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ABSTRACT: Extracellular vesicles (EVs) are natural carriers that are essential EV Mimics: it
for intracellular communication, delivering biomolecules with high efficiency and Fully artificial N :
selectivity. Their application in a clinical setting has been limited, however, due oot 5‘;:23::;'322 / %ﬂ\ ;
to their complexity and heterogeneity, which hamper standardization in isolation  anocspsuies \ / gl outing
procedures. A solution could be to engineer synthetic nanoparticles that are able Po3-dertmd Eve
to mimic the natural EV structure and function, which would lead to innovative upreschtionHigheschuion
therapeutic nanoplatforms with key advantages over traditional synthetic L
nanoparticles in terms of toxicity and efficacy. Here, we report an approach to

designing, synthesizing, and characterizing lipid-coated nanoparticles engineered |
to replicate key biophysical surface properties of EVs relevant to cellular e .|‘
recognition and biointerface interactions. Three different lipidic mixtures were __==="""" Chacactrizton and tohing
designed based on lipidomic data of prostate cancer-derived EVs, taking into 19} gcarse creined charachieritosvilh imosative
consideration the mass percentage of both the lipid families and the fatty acids.

Furthermore, breakable organosilica nanocapsules were employed as a functional core and coated with the lipidic mixtures to form
eventual EV-mimicking nanocarriers (EV Mimics). Computational modeling of the lipid bilayer was employed to further optimize
the lipid coverage of the organosilica nanocapsules. In addition to conventional characterization techniques, which assessed the
matching of size and surface charge of EV Mimics and natural EVs, we used advanced single-particle characterization techniques,
such as high-resolution flow cytometry and super-resolution microscopy, to assess coating efficacy, size distribution, and lipid
polarity—a key parameter in cellular uptake and membrane interaction of EV Mimics. This multidisciplinary approach led to the
discovery of a formulation (called “CE Mimic 37, composed of Chol/SM/PE/PC/PS with respective mass ratios of 30/16.1/12.9/
20.9/20.1) that closely reproduces the size, charge, lipid coating, and polarity of natural EVs, thus laying the groundwork for the
development of EV-mimetic nanoplatforms for biomedical applications such as targeted delivery or biosensing.
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B INTRODUCTION

Nanomedicine has recently gained more traction after the
success of liposomal mRNA vaccines." Nanoparticles, and
especially liposomes, present a number of advantages. They are

proteins, similar to cell membranes. The vesicle lumen
contains various proteins, metabolites, and nucleic acids.
They act as biological nanocarriers and have been shown to
play a key role in intercellular communication by transporting

easily internalized by cells due to their small size,” can act as
carriers for otherwise poorly soluble or hydrophobic drugs,’
facilitate controlled release of cargo,4 and can be chemically
modified through conjugation with various ligands.” Despite
these advantages, translation to the clinic has had a low success
rate, with only approximately 30 nanomedicine formulations
approved by the EMA in nearly 30 years.”” There are many
factors at play that have led to this shortcoming. These include
off-target accumulation, unexpected toxicity effects, and the
intrinsic heterogeneity of nanoparticle formulations.®

Along with synthetic nanomedicine, extracellular vesicles
(EVs) have also gained more attention as natural, cell-derived
nanoparticles.”'® EVs are naturally secreted by cells and
feature a double phospholipidic layer containing membrane
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functional molecules such as bioactive lipids, proteins, or RNA
to target cells.''~'* In particular, EVs derived from cancer cells
exhibit high levels of tropism, i.e., the ability to target specific
cell or tissue types, and may even cross cellular barriers,'>1°
such as the blood—brain barrier, to reach distant tissues or

organs in a highly selective way. These features are
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Table 1. EV-Mimicking Artificial Lipidic Compositions Compared to 3C Formulation and PC3dEVs’ Natural Composition in

Terms of the Mass Percentage of Each Lipid Species

Lipid Families in PC3dEVs Commercial products Mass percentage + SEM in PC3dEVs 3C Mimic 1 Mimic 2 Mimic 3

Chol Cholesterol 12.6 + 2.2% 23.6% 13.0% 13.0% 13.0%
SM 16:0 SM (d18:1/16:0) 202 + 11.8% / 20.0% 20.0% 20.0%
PE DSPE-PEG(2000) Amine 16.1 + 4.9% 6.6% 16.0% 16.0% 10.0%

18:2 PE / / / / 6.0%
PC DOPC (18:1 (A9-Cis) PC) 261 + 7.4% 12.5% 26.0% 26.0% 26.0%
PS 16:0 PS 25.0 + 9.6% / / 25.0% 25.0%
/ 18:1 PA / 57.3% 25.0% / /

fundamental requirements for an ideal drug delivery system
and make EVs extremely interesting for therapeutic applica-
tions."” ™"’ In recent years, a vast field of research has emerged,
where efforts are being made to engineer and load EVs with
therapeutic agents to treat a broad spectrum of patholo-
gies."”'"~!” However, there are currently no EV-based
products available on the market, as the use of EVs in the
clinic is hampered by costly manufacturing, lack of stand-
ardization, and low loading efficiency—leading to poor
reproducibility in the synthesis of EVs and a large degree of
heterogeneity within the EV population.”"” To overcome these
limitations, an alternative strategy could be to develop fully
artificial nanoparticles that mimic the properties of natural EVs
while enabling scalable production, cargo loading, and tailored
functionalization. As we have previously reported,”’ attempts
have already been made to generate EV-mimicking lip-
osomes.”””” A hybrid strategy has also been explored, in
which liposomes are fused with EVs through extrusion.”’
These hybrid particles can exhibit intriguing functionalities,
such as the ability to activate endothelial signaling pathways.
However, this approach lacks control over the composition and
specificity of the final product, as it relies on the random
incorporation of components from a heterogeneous EV
population.

In this work, we produced and characterized artificial
nanocarriers (referred to hereafter as “EV Mimics”),
combining a breakable organosilica core with a lipid bilayer
that aims to mimic the EV’s physicochemical properties critical
for cellular interaction, such as size, surface charge, lipid
composition, and polarity. These artificial EV Mimics have
several key advantages compared with their natural counter-
parts. They are more easily produced in bulk, and the
procedure is simple to standardize. Moreover, the organosilica
nanocapsules (NCs) can be synthesized enclosing their cargo
(either drugs or proteins),”* which facilitates high loading
capacities that are difficult to achieve with just liposomes or
isolated natural EVs. The organosilica core is also breakable,
which allows for a stimuli-responsive release of therapeutic or
imaging cargo, as previously reported.”> As a proof of concept,
we attempt to mimic EVs from the prostate cancer cell line
PC3, as they have shown a strong tropism toward bone tissue,
providing a clear clinical target for the future.”®

The EVs produced by a particular cell line exhibit distinct
characteristics reflecting the state of the cell they originate
from (ie., specific structure and composition of the lipid
membrane, its microviscosity, embedded proteins, etc.).27’28
When trying to mimic their properties, it is important to also
consider the physicochemical properties of their molecular
components. Specifically, the lipid composition of EV
membranes may influence properties such as membrane
polarity, fluidity, and surface charge—all factors that could
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impact cellular recognition, uptake, and tropism. The lipid
composition of the EV membranes has a strong effect on the
physical properties of EVs, which could be a key factor in their
functionality. Therefore, various lipid compositions were
prepared based on previously reported lipidomic data of PC3
EVs.”” To gain detailed insights into the EV Mimic
formulations, we combined conventional characterization
techniques—including assessments of size distribution, Z-
potential, and morphology—with molecular dynamics simu-
lations to estimate lipid interactions, and single-particle
techniques to examine population heterogeneity. High-
resolution flow cytometry was used to evaluate the coating
efficiency of the Mimic formulations, while super-resolution
single-molecule localization microscopy (SMLM) was com-
bined with a solvatochromic dye to probe and compare the
membrane polarity of natural EVs and the synthesized EV
Mimics with nanometer resolution. This polarity profiling
provides a unique window into the nanoscale membrane
environment, offering a potential proxy for how these synthetic
carriers may be perceived by biological systems. While biology
and nanomedicine are incredibly complex, the multiparametric
characterization shown in this work lays essential groundwork
for the synthesis of artificial vesicles that mimic the structural
and physical features of naturally occurring EVs, thus paving
the way for drug delivery applications.

B EXPERIMENTAL SECTION

Nanocapsules Synthesis and Characterization. The stimuli-
responsive organosilica nanocapsules (NCs) were synthesized using
the Stober process in a W/O microemulsion, following a previously
published protocol.** Briefly, 1.77 mL of TRITON X-100, 7.5 mL of
cyclohexane, and 1.8 mL of n-hexanol were mixed in a 50 mL round-
bottom flask and stirred on a magnetic stirrer for 30 min. Separately,
600 uL of dH20 were mixed with 40 uL of tetraethyl orthosilicate
(TEOS) and 60 uL of bis[3-(triethoxysilyl)propyl]disulfide (BTDS).
After stirring, this mixture was added to the organic solution. The
hydrolysis of TEOS was initiated by adding 50 uL of 28% aq. NHj,
and the mixture was stirred at room temperature overnight.
Subsequently, 20 mL of pure acetone was added to precipitate the
NCs, and the material was recovered by centrifugation (35000 g, 30
min at room temperature). The NCs pellet was redispersed in ethanol
and washed again before being suspended in dH2O and stored until
use.

Once the NCs were synthesized, they were further functionalized
with 2,2-dimethoxy-1,6-diaza-2-silacyclooctane (Gelest, United
States). Specifically, 10% of the positively charged molecules were
incubated with the naked NCs in toluene overnight at room
temperature. Subsequently, the functionalized NCs were washed
twice by centrifugation with ethanol and stored at 4 °C until they
were used.

The resulting NCs and positively charged NCs were characterized
using transmission electron microscopy (TEM; Talos L120C from
FEI). For TEM analysis, samples were deposited onto a copper grid.
The size distribution and surface charge of the nanoparticles were
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obtained using dynamic light scattering (DLS) instrument. The DLS
measurements were performed on dispersions of NCs in dH,0 (pH
7) using a Zetasizer Ultra instrument equipped with Multiangle
Dynamic Light Scattering (MALDLS) technology from Malvern
Panalytical and the ZS Xplorer software. Fourier transform infrared
(FTIR) spectra were recorded by using a Shimadzu IRAffinity-1
spectrometer. The transmittance spectrum was collected using a
spectral resolution of 1 cm™!, accumulating 64 scans from 600 to 4000
cm™. TGA was conducted on a Netzsch model STA 449 Fi Jupiter
instrument. The samples (0.5—3 mg) were kept at 100 °C for 30 min
for stabilization, then heated from 130 to 800 °C at a speed of 10 °C
min~!, before being held at this temperature for a further 30 min at
the end of the measurement. The analysis was carried out under a 20
mL min™" airflow.

Development of EV Mimics Formulations. In order to mimic
the lipidic composition of PC3-derived EVs (PC3dEVs), the work by
Ferreri et al,,”” in which the lipidomic profile of PC3dEVs is presented
(and reported here in Tables S1 and S2), was used as a reference for
the design of the three EV-mimicking formulations, taking care to
respect the same proportion of the main phospholipid families, i.e.,
Sphingomyelins (SM), Phosphatidylethanolamine (PE), Phosphati-
dylserine (PS), Phosphatidylcholine (PC), and cholesterol, as well as
the ratio between the most abundant species of fatty acids in the
natural composition. Table 1 reports the mass percentages of the
lipidic components designed for Formulation 3C, Mimic 1, 2, and 3,
in comparison to the natural PC3dEVs .

To prepare the formulations, cholesterol (chloroform solution) was
purchased from Sigma-Aldrich, and phospholipids were purchased
from Avanti Polar Lipids Inc.: 16:0 SM (d18:1/16:0) (N-palmitoyl-p-
erythro-sphingosylphosphorylcholine); DSPE-PEG(2000) Amine
(1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino-
(polyethylene glycol)-2000] (ammonium salt)); 18:2 PE (1,2
dilinoleoyl-sn-glycero-3-phosphoethanolamine); DOPC (18:1 (A9-
Cis) PC (DOPC), 1,2-dioleoyl-sn-glycero-3-phosphocholine, chloro-
form solution); 16:0 PS (1,2-dipalmitoyl-sn-glycero-3-phospho-L-
serine (sodium salt)); and DOPA (18:1 PA, 1,2-dioleoyl-sn-glycero-
3-phosphate (sodium salt), chloroform solution).

To further optimize the lipid coating, another version of the Mimic
formulations was tested, including a higher amount of cholesterol.
The mass percentage of cholesterol was increased to 30%, and the
other lipids in the formulations were rebalanced accordingly,
maintaining the same proportions of SM, PE, PC, and PS. The
resulting compositions are reported in Table 2.

Table 2. Mass Percentage of Lipid Species in Cholesterol-
Enriched (CE) EV-Mimicking Artificial Lipidic
Compositions

Lipid Families in Commercial CE CE CE
PC3dEVs products Mimic 1 Mimic 2 Mimic 3
Chol Cholesterol 30.0% 30.0% 30.0%
SM 16:0 SM (d 161%  161%  16.1%
18:1/16:0)
PE DSPE-PEG(2000) 12.9% 12.9% 8.0%
Amine
18:2 PE / / 4.8%
PC DOPC (18:1 (A9- 209%  209%  20.9%
Cis) PC)
PS 16:0 PS / 20.1% 20.1%
/ 18:1 PA 20.1% / /

Assembly and Characterization of EV Mimics. NCs@NH,
were covered by the above-described lipid formulations using the
solvent exchange method,™ developed, already tested, and optimized
by some of us on another kind of organosilica nanostructure.”® In
brief, the various lipidic components were mixed together in a glass
vial in the previously established proportions and allowed to dry
overnight under vacuum conditions. Successively, the dried lipid film
was rehydrated by adding a 2:3 (v/v) ethanol:water solution,

achieving a final concentration of lipids equal to 3 mg/mL. NCs
were also dispersed in the same solution, and the lipid mixture was
added, observing a 2:1 NCs:lipids mass ratio, and the obtained
suspension was sonicated for 3 min in an ultrasound (US) bath (59
kHz, Branson 3800 CPXH, Branson Ultrasonics Corporation,
Brookfield, CT, USA). Afterward, bdH,O was quickly added to the
mixture to exceed 70% of the solution’s volume. This sudden change
in the solution’s proportions drives the self-assembly of the
phospholipids, which orient their hydrophobic heads toward the
solution and the surface of NCs@NH,, thus forming a lipid bilayer
around them. To further homogenize the suspension of lipid-coated
NCs, another sonication step in the US bath (S min) was performed.

To characterize the size distribution and colloidal stability of the
coated nanoparticles, DLS and Z-potential (Zetasizer Nano ZS90
from Malvern Instruments), as well as nanoparticle tracking analysis
(NTA, NanoSight NS300 from Malvern Panalytical), were performed
in deionized water at room temperature. All measurements were
conducted 3 times and then averaged. For NTA analysis, three 60 s
videos of each sample flowing through the instrument chamber were
recorded and analyzed with the NTA 3.4 software from Malvern
Panalytical.

Transmission Electron Microscopy (TEM) was performed to
determine the morphology and structure of the materials, whereas
Scanning-Transmission Electron Microscopy (STEM) was performed
to determine the composition of the samples. Both techniques were
carried out using a Tecnai F30 microscope (FEI Company) at a
working voltage of 300 kV. TEM images were obtained with a
coupled CCD camera (Gatan). Regarding STEM, High-Angle
Annular Dark Field (STEM-HAADF) images were obtained with a
HAADF detector (Fischione). Also, in order to analyze the chemical
composition of the materials and corroborate the presence of Si in the
EV Mimics, X-ray Energy Dispersive Spectra (EDS) were obtained
with an EDAX detector. An 8 uL drop of each sample was placed on
Parafilm on a Petri dish. Freshly glow-discharged (30 s, 15 mA)
carbon-coated 200-mesh copper grids (Agar Scientific Supplies) were
incubated for 5 min on the sample drops. Excess liquid was removed
by briefly contacting the edge of the grid with filter paper, and the
grids were allowed to air-dry.

For the Cryo-TEM analysis, the morphology of the lipid-coated
and naked NPs was analyzed by transmission electron microscopy
(TEM) using a TECNAI G2 20 SUPER TWIN (FEI), operating at an
accelerating voltage of 200 kV in bright-field image mode. The
samples were diluted and then dried using a UV lamp. The
preparation of the cryo-TEM samples first involved a vitrification
procedure on an FEI Vitrobot Mark IV (Eindhoven, The Nether-
lands). One drop of the sample solution (~3 pL) was deposited on a
copper grid (300 mesh Quantifoil R2/2, hydrophilized by glow-
discharge treatment just prior to use) within the environmental
chamber of the Vitrobot, and the excess liquid was blotted away. The
sample was shot into melting (liquid) ethane and transferred through
a 655 Turbo Pumping Station (Gatan, France) to a 626 DH Single
Tilt Cryo Holder (Gatan, France), where it was maintained below
—170 °C (liquid nitrogen temperature). The sample was examined in
the TECNAI G2 20 TWIN (FEI) previously mentioned, operating at
an accelerating voltage of 200 kV in brightfield. TEM images were
acquired with a Veleta 2K x 2K CCD camera. The Cryo-TEM
characterization of the naked and coated particles was performed by
the Synthesis of Nanoparticles Unit (UNIT 9) of the ICTS
“Nanbiosis” at the Institute of Nanoscience and Materials of Aragon
(INMA)nUniversidad de Zaragoza.

To fluorescently label the NCs, Atto647-NHS or Atto488-NHS
ester (Thermo Fisher, Waltham, MA, USA) was added (4 ug/mg of
NCs) to the ethanolic suspension of NCs@NH, and stirred in the
dark overnight. The material was then washed by centrifugation
(14000 g, 30 min) through multiple cycles until the supernatant
became colorless.

Optimization of NCs/Lipids Mass Ratio. NCs dimensions were
estimated from TEM images: NCs diameter and wall thickness were
calculated with ImageJ software; a distribution of diameters was
obtained and the frequency was calculated using bins of S nm. From
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the above, the volume of a single NC was calculated, considering it as
a perfect hollow sphere. To obtain the weight of a single NC, the
volume value was multiplied by the silica density of 1.87 g/m’
reported in the literature for silica nanoparticles obtained with similar
synthesis processes.”’ These calculations were done for each NC
diameter ranging from 45 and 125 nm, with a step of 5 nm. Instead,
the weight of the lipid bilayer was evaluated by estimating the amount
of lipids required for the coating of a sphere of a given diameter. To
this purpose, we used the CHARMM-GUI MARTINI vesicle maker
tool,”>~** which employs the structural parameters of MARTINI lipid
and cholesterol models to generate spherical vesicles of a given inner
radius. Successively, the ratio between the obtained weight estimation
of NCs and lipid bilayers was calculated for each considered diameter.
And finally, the obtained ratios were weighted by multiplying the
value of the ratio by the frequency percentage of the diameter in the
NCs’ size distribution, obtaining a comprehensive value for the NCs/
lipids mass ratio.

Cell Culture and Isolation of Natural PC3-Derived Extrac-
ellular Vesicles. PC3 cells were cultured in RPMI 1640 GlutaMAX
(Gibco, Thermo Fisher Scientific, Waltham, MA, USA) supplemented
with 10% FBS (Serana, Pessin, Germany) and penicillin—
streptomycin (pen/strep, Gibco) in T175 flasks (Greiner Bio-One,
Kremsmiinster, Austria). When the cells reached 85% confluency, the
medium was replaced by RPMI 1640 GlutaMAX supplemented with
10% EV-depleted FBS + pen/strep. For this, a 30% FBS in RPMI was
depleted of EVs by >16 h of centrifugation at 28,000 rpm (~100,000
g) in an SW32 Ti rotor and L90K ultracentrifuge (Beckman Coulter,
Brea, CA, USA) at 4 °C. After centrifugation, the top 25 mL of each
tube was collected using a serological pipette, filtered through a 0.2
pum filter, aliquoted, and stored at —20 °C. Medium for EV isolation
was collected from the PC3 cells after 14—16 h of culture at 37 °C
and 5% CO,. The culture medium was centrifuged twice at 200 g
followed by two centrifugation steps at 500 g, all for 10 min each, and
the supernatant was decanted into a new tube after each step. All
centrifugation and following ultracentrifugation steps were done at 4
°C. The final 500 g supernatant was stored at —80 °C. For each EV
isolation, 90 mL of 500 g supernatant was thawed overnight at 4 °C
and then centrifuged for 30 min at 8,900 rpm (~10,000 g) in an
SW32 Ti rotor and L90K ultracentrifuge. All ultracentrifuge tubes
used were thin-wall polypropylene. The 10,000 g supernatant was
transferred to new tubes and centrifuged for 65 min at 28,000 rpm
(~100,000 g, SW32 Ti rotor, L90K centrifuge). The 100,000 g
supernatants were removed until the conical part of the tube. The
100,000 g pellets were resuspended in the remaining supernatant and
pooled into one SW40 Ti tube. The tube was topped up with 100,000
g supernatant and centrifuged for 65 min at 28,000 rpm (~100,000 g)
in an SW40 Ti rotor and XPN ultracentrifuge (Beckman Coulter).
The final 100,000 g supernatant was removed, and the EV-enriched
pellet was resuspended in 200 yL PBS + 0.2% BSA (made from a 5%
BSA (Sigma-Aldrich, Saint Louis, MO, USA) in PBS stock that was
depleted of particles by overnight ultracentrifugation, similar to the
30% FBS) and transferred to an SW60 tube. The resuspended EV
pellet was gently mixed with 970 uL of 60% iodixanol (OptiPrep,
Stemcell Technologies, Vancouver, Canada), after which the
following iodixanol layers were built on top: 485 uL of 40%, 485
uL of 30%, and 1746 uL of 10%. The different iodixanol densities
were made by mixing 50% (made from 60% iodixanol, 10X PBS, and
sterile MQ water) and sterile PBS (Gibco). The density gradient was
centrifuged for >16 h at 43,000 rpm (~190,000 g) in an SW60 Ti
rotor, with acceleration and deceleration settings of 9, in an XPN
ultracentrifuge. From the gradient, 12 fractions of 324 uL were
collected from top to bottom. Fractions 6 and 7 (where fraction 1 is
the bottom and fraction 12 is the top) (with densities of 1.10—1.08 g/
mL) were pooled into one SW40 tube and mixed with 11 mL of PBS
+0.1% BSA (particle-depleted). The purified EVs were pelleted for 65
min at 39,000 rpm (~190,000 g) in an SW40 Ti rotor and XPN
centrifuge. The supernatant was removed as before, and the final EV
pellet was resuspended in 50 L PBS + 0.1% BSA, aliquoted, and
stored at —80 °C until imaging. Each aliquot was thawed only once.

B HIGH-RESOLUTION FLOW CYTOMETRY

NCs were labeled with Atto488-NHS ester, as described above.
After lipid coating, the lipids were labeled by adding S uL of
the lipophilic dye DiD (ThermoFisher, resuspended 1 mg/mL
in dimethyl sulfoxide). EV Mimics were incubated at 37 °C for
15 min and then centrifuged at 5000g for 10 min to remove
excess dye. The pellets were resuspended in water and diluted
1:1,000 in PBS (Gibco) before being measured on an Aurora
spectral flow cytometer with an Enhanced Small Particle
detector (Cytek). Each sample was measured with a B2 (peak
detector for Atto488) threshold of 1200, which was set on
unstained NCs to minimize background signals. Raw .fcs files
were analyzed in FlowJo (version 10.1).

Slide Preparation for Fluorescence Microscopy
Imaging. Coverslips #1.5 were placed in an ultrasonic bath
with fresh methanol for 15 min. Afterward, they were dried
with nitrogen and underwent plasma treatment for 1 min
(Openair FG 5001-Plasma Generator). To prepare a flow
channel, two strips of double-sided tape were placed on a glass
slide with the cleaned coverslip on top to form a chamber. For
the EV samples, capture was aided by a mixture of primary
antibodies containing 0.1 mg/mL of anti-CD9 (MAB-1880—
100, R&D Systems), anti-CD63 (MABS048, R&D Systems),
and anti-CD81 (MAB4615, R&D Systems), which was flowed
into the chamber and incubated for 30 min. Particles, whether
they were EVs or EV Mimics, were flowed into the chamber
and incubated for 30 min. Free particles were then washed
away with either PBS or PBS containing 0.1% BSA in the case
of EVs.

Nile Red stock solutions of 100 yM were prepared by
dissolving Nile Red in high-purity dimethyl sulfoxide (DMSO)
and then further diluting it into a PBS buffer. For each
measurement, fresh dilutions of 5 nM Nile Red were prepared
and added to the imaging chamber before closing it off with
nail polish.

Single-Molecule Localization Microscopy Imaging.
Colocalization measurements of the Atto647-NHS ester-
labeled nanoparticles and Nile Red localizations were obtained
with an Oxford Nanoimager microscope (ONI, Oxford, UK).

The imaging was carried out in total internal reflection
fluorescence (TIRF) configuration with a 100X, 1.4 NA oil-
immersion objective. Images were acquired on a 428 X 428
pixel area, with a corresponding pixel size of 0.117 ym on an
sCMOS camera. They were passed through a beam splitter to
separate the two channels. To prevent cross-bleeding, images
were recorded with an exposure time of 50 ms by first
illuminating the nanoparticles for 3000 frames using a 640 nm
laser at 3 mW, and subsequently recording the Nile Red signal
for 10000 frames using a 561/532 nm laser at 30 mW. Before
each measurement, a channel mapping calibration was
performed using TetraSpeck beads (T7279, Invitrogen) to
ensure proper colocalization.

Localization data were obtained through the in-built
Gaussian fitting function in the ONI; then, it was drift-
corrected and density-filtered in THUNDERSTORM.> The
resulting output was analyzed in nanoFeatures,” which
clustered and filtered particles to obtain parameters such as
size and aspect ratio. The Nile Red localization data were
overlaid with the diffraction-limited Atto647 signal of the
nanocapsules. The percentage of Atto647-labeled particles that
also showed a Nile Red signal was then determined manually.
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Spectral PAINT Imaging. The spectral Nile Red PAINT
measurements were performed on an inverted optical micro-
scope (Nikon Ti2) with a 70 grooves/mm grating (#46—068,
Edmund Optics) placed in the emission path. The imaging was
carried out in TIRF, illuminated with a 30 mW, 532 nm,
continuous fiber-coupled laser source (FP1280764, Coherent
OBIS). The excitation was directed through a dichroic (ZET
532/10X, Chroma) and a 100X, 1.49 NA oil-immersion
objective (Nikon Apo TIRF 100X Oil). The emission passed
through a mechanical slit (VA100C, Thorlabs), a long-pass
filter (ETS42LP, Chroma Technology USA), and a notch filter
(NFS33—17, Thorlabs) before reaching the previously
mentioned grating and being projected onto an EMCCD
camera (Andor DU-888 X-9414) with 250 multiplication gain,
50 ms exposure time, and 90 nm pixel size. The emission light
was split 41% into the zeroth order and 32% into the first order
according to the manufacturer. By adjusting the grating-to-
camera distance and using an argon lamp (HG-2 Mercury
Argon Calibration Light Source, Ocean Optics), we calibrated
the dispersion versus wavelength.

Analysis is done in FIJT using THUNDERSTORM™ and
RAINBOWSTORM.?® The TIFF file is loaded and separated
into the spatial and spectral domains. The spatial image is then
processed in THUNDERSTORM to obtain localization data.
The background is removed from the spectral image, which is
then used to identify and calculate the full spectra for each
localization. To ensure good data quality, spectra with high
uncertainty (>40 nm) and/or low spectral photon counts
(<300) are filtered out. These data are then exported and
postprocessed in THUNDERSTORM to do drift correction
and density filtering as needed. Finally, a custom MATLAB
script is used to do Gaussian peak fitting for each localization’s
spectroscopic field, and the localizations are clustered using a
mean shift clustering algorithm to correlate the data per
particle. The script outputs both the mean and standard
deviation of the bright times, dark times, centroid wavelengths,
peak wavelengths, number of events, spatial photons, and
spectral photons for each validated cluster. This gives
information on the spectral properties of the whole population
and individual particles.

Spectral PAINT Calibration. The spectral setup was
calibrated using an argon-based spectral calibration lamp
(Ocean Optics HG-2), which shows lines at various wave-
lengths. The pixel distance to wavelength was calibrated for
lines at 435, 586, and 763 nm. This was then fitted to obtain
the relation between spatial-to-spectral distance and emission
wavelength in nm.

Molecular Simulations of EV Mimics Formulations.
The molecular models for formulations CE Mimic 1, 2, and 3
were constructed usin§ the recent MARTINI 3 coarse-grained
(CG) force field,>”*® which provides improved lipid and
cholesterol® representations. Each simulation box contained a
bilayer section of about 14.5 nm X 14.5 nm along the x and y
axes, surrounded by a layer of MARTINI water of about 8 nm
on each side along the z axis. Periodic boundary conditions
(PBC) are imposed so that the opposite ends of the bilayer are
continuously connected. Each bilayer section contains
approximately SO0 lipids and 500 cholesterol molecules (see
Table S10 for a detailed description of the molecular content
of all simulated systems). The bilayer models were constructed
using the CHARMM-GUI MARTINI membrane builder.***’

The organosilica surface model is constructed by placing
MARTINI beads on a planar two-dimensional lattice with x

and y spacings of 0.58 nm, so that they form an array of ligands
having a density of 2.9 groups per nm® This first layer of
beads, representing the interfacial organosilica that reacted
with 2,2-dimethoxy-1,6-diaza-2-silacyclooctane (DMDASCP),
is restrained to the lattice sites using harmonic potentials with
force constants k = 5000 k] mol™ nm™. The DMDASCP
groups are parameterized compatibly with the MARTINI 3
force field,””* using an N3d bead for representing the
dimethoxysilicon moieties, a P3 bead for the secondary amine,
and a charged (+1) SQI bead for the primary amine. This
model allows representing the structure of the interface
between water and the organosilica surface' after the ring-
opening click reaction of DMDASCP reagents.** Furthermore,
a harmonic restraining wall potential with a force constant k =
1000 kJ mol™nm™ is employed to avoid the permeation of
water and ions from the upper to the lower side of the surface,
so that the lattice of N3d beads effectively represents the
demarcation between bulk organosilica and the organosilica—
DMDASCP—lipids interface. The starting configuration of the
organosilica-supported lipid bilayer systems (”Supported”) was
prepared by stacking the organosilica—DMDASCP surface
model onto the lipid bilayer systems (“Free”), such that they
are in direct contact before the minimization and equilibration
procedures (i.e., many beads of the surface and the stacked
lipid bilayer are distant by 0—0.5 nm). The total charge of the
different EV mimic formulations, considered together with the
charge of the functionalized surface when relevant, is
neutralized by the addition of Na* and Cl™ ions. In the
organosilica-supported systems, neutralizing ions are inserted
between the lipid bilayer and the surface, such that the models
represent electrostatic equilibrium.

The MD simulations were performed using GROMACS™*
(version 2021.4) using a 20 fs integration time step in the
production stages (employed for analyses), which is standard
in MARTINI simulations.** We simulated the systems in the
NPT ensemble (i.e.,, constant number of particles, pressure,
and temperature), maintaining the temperature via the v-
rescale”™ algorithm (coupling constant set to 1 ps) and the
pressure via the c-rescale™® algorithm, using a semi-isotropic
scheme (coupling constant set to 4 ps and compressibility set
to 3 X 107* bar™"). For each system, the CG-MD simulation
protocol included a preliminary soft-core minimization stage
(useful for handling steric clashes in the construction of the
organosilica-supported systems), followed by 5000 steps of
minimization using the steepest descent integrator and an
equilibration stage of 2 us using a 20 fs integration time step,
during which the 310 K equilibrium temperature was reached.
The equilibration stage also demonstrated the stability of the
assemblies in organosilica-supported systems. The following
production stage is 20 us for each of the systems, which
allowed us to obtain accurate sampling for the purpose of this
study.

The bilayer thickness Dyy and APL are estimated by
measuring every 10 ns over the 20 us of production runs and
computing the average and standard error. The area
compressibility modulus is obtained from the APL measure-

ment according to the relation K, = kBT%, where kg is the
‘APL

Boltzmann constant, T is the temperature, and o,p; is the
standard deviation of the APL.

The lateral diffusion constants are estimated by computing
the lateral mean-square displacement (MSD =IAr(z)I*) of all
the lipid phosphate head groups along the membrane plane
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Figure 1. Schematic overview of the workflow presented in this study, from simulation and design to synthesis and characterization.
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Figure 2. Schematic representation of the mass percentages of A) lipid classes and B) fatty acids of the different designed EV-mimicking
formulations: Mimic 1, Mimic 2, and Mimic 3, in comparison to the starting formulation, “3C”, and the simplified natural composition of EVs
derived from the PC3 prostate cancer cell line (PC3dEVs) reported by Ferreri et al.*’

(x,y directions). The obtained MSD linear trends are then
fitted in a 7 range from 1.6 to 14.5 us to estimate the diffusion
constants, D, according to Einstein’s equation (MSD =2dDr,
where d is the number of dimensions, 2 for lateral diffusivity)
and the relative error. We underline that this method does not
provide a very accurate estimate of lateral diftusivity, because
(i) we are employing a CG model, where the reduced
representation of the degrees of freedom of the system implies
accelerated dynamics, and (ii) MSD calculations of membrane
diffusion are systematically affected by finite size effects.’ In
any case, we can employ these results as a reliable measure of
internal lipid mobility and use them to compare dynamics in
the different formulations.

B RESULTS

The main objective of this work is to replicate the structure of
extracellular vesicles, with a particular focus on their lipid
composition and the resulting properties. Figure 1 provides a
schematic overview of the workflow. The process begins with
the design and optimization of EV mimic formulations, based
on existing literature and simulations. These formulations are
then applied to coat a solid, breakable core. The resulting
particle library undergoes characterization through both bulk

13262

and single-particle techniques, enabling a comparison of their
properties to those of natural EVs. The following sections
outline each step in greater detail.

Development of EV-Mimicking Lipidic Formulations.
The lipid composition plays a crucial role in determining the
structure of EVs, as lipids form the characteristic bilayer, and
the composition influences the fluidity, rigidity, compartmen-
talization, and curvature of the membrane. Additionally, the
lipid composition affects how EVs are taken up by recipient
cells, as certain lipid signatures can influence recognition and
subsequent fusion with cell membranes.** PC3-derived EVs
(PC3dEVs) were an attractive option here, as their lipid
composition has already been identified and published by
Ferreri et al®’ This natural composition was used as a
reference to design several lipid formulations by using
commercially available phospholipids and cholesterol. The
work by Ferreri et al. analyzed both the mass percentages of
the lipid families, reported in Table S1, as well as the fatty
acids, reported in Table S2. In our work, only the most
abundant species of fatty acids were taken into account, while
preserving the same ratio of polar head groups and maintaining
the distribution of fatty acid families, i.e., saturated,
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Figure 3. A) Schematic representation of the synthesis of organosilica nanocapsules procedure with the main reagents employed. B) Schematic
representation of the procedure followed to coat the organosilica nanocapsules, which involves the solvent exchange method.

monounsaturated, and polyunsaturated fatty acids (SFA,
MUFA, and PUFA, respectively).

Three lipidic formulations were then developed using a
previously optimized formulation (called “3C”), inspired by
the COVID-19 BioNTech/Pfizer (BNT162b2) and Moderna
(mRNA-1273) vaccines, as a starting point.’® The three EV-
mimicking formulations were named Mimic 1, Mimic 2, and
Mimic 3, and; in this order, they are gradually more complex
and more similar to the PC3dEVs. The schematic
representations of the lipidic components of the Mimic
formulations are presented in terms of lipid classes (Figure
2A) and the content of the different fatty acid species (Figure
2B), in comparison to the PC3dEVs composition.

More in detail, the 3C formulation contains an anionic lipid
(18:1 phosphatidic acid, PA), which helps in the formation of a
homogeneous layer around aminopropyl-functionalized orga-
nosilica nanocapsules that show a positive surface charge,
guaranteeing an electrostatic interaction between the lipid
mixture and the nanoparticles. This formulation was used as a
control to evaluate the performance of the EV mimic
formulation’s performances.

Mimic 1 is based on a rebalancing of the lipids from the
original 3C formulation, with the only addition being
sphingomyelins (SM). In this case, the lipidic coating on the
nanocapsules still relies on electrostatic interactions as a
driving force, mainly caused by the anionic lipid 18:1 PA. On
the other hand, in the Mimic 2 formulation, the 18:1 PA was
substituted with 16:0 phosphatidylserine (PS). This anionic
phospholipid belongs to the only category of lipids that is
missing in Mimic 1 with respect to PC3dEVs .* Lastly, the
Mimic 3 composition is identical to Mimic 2, except for the
substitution of part of the PEGylated lipid (DSPE-PEG) with

18:2 phosphatidylethanolamine (PE), which is done to include
PUFAs. Actually, the Mimic 3 formulation includes the most
abundant polyunsaturated fatty acid reported for PC3dEVs
(with a C18:2 carbon chain), which should enhance the
fluidity of the lipidic layer.

As visible in Figure 2, the successive Mimic formulations
become gradually more complex and theoretically more similar
to the PC3dEVs.

Assembly and Bulk Characterization of EV Mimics.
Organosilica Nanocapsules as Core Elements for EV Mimics:
Synthesis and Characterizations. The nanocapsules (NCs)
employed as the core of the EV Mimics are similar to the NCs
previously reported by Prasetyanto and coworkers.”* The
schematic representation of the synthesis process is depicted in
Figure 3A. These NCs contain covalently linked disulfide
groups as part of the silica framework. The disulfide bonds can
be broken by the reduction of S—S to thiols, which allows for
the degradation of the NCs in the presence of a reducing
environment (i.e., intracellular cancer levels of glutathione),
leading to cargo release.”® Furthermore, to facilitate electro-
static interactions with the lipidic shell, the NCs were
functionalized with positively charged amine groups (NCs@
NH,).

Transmission electron microscopy (TEM) imaging reveals
the presence of spherical NCs with a diameter of about 70 nm
(Figure S2A). Dynamic light scattering (DLS) measurements
of the pristine NCs and the functionalized NCs@NH, are in
agreement with TEM images, exhibiting a hydrodynamic
diameter peak at 70 nm (polydispersity index, PdI equal to
0.10) and 80 nm (with PdI of 0.21), respectively (Figure S3A)
with homogeneous and monodispersed size distributions. The
zeta potential of the NCs (Figure S3B) changed from the
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typical negative charge of silica materials (—19.7 + 2.4 mV) to
a positive charge (+23 + 5.6 mV) due to the amine
functionalization of the NCs@NH,. This shift in charge,
together with the increase in hydrodynamic diameter,
demonstrates that the positively charged functional moieties
were successfully anchored to the NC surface. Further
characterization of the NCs@NH, is presented in Figure S3.

Mimic Formulations Successfully Coat Organosilica NCs,
Resulting in EV Mimics. To create a nanoconstruct with an
EV-biomimetic surface for interaction with the biological
environment, the various Mimic formulations were utilized to
coat NC@NH, using the solvent exchange method,*® which
drives the self-assembly of lipids around the nanoparticles. The
obtained lipid-coated NC@NH, (EV Mimics) were charac-
terized by means of DLS and Zeta potential analysis, showing a
general shift from positive (+27.1 + 6.22 mV) values of the
NCs@NH, to negative ones for the NCs@NH, coated with
the different lipidic formulations, as reported in Table 3 and
Figure 4A. Furthermore, an increase in the nanoparticle’s
hydrodynamic radius was observed (Figure 4B), suggesting
that the NC@NH, were effectively coated.

Table 3. Summary of Size and Zeta Potential Measurements
of the EV Mimics

Size

EV Mimics Z-Average (nm) PdI Zeta potential (mV)
3C 448.6 0.75 -58.6 + 14.8
Mimic 1 162.1 0.26 -191+£73
Mimic 2 174.5 0.36 -192 + 7.9
Mimic 3 166.8 0.37 291 +79

CE Mimic 1 187.1 0.19 -12.2 + 7.55
CE Mimic 2 192.1 0.24 -12.7 + 7.46
CE Mimic 3 188.3 0.20 -18.1 + 4.25

However, the 3C formulation produced a size distribution
with multiple peaks, indicating the formation of aggregates or
multilayered lipid coatings around the NCs. This is supported
by the Zeta potential values, reaching highly negative values
(—58.6 = 14.8 mV), which can denote the presence of a high
number of lipids surrounding the NCs. The Mimic
formulations, particularly Mimic 1, showed more regular size
distributions, with an average hydrodynamic diameter between
150 and 200 nm and a Zeta potential ranging approximately
from —10 to —30 mV. Mimic 2 and Mimic 3 formulations
produced a wider size distribution than Mimic 1.

Cholesterol is known to enhance the stability of a lipid
bilayer and alter its rigidity.”"*> Moreover, according to some
research works, the content of cholesterol in prostate cancer-
derived EVs may be higher than the mass percentage of 13%
used in the initial mimic formulations.”** In line with these
studies, cholesterol-enhanced mimic formulations (CE
Mimics), with a higher mass percentage of cholesterol—30%
(Figure S1)—were produced and tested, obtaining more
homogeneous size distributions, as evidenced by Figure 4C.
Table 3 summarizes the size and Zeta potential results
collected for EV Mimics.

To corroborate the quality of the cholesterol-enhanced lipid
formulations, stability tests were performed. Both uncoated
NCs and EV Mimics were monitored through DLS for 1 week;
the resulting values of Zeta potential, average size, and
polydispersity index are respectively reported in Figure 4D—
F. With regard to the size, we observed that NCs quickly tend

to aggregate, while EV Mimics remained more stable over
time. In particular, the average size and PdI values of CE
Mimic 1 and CE Mimic 3 formulations remained constant
throughout the whole period of observation. On the other
hand, an increase in size was registered for CE Mimic 2. As for
the Zeta potential, CE Mimic 1 and CE Mimic 2 suffered from
a slight decrease in the absolute value over time. Notably, CE
Mimic 3 instead showed a constant Zeta potential value, which
also closely overlaps with the one registered for reference
natural EVs.

Computational Modeling Guides the Optimization of
Lipid/NCs Ratio. To further improve the nanoparticle coating
process, the optimal amount of lipids required for the
formation of a single bilayer on their surface was estimated.
For this purpose, experimental work and computational
estimates were combined to evaluate the surface area exposed
by the NC@NH,, as well as the number of lipid molecules
necessary to optimally coat the said surface area.

The diameter and the wall thickness of NC@NH, were
estimated from TEM images (exemplified in Figure S2A),
obtaining an average diameter of 79.4 + 11.6 nm. Indeed, as
reported in Figure S2B, more than 70% of NC@NH, have a
diameter between 70 and 90 nm and an estimated wall
thickness of 3.68 + 0.89 nm (Figure S2C). The weight
depends on the atomic structure of silica, and the nano-
particle’s density is different from that of the bulk material
(crystalline silica).” Literature reports different densities for
silica nanoparticles, ranging from 1.4 to 2.6 g/cm>.*">>™>" If a
silica density of 1.87 g/cm” is assumed, as reported by Kimoto
and colleagues’®' for silica nanoparticles synthesized with a
sol—gel process, similar to the one employed in this work, the
estimated weight of a single NC is 1.3 X 107 g (Table S3).

The computational modeling of a spherical lipid bilayer
structure (see Experimental Section) provides an estimate of
the number of molecules in its upper and lower leaflets. Under
the assumption that nanocapsules are perfect spheres, this
calculation provided a guideline on the amount of each lipid
species required to form an optimal, single bilayer coating on
an organosilica sphere of a given diameter. The mass of a single
bilayer shell for a range of NCs’ diameters and for each of the
Mimic formulations was then calculated. The obtained values
are reported in Table S4. This gave an optimal theoretical mass
ratio of NCs to lipids between 1.4 and 2.6, as reported in Table
S5 . Successively, the NCs’ masses were weighed according to
their size distribution, as documented in Table S6. The results
of such calculations indicate an optimal range of NCs/lipids
ratios between 1.91 and 2.30.

With the aim to verify if the data obtained through the
theoretical approach were close to real conditions, different
mass ratios of NC@NH, and lipid formulations (namely, 1:1,
2:1, 3:1, 4:1, S:1, and 10:1 NC@NH,/lipids) were
experimentally tested, employing the most promising for-
mulations (CE Mimic 1 and CE Mimic 3). The quality of the
coating of NC@NH, with the different ratios was then
evaluated and compared using DLS. More specifically, to
determine the optimal ratio, we took advantage of the
tendency of NCs to naturally aggregate in PBS (as shown in
Figure S4), whereas properly coated nanoparticles are expected
to maintain their size. Through DLS measurements, we indeed
observed an increase in size and polydispersity index by
reducing the amount of lipids employed.

NCs coated with a 2:1 NCs/lipids mass ratio, as visible from
Figure 5A,B, showed the smallest average size and the lowest
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Figure 4. EV Mimics characterization. A) Zeta potential measurements; B) DLS measurements of uncoated NCs and NCs coated with
formulations 3C, Mimic 1, Mimic 2, and Mimic 3; C) DLS measurements of NCs coated with the cholesterol-enhanced mimic formulations. D)
Stability evaluation of the Zeta potential, E) average size, and F) PdI of NCs and EV Mimics.

PdL. The 1:1 ratio also resulted in a reasonably good size
distribution; however, it was slightly less uniform compared to
the 2:1 ratio, possibly due to the presence of an excess of lipids.
On the other hand, 3:1, 4:1, 5:1, and 10:1 NCs/lipids mass
ratios showed multiple peaks at much higher values and higher
polydispersity indexes. This was attributed to aggregation
occurring when NCs are not fully coated by lipids. Remarkably,
2:1 was confirmed as the best ratio from the experimental
point of view. Therefore, the experimental evidence matches
the estimated best NCs/lipids optimal range.

By employing the 2:1 ratio, the obtained EV Mimics appear
as single nanoparticles coated with an organic shell attributed
to a lipid layer, as observable from cryo-transmission electron
microscopy (Cryo-TEM) images reported in Figure SC. In this
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way, the nanoconstruct’s appearance is in agreement with the
theoretical one assumed for computational modeling of EV
Mimics. In Figure SS, further Cryo-TEM images are displayed,
showing the differences between the different lipid-coated and
uncoated NCs@NH,. The EDS analysis confirmed the
presence of Si atoms in the internal core of the EV Mimics
(Figure S6).

Moreover, DLS data were confirmed by Nano Tracking
Analysis (NTA), as exemplified in Figure 4D. The complete
set of NTA measurements is instead reported in Figures S7
and S8. Remarkably, the assembly of EV Mimics with the 2:1
ratio resulted in nanoparticles with a size distribution very
close to that of natural PC3dEVs.
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Molecular Simulations Characterize Lipid Dynamics
at the Nanoscale. To gain a further understanding of the EV-
Mimicking formulations, we performed molecular dynamics
(MD) simulations of only the three CE Mimic formulations, in
view of their superior behavior shown above. To this end,
molecular models were created using the coarse-grained (CG)
modeling scheme MARTINI 3.0, in which groups of 3—4
heavy atoms are represented by single particles interacting
among each other according to properly parameterized
potentials.””** Using such a lower modeling resolution, with
respect to atomistic models, allows for reaching the space and
time scales relevant to the study of lipid membrane dynamics,
while also preserving important details of the intermolecular
interactions.

Models of CE Mimic 1, 2, and 3 were developed, and
nanometer-sized portions of single-stack lipid bilayer mem-
branes (see schemes in Figure 6A) were simulated, focusing
our MD study on two configurations: (i) free/unsupported
membrane, with the bilayer simply immersed in water, and (ii)
supported membrane, where the lower leaflet of the bilayer is
noncovalently bound to a porous organosilica surface
functionalized with diaza-silane (see also the Experimental
Section).

The simulations of free/unsupported bilayer membranes are
representative of liposomes as well as portions of the EV
Mimic envelope that would be locally detached from the
porous organosilica surface (as a water layer can form between
the hard-shell NP and the coating envelope). As explained in
detail in the Experimental Section, MD simulations allowed us
to characterize the equilibrium behavior of the different EV
Mimic formulations under standard conditions of temperature
and pressure (T = 310 K and p = 1 atm).

We first evaluated how the structural features of the
membranes depend on their composition and their binding
to the organosilica surface. The area per lipid (APL) and
bilayer thickness are reported in Figure 6B. We observed that
differences between CE Mimic formulations do not trigger
large variations in the structural parameters, as also supported
by the radial distribution functions (Figure S9). We then
moved on to the characterization of the internal dynamics of
EV mimic envelopes, as this is a key aspect for their envisaged
applications. To measure the dynamics of the envelopes, we
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computed the area compressibility modulus KA, which
quantifies the resistance of the bilayer to lateral compression
(i.e., along the xy axes), and the average lateral diffusivity of the
lipids (again along the xy axes, computed across the upper
leaflet; see Figure 6A), which quantifies lipid mobility along
the plane of the bilayer. The lateral diffusivity is computed by
evaluating the MSD of the phosphate groups of all lipid heads
(see Experimental Section).

The results are reported in Figure 6C, showing that
dynamics are significantly reduced when binding to the
organosilica surface occurs (in terms of both area compressi-
bility modulus and lateral diffusivity of the lipids). The binding
onto the surface of the NCs implies reduced lipid mobility also
in the upper leaflet. Moreover, we notice that dynamics vary
significantly between the different Mimic formulations, which
indicates that CE Mimic 1 has both the lowest K, and the
highest lateral diffusivity, followed by CE Mimic 3 and CE
Mimic 2.

The MD analysis, therefore, provides further details on the
molecular-scale behavior of the different envelope formula-
tions. The results show substantial similarity in structural
properties (Figure 6B), but striking differences are observed in
the inner dynamics of the envelopes for different lipid
compositions, showing in particular, how the CE Mimic 2
envelope has lower dynamicity than the other two formulations
(Figure 6C). Comparing the formulations CE Mimic 2 and CE
Mimic 3, which are equal in terms of lipid head type
composition (Figure 1A), we can hypothesize that differences
in terms of lipid tail type composition (Figure 1B) are instead
at the basis of such variable dynamics. Accordingly, it appears
that the higher proportion of saturated lipid tails in formulation
CE Mimic 2 contributes to the greater stiffness of the envelope.
Instead, CE Mimic 1, although diverging from CE Mimic 3 in
both lipid head and tail type composition, shows dynamics
similar to those of CE Mimic 3 (Figure 6). As a whole, MD
unveils further physical details about the properties of the
systems, in particular, on the internal dynamics of the lipid
bilayers, which are hardly accessible via experiments. When
coupled with the experimental results presented herein, MD
modeling indicates that higher compressibility and diffusivity
of the lipidic membrane correlate with better quality in terms
of nanocarrier properties (see also the following sections).

https://doi.org/10.1021/acsanm.5c01459
ACS Appl. Nano Mater. 2025, 8, 13257—-13273


https://pubs.acs.org/doi/suppl/10.1021/acsanm.5c01459/suppl_file/an5c01459_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsanm.5c01459?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.5c01459?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.5c01459?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.5c01459?fig=fig6&ref=pdf
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.5c01459?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Nano Materials

www.acsanm.org

A

Control:
NCs + Atto488 + lipids

EV Mimics:
CE Mimic 3

B 100

804 773

S
@ 718
€
o0 2 60
10 840 CH
1 o
2 39.2
g. % . £ 40 333 28.4
< 3 2
o) S 2 204 I
s} = - 74
g < E
o
(=}
0,025 Uncovered 3C Mimic
3C Mimic
—— Mimic 1
‘\ - = - CE Mimic 1
0020 [ —— Mimic 2 _
I A - - - CE Mimic 2 -
=] /1 \ P
2 ! \ Mimic 3 Mimic 1 Mimic 2 Mimic 3
© 0.0151 1\ - - - CE Mimic 3
ﬁ i \ \\
© \
E 0,010 A\ PR
o (] -
z I’ N\
W CE Mimic 3
0,005+ // R\ RN R imic
’ (RN T
/ \ N M =
0,000 +—===Z, s S ——
0 50 100 150 200 250 300

Diameter (nm)

Figure 7. A) High-resolution flow cytometry analysis of EV Mimics: illustrative dot plots of control samples and EV Mimics (CE Mimic 3). Each
dot represents a single nanoparticle. In EV Mimic samples, NCs were labeled with Atto488 (Y-axis) and lipids were stained with the lipophilic dye
DiD (X-axis). The detection threshold was set above unstained NCs, ensuring that each event is a stained NC. B) Percentages of double-positive
events in high-resolution flow cytometry analysis of the EV Mimics. C) Size distribution of the EV Mimics as determined by clustering of Nile Red
single-molecule localizations. D) Examples of colocalized images of diffraction-limited signal from Atto647-labeled silica cores (red) and super-
resolved single-molecule Nile Red localizations (green). Scale bars represent 100 nm.

Single-Particle Analysis of EVs and EV Mimics. To
further enhance our understanding of the characteristics of the
proposed EV Mimics, we complemented bulk characterization
techniques with single-particle analysis methods. While bulk
characterizations provide valuable insights into overall proper-
ties, such as average size distribution, surface charge, and
composition, they can mask the heterogeneity within a
population.

High-Resolution Flow Cytometry Reveals Differences
in Lipid Coating Efficiency of Mimic Formulations. To
quantify the coating efficiency of the different lipid
formulations, we employed high-resolution flow cytometry,
which allows for the multiparametric analysis of individual
particles in a high-throughput manner. NCs were labeled with
Atto488 dye, and the lipid staining was performed with the
lipophilic dye DiD. The data presented in Figure 7A display
the gating and representative dot plots. Figure 7B shows the
percentage of double-positive events, which indicates the
degree of lipid coating obtained for the different EV Mimics.
The complete set of dot plots is presented in Figure S10.

The results show a significant difference in the percentages
of double-positive events among the various EV Mimics, which
clearly outperformed the 3C formulation. Mimic 2 shows a
distinctly higher percentage of double-positive events than
Mimic 1 and Mimic 3. It was also observed that the
cholesterol-enhanced variants show a generally higher degree
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of double-positive events, particularly for CE Mimic 3, which
shows the best performance of all formulations, confirming the
role of cholesterol in stabilizing the double layer.”"** These
results suggest that small changes in the lipid formulation can
affect the efficiency of NC coating, which, in turn, can have
significant implications for eventual functionality.

Single-Molecule Localization Microscopy Using a
Solvatochromic Dye Enables Polarity Probing at High
Resolution. SMLM was also used to probe the lipid bilayer.
The organosilica cores were stained with Atto647, while Nile
Red was employed to probe the lipids. Nile Red binds
transiently to the hydrophobic regions of the lipid bilayer,
emitting a detectable fluorescence signal upon binding. To
prevent cross-bleeding of the Nile Red signal, NCs and lipids
were imaged sequentially and then aligned.

First, we confirmed that uncovered particles without a lipid
bilayer show no interaction with the Nile Red probe, while it
showed binding events on the lipid-coated nanoparticles (see
Figure 7D). Additionally, clustering the Nile Red signal gives
further indication of the size range, as reported in Figure 7C.
This information is important, as it is possible for aggregates of
multiple silica particles to be enclosed within a bilayer. We
observe a relatively broad size range from roughly 50—150 nm
for nearly all EV Mimics, with a few larger aggregates. In
particular, the Mimic 1 formulations show a significant
population of larger sizes.
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Figure 8. A) Example cropped image of a localization and the corresponding spectral footprint of a Nile Red binding event. The intensity profile
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reconstructed images of EV and EV Mimic particles, colored by the wavelength (in nm) of the localization emission. Scale bars represent 100 nm.

Nile Red also has another key feature, which is that its
emission wavelength is highly sensitive to its local environ-
ment, with lower polarity regions causing a blue shift and more
polar regions inducing a red shift. We took advantage of this
feature to compare the membrane polarities of both the natural
EVs and EV Mimics, obtaining valuable insight into their
structural physicochemical similarities.

By placing a blazed diffraction grating before the detector,
the emitted signal of single Nile Red molecules is separated
into two paths: the spatial domain, or the position of the
molecule, and the spectral domain, which shows the emission
spectrum (as exemplified in Figure 8A and schematized in
Figure 8B). The spatial domain is emitted as a typical point
spread function (PSF), which can be fitted to obtain the
position in x and y at that specific time point. The spectral
domain can be fitted to obtain the peak wavelength of the
emission. This was done over thousands of frames to gather
significant statistics at the single-molecule level for each
particle.

Figure 8C shows example clusters for all EV Mimics as well
as the PC3dEVs themselves. The XY coordinates of each Nile
Red localization are combined across all frames to produce
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reconstructed spatial maps of the binding events, representing
the lipid-covered particles at nanoscale precision. Example
spectral distributions for single particles are shown in Figure
S11.

To gain a comprehensive understanding of the entire
population, we analyzed all localizations associated with
validated particles and plotted the distribution of their peak
wavelengths (Figure 9). This result shows which EV Mimics
are most similar to PC3dEVs across the entire population. A
cross-correlation analysis was conducted to assess the similarity
between the distributions. Notably, CE Mimic 3 (i.e., with the
highest amount of cholesterol) and both variants of Mimic 1
(at low and high levels of cholesterol) exceeded the threshold
of 0.9, indicating a good match with the polarity of PC3dEVs.
Thus, despite the simplifications introduced with respect to
PC3dEVs, we were able to reproduce some of the natural EV’s
physicochemical properties. The higher degree of similarity
between CE Mimic 1 and CE Mimic 3 compared to CE Mimic
2 also correlates well with the earlier explored lipid dynamics
(Figure 6).

A crucial factor to consider is the heterogeneity of the
population. Not all PC3dEVs and EV Mimics exhibit the same
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polarity, and it is highly probable that the EVs of interest
belong to a specific subpopulation. Therefore, it is essential to
study the population’s heterogeneity. To this end, we
examined the cluster average wavelength, defined as the
mean peak wavelength of all localizations associated with a
single particle (Figure 9C). This approach provides insights
into interparticle heterogeneity that cannot be obtained
through bulk characterization techniques. The PC3dEV
population demonstrates slightly greater heterogeneity in
lipid polarity than that of the most similar EV Mimics, which
is not unexpected. Certain natural EV populations can overlap
in size despite originating from distinct pathways. Since
PC3dEVs were obtained through differential fractionation, it is
likely that the sample contains various subpopulations. With
regard to the EV Mimics, CE Mimic 1 appears significantly
more heterogeneous than CE Mimic 3. This could be a result
of the formulation itself, but perhaps also the coverage, as
Mimic 1 formulations showed more aggregation (Figure 7C),
which could lead to more unusual structures and lipid
interfaces.

Differences are also observed in the intraparticle hetero-
geneity (Figure S12), which shows a great deal of variance in
the PC3dEV population, with some EVs being very
homogeneous and others very heterogeneous. The EV Mimics
show a narrower distribution, with CE Mimic 3 again being
slightly more homogeneous than CE Mimic 1.

With regard to mimicking the PC3dEVs, the more
homogeneous nature of the EV Mimics could mean that
they do not mimic the entire population, which is a factor to
consider. However, it is a clear benefit to mimic a specific
subset of the EV population in the future. Taking this into
consideration, together with the differences observed in
polarity, as well as the coating efficiency and the MD analysis,
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the cholesterol-enhanced version of Mimic 3 seems to be the
most suitable candidate as an EV-based nanocarrier.

Bl CONCLUSIONS

We developed a method to formulate, prepare, and character-
ize biomimetic nanoparticles inspired by natural extracellular
vesicles (EVs). Our EV Mimics were planned and prepared as
core—shell hybrid structures, consisting of a degradable
organosilica nanocapsule for efficient cargo delivery and
controlled release, surrounded by a biomimetic lipid shell
that emulates the lipid composition of natural EVs. Three
different lipidic mixtures were designed based on lipidomic
data of PC3-derived EVs, accounting for the mass percentages
of the lipid families and the fatty acids. These EV-inspired
formulations were shown to successfully coat the NCs, with
cholesterol-enhanced EV Mimics displaying more homoge-
neous size distributions.

To optimize the lipid bilayer coating of the organosilica core,
we employed predictive modeling, which was further validated
experimentally. Supramolecular simulations also showed differ-
ences in the lipid dynamics for the various Mimic formulations.
The size distribution and Zeta potential were analyzed among
the different EV-mimicking formulations and compared to the
natural EVs, showing a strong degree of similarity between
them. In addition to these conventional characterization
methods, high-resolution flow cytometry was employed to
quantify the lipid coating efficiency, and a Nile Red-based
single-molecule localization microscopy technique was used to
specifically probe and map the polarity of the individual EV
Mimics and compare it to natural EVs, highlighting differences
in the membrane environment across formulations. From this
multiparametric analysis, a single Mimic formulation emerged
as the most promising candidate. This is also the formulation
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most similar to the natural composition of PC3dEVs, with an
additional enhancement in the cholesterol content.

Together, these results establish a strategy for the rational
design of nature-inspired lipid-coated nanoparticles. This
approach allows for easy, scalable, and cost-effective
production of artificial lipid particles with tunable properties
inspired by natural EVs. Importantly, the use of polarity-
sensitive single-molecule imaging offers a functional readout of
the nanoscale membrane environment relevant to biological
interaction. Finally, we developed supramolecular models that
offer insights into the deposition and dynamics of lipids in the
bilayer—information that is challenging to access experimen-
tally. Overall, this work provides a guideline for developing
fully synthetic and biomimicking nanocarriers that emulate key
physical traits of natural EVs: nature’s own, highly eflicient
delivery system.
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