
concentrations of BSA lower than 10 pg/mL, the signal to noise
ratio was lower than 3 and the variability of the sample was
around 30%. Therefore, fluorescence signals corresponding to
BSA concentration values lower than 10 pg/mL could not be
accurately measured and were considered as not quantifiable in
all the protein content quantifications conducted in this study.

BV were fabricated using conventional liposome fabrication
techniques, such as lipid film hydration and extrusion, followed
by a purification step (Figure 1B). The protein extract obtained
from GL261 cells was incorporated during the hydration step
to form BV. Liposomes were prepared as a negative control
without the incorporation of protein by hydrating the lipid film
with PBS. It is worth highlighting that the preparation method
used in this study does not provide selective directionality of
proteins inside the vesicle. Therefore, proteins embedded in
the membrane could be potentially oriented toward the outside
environment of the vesicle or toward the inner core. Additionally,
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given the probable presence of soluble proteins, these could also
be localized inside the vesicles’ aqueous inner core or adsorbed on
the vesicle surface forming a corona. This has not been a matter
of investigation during this study but could potentially be studied
in the future and would have a direct impact on the therapeutic
application of the vesicles. Further investigations in this direction
could involve protein labelling or immunogold cryo-electron
microscopy [48, 49]. Given the situation where these BV would
be used as targeted carriers, the proteins incorporated would be
required to hold directionality toward the outer environment.
Nonetheless, some other applications, such as immunotherapy,
would only require the proteins to be contained inside the
vesicles, independently of their directionality. The molecular
design of the BV was based on using phosphatidylcholines (PC)
as a backbone, since these are the major components of cell
membrane lipid bilayers, and further optimized according to two
parameters: (i) the modulation of the lipid bilayer rigidity by
evaluating different cholesterol concentrations, and the number
of carbons in the phospholipid alkyl chains; and (ii) the modi-
fication of the vesicle surface hydrophilicity by altering degree
of PEGylation, by changing the ratio of the DSPE-PEG,, lipid
component.

3.2 | Cholesterol Content

It is well reported in the literature that the incorporation of
cholesterol into the liposomal bilayer affects intrinsic membrane
properties such as membrane fluidity and permeability, the phase
transition temperature (Tm), as well as the packing degree of
phospholipids [50]. These properties have a direct impact on valu-
able characteristics from drug formulations, such as the stability
over time and the drug incorporation efficiency. Similarly, in the
present study it was hypothesized that the cholesterol content
could potentially impact on the protein embedding into the
BV.

Most of the liposome formulations currently used in the clinic
contain up to a 45% (mol/mol) of cholesterol in their composition
[51]. Therefore, as shown in Figure 2A, liposomes and BV were
prepared initially containing DPPC as the backbone phospholipid
and the concentration of cholesterol was screened between 0%,
15%, and 40% cholesterol (mol/mol). After the extrusion with
polycarbonate membranes (Figure 2B), no significant differences
in the size distribution were identified in liposomes when
analyzed by DLS, where samples exhibited highly monodisperse
size distribution curves and maxima around 160 nm. Analysis
by DLS after the extrusion of BV revealed that when choles-
terol was added to the lipid bilayer, vesicles showed increased
polydispersity and low reproducibility between replicates. Size
distribution data was analyzed more deeply by considering
mean hydrodynamic size (Figure 2C i) and polydispersity index
(Figure 2C ii) values. With regards to liposomes, the size and
polydispersity index were found to be below 200 nm and 0.20,
respectively, for the three different concentrations of cholesterol
studied. Nonetheless, for GL261 BV, samples containing 15% and
40% of cholesterol showed either higher sizes than 200 nm or
polydispersity indexes higher than 0.20. This increased size and
polydispersity were attributed to an increased rigidity of the
membrane due to the incorporation of cholesterol and as a result,
the production of BV with small, narrow, and monodisperse size

distribution was hampered. Therefore, the vesicle system with
optimal mean size and monodispersity was that composed of
DPPC alone.

The surface charge of the liposomes and BV was also monitored
by measuring the zeta potential by electrophoretic mobility
(Figure 2C iii). In this, all formulations were showing slightly
negative values ranging from -5 to —10 mV. No significant
differences were found between liposomes and BV. Although
surface charge has been reported previously as an indication
for protein incorporation into BV, changes in the surface charge
can be attributed to a variety of factors, such as protein charge,
the amount of protein incorporated and their conformation and
orientation. As a result, further studies are needed to confirm
protein incorporation into the generated vesicles.

3.3 | Lipid Composition

For comparative purposes, the same study was conducted using
DMPC and DLPC as the main phospholipid component of the
vesicles. Compared to DPPC, which contains two units of palmitic
acid (16C) in its structure, DMPC contains two units of myristic
acid (14C), and DLPC contains two units of lauric acid (12C).
The number of carbon atoms in the fatty acids forming the
phospholipid has a direct impact on the fluidity of the lipid
bilayer, where shorter chains lead to more fluid membranes. As
shown in Figure S2A,B, DMPC and DLPC exhibit similar patterns
of behavior to DPPC, where the incorporation of cholesterol
produces an increase in the hydrodynamic size and PDI after
extrusion of BV when analyzed by DLS. In the case of liposomes
alone (without any cell component incorporated), no significant
differences were observed in size nor PDI after extrusion, which
were always below 200 nm and 0.2, respectively, independently
of the phospholipid and the cholesterol concentration used. A
closer look at the PDI value of the formulations containing 0%
cholesterol may suggest that DPPC shows more similar values
between liposomes and BV. Contrarily, DMPC and DLPC show
higher PDI and higher variability for BV compared to liposomes,
overcoming the limit of 0.2.

With regards to surface charge, as shown in Figure S2C, no
significant differences are observed between DPPC, DMPC and
DLPC, which range from —2 to —10 mV. Moreover, the majority of
BV show a slight decrease in the overall surface charge compared
to liposomes, which would reinforce the hypothesis that proteins
are present on the biomimetic vesicle surface, independently of
the phospholipid used in the lipid formulation.

We concluded that among the different phospholipids studied,
DPPC stood out as the most suitable option to continue our
investigations on the fabrication of BV, as it was resulting in
consistent mean hydrodynamic diameters below 200 nm and
lower polydispersity compared to the other phospholipids.

3.4 | The Effect of PEGylation on the Colloidal
Stability of GBM-Derived Vesicles

The incorporation of stealth components into vesicles is a
widely used and advantageous strategy, especially in the case of
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polyethylene glycol (PEG). This is because PEGylation provides
interesting benefits [52, 53], such as extended circulation times,
as well as improved stability. The stabilization of the formulation
is increased following two approaches: (i) by hindering the
accessibility of degradative enzymes and (ii) by protecting the
structural integrity of vesicles and increasing their shelf-life.

In this study, PEGylation was therefore contemplated as a
stabilization strategy by turning the surface of the vesicles more
hydrophilic. This was performed by incorporating different molar
percentages of DSPE-PEG,,, to the lipid composition while
using DPPC as main phospholipid. In the liposome formulations
currently available in the clinic [51], the concentration of PEG
ranges from 5% to 10%. According to this and to the recently
reported immunogenicity of PEG [54], the degree of PEGyla-
tion of liposomes and BV evaluated in this study ranged from
incorporating from 1% to 5 of DSPE-PEG,, (mol/mol) to DPPC
(Figure 3A).

Right after extrusion, the colloidal stability of the prepared lipo-
somes and BV was monitored using DLS (Figure 3B). Liposomes
showed narrow and reproducible size distribution curves with
maxima around 160 nm for DPPC alone and around 120 nm for 1%
and 5% DSPE-PEG,,, formulations. This phenomenon was also
observed in BV, which showed comparable size distributions to
liposomes. The size distribution data for both liposomes and BV
was evaluated more in detail through the analysis of the hydro-
dynamic size (Figure 3C i) and polydispersity index (Figure 3C
ii). With regards to the hydrodynamic size, both liposomes and
BV containing 0%, 1%, and 5% of DSPE-PEG,, displayed sizes
lower than 200 nm, while showing a slight decrease in the mean
value with increased concentration of DSPE-PEG,,. In relation
to the polydispersity index, all the formulations of liposomes
and BV showed values below 0.20. Nonetheless, the formulation
containing 1% of DSPE-PEG,,, showed the lowest values, 0.14 +
0.02 for the liposomes and 0.08 + 0.02 for the BV. The surface
charge of the prepared vesicles was also studied by monitoring the
zeta potential measured by electrophoretic mobility (Figure 3C
iii). No significant differences were found in the surface charge
when comparing liposomes and BV, however the surface charge
was observed to become more negative when the percentage of
PEGylation increased. This event was attributed to the presence
of the carboxylate groups at the distal end of the PEG chain in
DSPE-PEG -

In addition, the colloidal stability of DPPC:DSPE-PEG,,, (1%)
BV was evaluated studied while storing at 4°C (Figure S3).
After 1 month, the size distribution and polydispersity index
of liposomes remained unchanged. In the case of the BV, the
size distribution maxima stayed steady around 150 nm. The
polydispersity index was slightly increased from 0.09 to 0.15,
even though it continued to fulfill the acceptance criteria, as it
remained lower than 0.20. Hence, the addition of DSPE-PEG,,
to the BV formulation contributed to narrow down hydrody-
namic size and polydispersity, as well as helped stabilizing the
formulation, which remained unchanged for one month. Conse-
quently, DPPC:DSPE-PEG,,, (1%) was the formulation selected
to continue with the purification and characterization of the
BV.

3.5 | Purification of GBM-Derived Vesicles by Size
Exclusion Chromatography

While several methodologies have been applied for the purifi-
cation of the unbound proteins from the BV, in this study
we chose size exclusion chromatography for the purification
of liposomes as it provides high selectivity for the separation
according to the size of components present in a mixture, as well
as the scalability and ease of use. We evaluated two different
size exclusion chromatography solid phases that are highly used
across the literature for the purification of liposomes, Sephadex
G25 and Sepharose CL-4B, in order to maximize the purification
yield of the BV. With regards to the differences of both solid
phases, Sephadex G25 is composed of cross-linked dextran, has
a fractionation range of 1-5 kDa and is typically used for buffer
exchange and the removal of contaminants. On the contrary,
Sepharose CL-4B is composed of cross-linked agarose, has a
fractionation range of 60-20.000 kDa and is commonly used for
the purification of big molecules as well as for coupling affinity
ligands to the matrix.

The efficiency on the purification was evaluated by determining
the yield and degree of separation between DPPC:DSPE-PEG,,
(1%) liposomes and protein extract. The lipid content in each
of the fractions was evaluated by using Stewart assay, where
the absorbance of each of the samples was interpolated in a
calibration curved built with known concentrations of the lipid
mixture forming the vesicles (Figure S4). As it is shown in, the
major part of the liposomes were collected in fractions F4 to F6,
correlating with previous results obtained in our lab [55, 56]. A
fraction of liposomes was also found in fraction F7; however, this
was a minority compared to the content found in F4-F6. These
results were observed for both Sephadex G25 and Sepharose CL-
4B, nonetheless, the lipid content in F4-F6 for Sepharose CL-4B
was higher than in the case of Sephadex G25, 90.0 + 5.6% vs.
74.3 + 19.1%, respectively. Consequently, the fractions selected
for the obtention of purified BV were F4-F6. With regards to
the protein extract, the quantification in each of the fractions
was performed using fluorescamine assay, where the fluorescence
intensity of each of the samples was interpolated in a BSA
calibration curve. In the case of Sephadex G25, the protein extract
started eluting from the size exclusion chromatography column
in F8, whereas for Sepharose CL-4B it started eluting in FI10.
Therefore, considering the results obtained for liposomes and
protein extract, both solid phases would be appropriate for a
successful purification of BV when selecting F4-F6, as both would
provide a proper separation between the vesicles and the non-
incorporated proteins. BV made of DPPC:DSPE-PEG,,,, were
purified as well using size exclusion chromatography (Figure
S5) and their lipid and protein content was analyzed for both
solid phases. No significant differences were found between
Sephadex G25 and Sepharose CL-4B in the quantification of
neither the lipid content (6.8 + 0.7 pmol vs. 6.3 + 0.6 umol,
respectively) nor the protein content (29.8 + 6.7 pg vs. 37.5 +
12.8 pg, respectively), as displayed in Figure S6. The results
obtained for the purification and quantification of BV reinforce
the premise that both Sephadex G25 and Sepharose CL-4B would
be suitable for a proper purification. Nevertheless, Sepharose CL-
4B is the preferred solid phase to continue with the study, as it
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provides a bigger separation between purified BV and protein
extract.

In our particular case, fluorescamine assay was the adopted
method to measure the protein content over more standard
methods in the literature, such as BCA assay. This is because BCA
assay (the methodology followed is shown in Figure S7A) is a col-
orimetric method based on the measurement of absorbance and
the presence of liposomes in the sample involves the scattering of
the incident light, leading to a false signal of absorbance (Figure
S7B). For the BCA assay, the protein concentration was calculated
by interpolating the sample signal into a standard calibration
curve built with BSA (Figure S7C).

3.6 | Thermal and Morphological
Characterization of GBM BV

After the purification of the vesicles, key physicochemical aspects
were evaluated, including their thermal properties and their
morphology. Their thermal properties are important to determine
membrane fluidity, bilayer phase transition temperature and
overall colloidal stability [57]. DPPC:DSPE-PEG,,, (1%) vesicles
prepared in this study were evaluated by DSC (Figure 4A) and it
was observed that both liposomes and BV had the same transition
temperature at 43°C. This was thought to indicate that proteins
incorporated in the vesicles did embed deeply into the lipid
bilayer. These results were in agreement with Molinaro et al.
in which no significant change in the transition temperature is
observed for BV generated with different protein to lipid ratios
[10].

Liposomes and BV composed of DPPC:DSPE-PEG,;,, were
observed by cryoTEM and the size distribution for both of
them was found to be highly monodispersed (Figure 4B). In the
case of liposomes, the morphology was predominantly spherical,
unilamellar and univesicular, characterized by the negligible
presence of multilamellar or multivesicular liposomes. GBM BV
were found to have similar sizes and morphologies compared
to liposomes, where spherical, unilamellar, and univesicular
vesicles predominated. Higher magnification images allowed
the visualization of the lipid bilayer in both liposomes and
BV and confirmed their similar morphology. Some liposomes
and BV were found to have a face-edged, polygonal morphol-
ogy, especially those with smaller sizes. This effect has been
previously shown in the literature [58-60] and is due to the
cryoTEM sample preparation, which was performed at 20°C, a
temperature significantly lower than the gel-to-liquid crystalline
phase transition temperature of both systems [61, 62]. At this
temperature, both liposomes and BV’s lipid bilayers show a more
ordered and tightly-packed structure, leading to the appearance
of polygonal shapes. As a confirmation, liposomes were imaged
after being warmed up at 50°C, displaying a more spherical
morphology in most of the cases (Figure S8A). To build up on
these findings, liposomes containing DMPC and DLPC as main
phospholipids were also imaged (Figure S8B,C). In the case of
DMPC, some polygonal morphologies were found, correlating
with the fact that sample preparation was performed below the
transition temperature of the lipid and therefore the lipid bilayer
would be found in the gel-phase. Nonetheless, the liposomes’
membrane was found to be less winding, which could be related

with the fact that DMPC has a lower number of carbons in the
hydrophobic tails compared to DPPC. For DLPC (T, = —2°C),
liposomes showed a generalized spherical morphology, due to the
fact that the cryoTEM sample was performed above the transition
temperature. Therefore, in this case the lipid bilayer was found in
a fluid-phase.

To test the robustness and reproducibility of the BV fabrication
protocol developed, we repeated the preparation of BV using
a colorectal cancer model immortalized cell line (MC38). As
shown in Figure S9, MC38 protein extract-containing vesicles
were engineered and their hydrodynamic size, PDI, and surface
charge were studied. The MC38-derived BV showed similar mor-
phologies compared to the GL261 equivalents, where unilamellar
and univesicular vesicles predominated.

Neither the analysis performed by DSC nor cryoTEM could pro-
vide evidence supporting that the proteins from the extract were
contained as part of the BV prepared in this study. As a result,
performing proteomic analysis of these systems becomes crucial
to demonstrate in an unequivocal manner the incorporation of
proteins in BV, as well as providing deep knowledge of the identity
of the proteins incorporated.

3.7 | Proteomic Analysis of GBM-Derived Vesicles

The thermal and morphological characterization shown above
can provide only indirect evidence of protein incorporation onto
BV. The amount of proteins incorporated onto the vesicles is a
key feature for the future use of the BV, having a direct impact on
the protein dose potentially administered. Demonstrating protein
incorporation by direct protein quantification and identification
in the BV is therefore fundamental to determine the potential
capabilities and use of these systems, including their biological
fate once inside the body.

The BV composed of DPPC:DSPE-PEG,,, prepared in this study
were concentrated after purification and contained 6,3 + 1,5 ug of
protein per pmol of lipid (n = 7, prepared using the same stock
of protein extract) (Figure 5A), measured by fluorescamine and
Stewart assay (Figure S10). This value corresponded to around
10% of the initial protein amount and correlated with the values
before concentration, suggesting that the process of concentration
does not alter the protein: lipid content relation. These values are
also in agreement with some of the studies previously reported [9,
38], nonetheless, it is worth pointing out that in general there is
lack of consistency in the protein doses used for biological studies
using biomimetic systems reported in the literature [16, 63, 64]. In
addition, the dose of biomimetic systems is usually referred to as
either the nanoparticle content or the lipid content [17, 65, 66], not
the protein content.

Proteins incorporated in the BV were initially evaluated qual-
itatively by SDS-PAGE. When loading the same volume of
sample, it could be observed that both protein extract and BV
shared similar protein bands (Figure 5B). This indicated that the
biomimetic vesicle proteome contained similar features to the
protein extract proteome. Liposomes of the same lipid compo-
sition were also run under the same conditions as a negative
control for comparative purposes, showing the absence of any
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of liposomes and BV by cryo-EM.

protein band but the characteristic stain for lipids, also present in
BV.

Proteins present in the extract and in the BV were then analyzed
quantitatively by LC-MS/MS. As shown in Figure 5C, n = 1575
proteins were identified for the protein extract in comparison to
the n = 1382 proteins identified in the BV. The protein list specify-
ing the relative abundances, standard deviation, and cumulative
values is shown in Table S1. Out of these proteins identified for
each of the two groups, n = 1367 proteins were identified both
in protein extract and BV, confirming the gel-based evidence that

the majority of proteins present in the extract were incorporated
in the vesicles. In the BV there were n = 15 proteins that were not
included in protein extract. This phenomenon is due to stochastic
nature of LC-MS/MS detection. Proteins that are present in very
low abundance may be below the detection threshold for more
complex samples like protein extract, but detectable in the BV in
which they are borderline in abundance. The relative abundances
of the proteins were also evaluated regarding their molecular
weight and similar profiles were found between protein extract
and BV (Figure 5D). It was observed that BV contained fewer
large molecular weight proteins, suggesting a possible restriction
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FIGURE 5 | Proteomic analysis of BV prepared in this study. (A) Protein quantification in the BV represented by protein to lipid ratio, i.e. total
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blue dots (n = 7), the mean in a dark blue line and the standard deviation in black whiskers. (B) SDS-PAGE gels of protein extract, DPPC:DSPE-PEG (o
(1%) BV and liposomes. (C) Venn diagram indicating the unique proteins identified in the protein extract and BV, as well as the common identified
proteins between both previously mentioned samples. The full list of the identified proteins is specified in Annex 1. (D) Relative protein abundances in
protein extract and BV according to molecular weight. (E) Subcellular localization of the common proteins identified in the membrane protein extract
and the BV, by correlating their genes into DAVID software and showing p < 0,01. Subcellular compartments with a protein count lower than 1% were
included inside the category others (F) Relative abundance for the top 20 more abundant proteins identified (according to gene name) in the BV compared
to the protein extract. The relation between the gene name, the protein name and the subcellular localization is specified in Table S1.

in their incorporation, possibly leading to a spatial selection localization of the genes is classified in different groups, schema-

process.

The subcellular localization of the commonly identified proteins
was studied using the bioinformatic tool DAVID [67, 68] after
converting each of the common proteins identified into their cor-
responding encoded gene. As shown in Figure 5E, the subcellular

tized in different colors. A significant part of the proteins was
related to the endosome system, belonging to organelles such as
the endoplasmic reticulum, Golgi apparatus, sarcoplasmic retic-
ulum, endosome and cytoplasmic vesicles. Some of the identified
genes were associated to mitochondria and an important part
was correlated to the cytoplasmic proteins, including cytoplasmic
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region as well as the proteasome, the intermediate filament and
the keratin, forming part of the cytoskeleton. Finally, we also
found some molecular contributions for spliceosomes, located
inside the nucleus and microsomes. The result of this analysis
suggested that membrane proteins from all cell compartments are
contained in the BV, with a more heavily weighed contribution
from cytosolic proteins [69], correlating as well with studies
reported in the literature using the same protein extraction
method [10, 70] or starting from cell-lysates [22, 71, 72]. It is
noteworthy to state that the protein extracts used in this study
for the preparation of the BV were obtained using a commercial
kit and protocol particularly developed (and marketed) for the
extraction of membrane proteins. However, our results from
LC/MS-MS suggested that there is also a considerable contri-
bution from cytosolic proteins contained in this protein extract.
Generally, the total abundance of membrane proteins inside
the cell is considerably low compared to the cytosolic fraction.
Therefore, extracting a purified fraction of membrane proteins
without cytosolic contamination should not be surprising.

The proteins common to both the extract and the BV were further
evaluated by GO analysis. This analysis focused on proteins
involved in adhesion, intercellular communication, intracellular
trafficking, and other essential cell functions, aiming to highlight
molecular mechanisms that may be relevant to cell behavior and
interaction. With regards to proteins involved in cell adhesion,
we identified the presence of different types of integrins, catenin,
cadherin, and LICAM. Cadherin, for instance is frequently
overexpressed on cancer cell membranes and has been reported
to promote self-recognition through homotypic binding [73-75].
It was also identified the presence of some tetraspanins, like CD9
and CD63, which are involved in crucial cellular processes, such
as cell migration, protein transport, maintenance of membrane
integrity, and communication processes [76, 77]. Specifically, CD9
has been associated with oncogenic and pro-metastatic functions
[78]. Additionally, proteins involved in cell-cell communication
and immunity processes, like MHC-I, CD44, and CD109, were
also found. Some proteins related to cancer processes and tumor
progression were also identified, such as the receptor CD276, and
proteins related to HRAS and KRAS oncogenes. The receptor
CD276, also known as B7-H3, is highly expressed in cancerous
and immune cells within the tumor microenvironment that acts
as an immune checkpoint [79]. CD276 has been reported to
promote invasion and angiogenesis and has been related to tumor
cell proliferation, metastasis, and therapeutic resistance [80, 81].
Additionally, HRAS and KRAS have been associated with the
initiation and progression of numerous cancer diseases [82, 83].
The presence of different chaperones was also noticeable, like
calreticulin, HSP1, HSP5, HSP8, HSP40, and HSP90, as well
as some proteins from the cytoskeleton, such as actin, keratin,
tubulin, vimentin, among others. Finally, a substantial number
of proteins related to metabolic and protein synthesis processes
were identified, such as a various number of ATP synthase units,
ion transporters, cytochromes, and different members of the RAS
family, as well as ribosome units and proteins related to mRNA
processing and splicing.

Clustering analysis using the STRING platform (k-means algo-
rithm) revealed that the majority of proteins enriched in the BV
are involved in metabolic pathways and protein synthesis, con-
sistent with the biological process enrichment results shown in

Figure S11. The identified functional clusters included: (i) ribonu-
cleoprotein complex; (ii) aerobic respiration and mitochondrion
inner membrane components; (iii) Fatty acid beta-oxidation;
(iv) Golgi vesicle-mediated transport; (v) endoplasmic reticulum
organization; and (vi) sphingolipid metabolism and ceramide
biosynthesis.

Common proteins between the extract and the BV were further
analyzed using KEGG pathway mapping to identify those with
potential roles in key cellular processes. For that purpose, Uniprot
accession IDs from the 1367 common proteins between the extract
and the BV were converted into KEGG-compatible identifiers.
Due to incomplete annotation of certain proteins, particularly
predicted or unreviewed entries, not all identified proteins could
be mapped, resulting in only 777 IDs included in the final KEGG
analysis. Pathway mapping performed using KEGG Mapper
revealed a predominant enrichment of proteins involved in
core metabolic processes, particularly oxidative phosphorylation,
glycolysis, and the TCA cycle, alongside strong representation
of ribosomal and protein processing pathways. These findings
indicate a coordinated regulation of energy metabolism and pro-
teostasis, further supported by enrichment of pathways associated
with oxidative stress, ER protein processing, and autophagy.
Although several disease-associated KEGG pathways were iden-
tified, these largely reflect shared molecular components related
to mitochondrial function and protein homeostasis rather than
disease-specific mechanisms, with only a limited representation
of pathways classically associated with cancer, including glioma.
The complete list of pathways identified in this analysis can
be found in Table S3. Collectively, these findings point to an
integrated network of metabolic activity, protein turnover, and
adaptive signaling processes, consistent with cellular states char-
acterized by high biosynthetic demand and dynamic structural
remodeling.

The common proteins between the extract and the BV were
studied deeper by comparing the relative abundance of the 20
most abundant proteins in the BV to the extract alone. As seen
in Figure 5F, the 20 most abundant proteins in the BV originated
from different subcellular locations, such as the cytoskeleton in
the case of actin, tubulin and keratin; the mitochondria, like
malate dehydrogenase, ATP synthase and aspartate aminotrans-
ferase; and membrane proteins, such as the clusters of RAS-
related proteins, the voltage-dependent anion-selective channel
protein 1 and the 78 kDa glucose-regulated protein. Aside from
the previously mentioned proteins, there were some chaperones
like endoplasmin, the 60 kDa heat shock protein and the cluster
of heat shock cognate, as well as histone H4 belonging to the
nucleus and serine protease 59 located in the Golgi apparatus.
When comparing the relative abundance of the 20 most abundant
proteins between the BV with the protein extract alone, the
BV did not exactly mirror that of the protein extract, offering
another indication of possible molecular selectivity during the
incorporation. Looking at the molecular weight of the top 20 most
abundant proteins (Table S2), the majority component for the BV
consisted of molecular weights lower than 60 kDa, meaning that
smaller proteins incorporated better into the BV.

During the last decade a considerable number of studies have
addressed the engineering of BV using various cell types, the
most widely used have been red blood cells, mesenchymal stem
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cells, and different types of immune cells, such as leukocytes,
monocytes and macrophages. More recently, the preparation
of cancer-cell derived vesicles has been reported by various
groups, particularly incorporating components from breast can-
cer, melanoma, and osteosarcoma cells. Within the framework
of GBM, only a few studies have been published to date [38,
39, 43]. In the works by Jia et al. and Li et al., cell mem-
brane proteins were isolated and incorporated onto synthetic
liposomes loaded with different drugs for enhanced anti-tumor
chemotherapy. Along a similar direction, the work developed by
Zhou et al. described the engineering of a biomimetic hybrid
vesicle, containing both macrophage and glioma cell membrane
components and encapsulating a chemotherapeutic drug. These
works are mainly focused on the evaluation of the therapeutic
activity of the biomimetic systems and report an increased tumor
cell uptake and anti-tumor activity. With regards to proteomic
analysis, our results align well with those reported in these works
using SDS-PAGE to qualitatively demonstrate that the proteome
of the BV is similar to the cell source of the biological components
used. Nonetheless, our work takes a step further in the proteomic
analysis of the BV, providing a molecular insight of the cell
membrane extract-containing BV.

Our study has attempted to decipher some of the key parameters
that can affect the engineering of GBM BV, including the effect
of lipid composition and PEGylation, as well as some processing
aspects related to their purification. To build on our findings,
future work could explore the validation of the methodology
proposed here, using protein extracts from other cell lines,
as well as different biomimetic protein sources. In addition,
the determination of the exact position and embedding of the
biomimetic protein molecules incorporated onto the vesicles
(lipid bilayer anchoring, surface adsorption, inner aqueous phase
encapsulation) could also be investigated in the future.

The results obtained in this study can contribute to the optimiza-
tion of the engineering of BV and provide meaningful insight
on the proteomic character of the resulting BV. This directly
links to the underlying biological mechanism and downstream
therapeutic efficacy of the BV. As indicated by the proteomic
analysis, the presence of different adhesion proteins, like cad-
herin, could offer substantial potential for homotypic targeting
to GBM. Additionally, the presence of proteins overexpressed in
different types of tumors, such as CD276, HRAS, and KRAS, could
substantiate their use as immunotherapeutic agents. Moreover,
the BV generated in this study could serve as promising cancer
vaccination platforms, as they have demonstrated to be a reliable
representation of the proteomic signature and therefore the
antigenic spectra of the protein extract. In this direction, more
future studies are warranted to evaluate the biological activity of
the vesicles and their functional validation, as well as their capa-
bility to deliver therapeutic molecules or activate the immune
system.

Although this work provides valuable and much-needed insights
for the rational design of BV, it is constrained by the use of protein
extracts derived exclusively from immortalized cell cultures. This
restricts how well the vesicles recapitulate biological conditions
and does not fully capture the complexity of clinical samples.
Future studies should explore alternative cell sources, including
primary cells and tissue-derived samples, to validate the robust-

ness of the fabrication approach and to enhance its translational
relevance.

4 | Conclusions

In this study, glioblastoma BV have been prepared using protein
extracts obtained from the GL261 cell line. Several key parameters
for the preparation of GL261 BV were evaluated, leading to
an optimized lipid composition based on DPPC:DSPE-PEG,,
(1%). It was concluded that Sepharose CL-4B solid phase was
the most suitable matrix for purification of the biomimetic
systems, according to the purification yield and separation ability
between the BV and the non-incorporated proteins. The mor-
phological evaluation of the BV by cryoTEM confirmed their
size homogeneity and unilamellarity with minimal deviations
from the liposome alone. Finally, LC/MS-MS results demon-
strated that the proteomic component incorporated onto the
BV was stoichiometrically equivalent to the protein contents
from the cell extract, turning BV into a ‘molecular reflection”
of the protein extracts. We also obtained some evidence of
molecular selectivity in the incorporation of biomimetic vesicle
proteins for those with smaller molecular weights. From the
vesicle proteins identified, a considerable portion belonged to
membrane-associated domains, whereas a considerable frac-
tion was associated with other cytoplasmic compartments. The
engineering of these vesicles paves the way for the design of
novel therapeutic vesicular platforms, whose envisioned applica-
tions could include cell-specific immuno-presentation in cancer
vaccination.
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