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Silica Nanoparticles (NPs)

represent a promising alternative in cancer nanomedicine thanks o QQ
to their targeting properties. However, two major issues remain DOO &
when combining nanoparticles (NPs) with EVs: (1) safety O(\

concerns of cancer-derived EVs related to their oncogenic nature
and (2) lack of robust, reproducible, and efficient strategies for NPs
coating with EVs membranes. To overcome these main challenges,
in this study, we have combined a microfluidic platform to direct
the reassembly of previously isolated EVs-derived membranes from
lung cancer cells onto fluorescent silica NPs (FSNs). These FSNs
leverage the versatile surface functionalization of silica NPs
together with intrinsic fluorescent properties for precise intra-
cellular tracking of our hybrids, avoiding membrane-labeling fluorescent probes. While preserving the tumor-targeting properties of
natural lung cancer-derived EVs, the proposed microfluidic strategy offers superior handling and manipulation of the process to
guarantee (1) homogeneous EV-like coating (6.3 nm thick), (2) high reproducibility, (3) efficient coating yields (87.8% of the NPs
were coated), and (4) selective tumor-targeting properties (8.0- and 4.3-fold increases for parental AS49 tumoral cells compared to
HeLa and fibroblasts at 4 h, respectively). This technology enables the fabrication of biomimetic hybrid core—shell structures with

high precision and stability in a continuous process that is more amenable to scaling up.
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B INTRODUCTION

Nanomedicine has raised strong hopes as a promising
alternative to improve the lack of selectivity found in
conventional chemotherapy, leading to the insufficient
accumulation of therapeutic drugs in the tumoral tissues'
and the often devastating side effects caused by off-target drug
delivery. In response to this problem, hundreds of cancer
nanomedicines were developed and tried (around 200 cancer
nanomedicines were tested in clinical trials by 2019).”
However, most failed®* due to the same reasons that limit
the efficiency of chemotherapy: lack of selective delivery to the
tumor. When systemically administered, NPs can accumulate
in tumoral cells via passive, i.e, enhanced permeability and
retention (EPR) effect, and active targeting routes, i.e.,
decorating the nanoparticles with targeting agents such as
antibodies or peptides. However, as Wilhelm et al. showed
nearly a decade ago® that, regardless of the targeting (active or
passive) method used or the nature of the nanoparticles
employed, less than 1% of the delivered dose reaches the
tumor and most NPs end up in nontargeted tissues such as
liver and spleen as a consequence of recognition and uptake by
macrophages.
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In recent years, extracellular vesicles (EVs) have been
heralded as a way to reduce macrophage uptake and at the
same time improve tumor targeting. In fact, in the previous
works of our laboratory, we have shown that, by simply
encapsulating our NPs in tumor-targeting EVs, their
biodistribution improves considerably with respect to the
EPR effect.”” However, these works used either an
endogenous approach (incubation method,” a slow process
that cannot guarantee homogeneous loading in the resulting
EVs) or the in situ approach based on assembling NPs by a
CO reduction method,” that can only be applied to noble-
metal nanoparticles. It would be much more desirable to have a
general methodology able to encapsulate any nanoparticle in
EVs membranes, in a fast, scalable, and reproducible way.

The high potential of EVs in targeting is attributed to the
fact that cancer-derived EVs exhibit distinct fingerprint features
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linked to the composition of their membranes, that enable
preferential tropism toward their source cells.® From this point
of view, using EVs produced by tumor cells would appear as
the best way to achieve selective delivery of nanomedicines to
cancer cells, and in fact, cancer-derived EVs have demonstrated
tropism toward the same tumor cell lines.® However, the use of
tumor EVs as delivery vectors presents a strong limitation:
because of their biological content, they have been found to be
key mediators in premetastatic niche formation, angiogenesis,
and tumor progression.‘)’10 To overcome this problem, some
authors have proposed using only EVs membranes while
avoiding their biological contents. EV target-recognition
properties reside on their membrane, where both protein
(tetraspanins, integrins, protein glycosylation patters, etc.) and
lipid si§natures are crucial for target cell recognition and
uptake. ' Harnessing these cancer-EV membrane molecular
patterns while discarding their internal protumoral cargo is
essential for safe and specific EV-based therapies. Different
methods have been studied to empty tumor EVs and then
harvest their membranes, that, in a subsequent stage, are
combined with the desired therapy (e.g., RNA,"* siRNA,'* or
NPs'>~'7) to create fully artificial EVs-like vectors for selective
delivery to cancer cells. In the case of therapeutic NPs, the NP
itself can be used as a template and the surface can be
functionalized to reconstruct the EVs membrane around itself.

However, coating therapeutic vectors with EVs and
maintaining a level of functionality similar to that of the
pristine EVs are highly challenging. Among the main problems
are reproducing the original pattern of membrane proteins and
their distribution over the vector (e.g, a NP) as a
homogeneous coating, with good reproducibility. It would
also be desirable to devise continuous coating processes as
these are more easily scaled up. Before these artificial vectors
can be widely employed, methods to produce them reliably in
large amounts will be required.

Microfluidics enables precise control and manipulation of
fluids at the nano- and microscales, and has therefore been
used to achieve scalable, homogeneous, and reproducible
synthesis of nanomaterials."®'” These microfluidic-assisted NP
syntheses encompass both inorganic and organic nanostruc-
tures'”?° includin% noble metal NPs (e%., plasmonic hollow
gold nanoparticles” and gold nanorods™), metal oxide NPs
(e.g,, mesoporous silica nanofibers,” iron oxide,”* and bismuth
oxide NPs**), quantum dots,”® liposomes (with special
relevance for drug delivery’’), and polymer NPs (e.g.
PLGA”®). Regarding scalability, microfluidics can overcome
this challenge using multiple methods: by increasing the
diameter and length of channels,”" through parallelization of
microfluidic devices,” or by micromixer geometry modeling
and refinement,”® among many others. Microfluidics also
provides new approaches for NP manufacturing with high
reproducibility; this homogeneity is achieved by a precise
control of the microscale phenomena through passive internal
recirculation (in droplet and segmented-based methods®"),
passive mixing mechanisms (hydrodynamic flow focusing,
microvortices, and chaotic advection'®), or active mixing
methods (acoustic, electrical, thermal, and pressure mi}dng32).
This excellent control offered by microfluidic systems extends
beyond single-phase fluids, also enabling superior dispersion of
immiscible liquids. For instance, where it is necessary to bring
an aqueous and an organic phase into contact to facilitate
micelle formation, microfluidic systems represent an excellent
choice, promoting processes like emulsification.*® Also,

microfluidic platforms have emerged as powerful tools for
the controlled assembly of core—shell and hybrid NPs.**~*
Liu et al.”’ reported the use of microfluidic sonication to
encapsulate NPs within natural EVs or cancer cell membranes
coatings. To this end, the core PLGA nanoparticles and either
exosomes or cancer cell membranes were fed into a
microfluidic system where an intense ultrasound field (80
kHz frequency, 100 W power) could be applied. The
compressive pressure generated by microfluidic sonication
led to the coating of membranes onto the PLGA cores.”” In
our laboratory, we used microfluidics to assemble surfactant-
based vesicles, known as niosomes, in a continuous and
scalable manner by harnessing shear stress generated within an
interdigital micromixer.”> This shear-driven assembly was
shown to be essential to achieve homogeneity, narrow size
distribution, and high reproducibility, overcoming the
limitations of conventional batch-based hydration methods.*
We hypothesized that the eflicient micromixing achieved by
this platform could be sufficient to achieve a homogeneous
coating of EVs membranes on preformed nanoparticles
without the need for high intensity ultrasound.

In this study, we have adapted the methodology to direct the
assembly of isolated EVs-derived membranes onto silica NPs,
using highly eflicient mixing enabled by microfluidic
technology to allow the continuous preparation of biomimetic
hybrid structures with high precision and stability. Previous
studies have been successful in the manufacturing of NP-EV
hybrids by using microfluidics. Cardellini et al. encapsulated
polymeric NPs in liposomes and in whole human embryonic
kidney cell-derived whole EVs using a uSonicator.”® Pareja-
Tello et al. recently developed a microfluidic system to
encapsulate mRNA in mesenchymal stem cell EVs-lipid hybrid
nanoparticles.”” Also, metal—organic-frameworks (MOFs),
core—shell silica-SPIONSs structures, or polymeric NPs have
been coated with membranes by microfluidics.””**~*

However, these existing microfluidic approaches typically
use whole cancer-derived EVs, often overlooking the risks
associated with the codelivery of oncogenic cargo. Here, we
address this limitation by selectively isolating EV membranes
through organic phase extraction, effectively decoupling the
lipid bilayer from the hydrophilic intraluminal contents. By
utilizing a micromixer to optimize the interfacial assembly
between the lipid phase and an aqueous NP phase, we
synthesized biomimetic EV-NP hybrids. These biohybrids
exhibited high batch-to-batch reproducibility regarding NPs’
physicochemical properties, significantly reduced nonspecific
uptake, and enhanced tumor targeting against specific
(parental) cell lines.

B MATERIALS AND METHODS

Synthesis and Functionalization of Fluorescent Silica
Nanoparticles

As a template for the coating with EVs membranes, fluorescent silica
NPs (FSNs) were prepared. The fluorescent core allowed for an easy
monitorization of NP internalization, and their high contrast, together
with homogeneous size and good dispersion, contributed to an easy
identification and characterization of the membrane layer. FSNs
containing fluorescein-S-isothiocyanate (FITC) were synthesized
following a previously published and slightly modified protocol
(based on the formation of a reverse microemulsion to control the
monodispersity and the dimensions of the generated NPs);*** the
synthesis steps are shown in Figure SI. Briefly, 5.7 mg of FITC
isothiocyanate (in 1 mL of ethanol) was mixed with 73 uL of 3-
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Figure 1. Schematic representation of strategies employed for the generation of the of NPs-EVs*** biohybrids using (a) APTES-functionalized
silica nanoparticles and membranes from EVs isolated from AS49 cell cultures. (b) In the batch process, the membranes are first dried and
deposited over a receiving surface, then brought into contact with a solution that contains FSNs-APTES. The membranes are rehydrated and
subjected to ultrasounds to promote their self-assembly around the positively charged NPs. (c) In the microfluidics process, a micromixer is used to
provide multiple intimate contact surfaces between two immiscible streams containing the positively charged and the membrane fragments. (d)
Both batch and microfluidics NP-coating processes are enabled by electrostatic forces between opposite charges and hydrophobic interactions

between the phospholipids’ hydrophobic aliphatic chains.

aminopropyltriethoxysilane (APTES) to generate a FITC-APTES
conjugate by a bond between the isothiocyanate group (—N=C=S)
and the amine groups from the FITC and the APTES, respectively.
The solution was stirred under an inert Ar atmosphere at 25 °C for 12
h. Then, 7.7 mL of cyclohexane, 1.6 mL of 1-hexanol, 1.7 mL of
Triton X-100, and 0.34 mL of Milli-Q H,0 were mixed during 15
min. Afterward, 100 yL of the prepared FITC-APTES conjugate was
gradually added to the previous solution. After 10 min of continuous
stirring, 100 uL of tetraethyl orthosilicate (TEOS) were added
followed by 100 uL of NH,OH and 15 uL of 3-(trihydroxysilyl)-
propyl methylphosphonate (THPMP) in 10 min time increments.
The final solution was kept under stirring at 25 °C for 24 h. After 24
h, 25 mL of EtOH:PrOH:MeOH:H,0 (86:5:5:4, v:v:v:v) was added
and the synthesized FSNs were washed by centrifugation three times
(10,000g, 10 min) and stored in EtOH at RT until use.

To achieve a positive surface charge in the FSNs that facilitated
assembly of the negatively charged membrane fragments, fluorescent
SiO,-based FSNs were functionalized with APTES as published
elsewhere. Briefly, a mass of 1 mg of FSNs was suspended in 1.5 mL
of toluene and subsequently mixed with 30 uL of APTES. This
solution was stirred for 12 h at 80 °C and then suspended NPs were
washed with EtOH (10,000g, 10 min) to obtain the purified positively
charged FSNs-APTES. Silica NPs (SNs) without any fluorophore
were also synthesized for flow cytometry experiments to analyze the
expression of the EVs-associated membrane markers assembled on the
SN surface. The synthesis of these materials was performed by the
Synthesis of Nanoparticles Unit (Unit 9) of the ICTS “NANBIOSIS”
at the Instituto de Nanociencia y Materiales de Aragon (INMA)-
Universidad de Zaragoza.
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Cell Culture Conditions and Biocompatibility Tests

The AS549 cells, HeLa cells, and fibroblasts were cultured in
Dulbecco’s modified Eagle medium (DMEM) supplemented with
1% penicillin/streptomycin, 1% amphotericin, and 10% fetal bovine
serum (FBS). Cell cultures were monitored monthly for mycoplasma
before use. For EVs isolation, ultracentrifuged serum (100,000g, 2 h, 4
°C) was employed to guarantee EVs-free medium.

The Blue cell viability assay kit (Abnova, USA) was employed to
evaluate the cell viability of AS549 cells under the effect of FSNs and
FSNs-APTES. During the evaluation, A549 cells were seeded into 96-
well culture plates at a concentration of 5 X 103 cells/well in 100 uL
of the above-mentioned cell culture media. After incubation during 24
h, the medium was changed to 100 uL of freshly prepared medium
enriched with FSNs and FSNs-APTES (at concentrations 1, 0.5, 0.25,
0.125, 0.06, 0.03, and 0.016 mg/mL), and cells were cultured for
another 24, 48, and 72 h. At these different time points, cells were
washed with PBS and then treated with 10% (v/v) of the kit reagent
prepared in the conditioned medium following manufacturer
instructions. Finally, fluorescence was evaluated at 530/590 nm
excitation/emission wavelengths using a Synergy HT (Biotek) plate
reader.

EVs Isolation

EVs were collected and purified by successive ultracentrifugation
cycles from supernatants of cell culture at 80% confluence.** Briefly,
cells were seeded and incubated with EVs-free culture media for 48 h.
Afterward, their supernatants were collected and centrifuged (2000g,
20 min, 4 °C) to discard cell fragments and debris. Then, samples
were centrifuged (10,000g, 30 min, 4 °C) to eliminate microvesicles,
and finally, EVs were isolated by ultracentrifugation (100,000g, 2 h, 4
°C) using a Beckman Coulter Optima XE-90 Ultracentrifuge. The
resulting EVs pellets were finally washed with PBS to eliminate the
contaminants. The final A549-derived EVs (hereafter EVs***) pellet
was suspended in PBS and their concentration was obtained in terms
of total protein amount obtained by Pierce protein BCA assay
(Thermo-Fisher Scientific, USA).

Characterization Techniques

FSNs, FSNs-APTES, and SNs were characterized by Transmission
Electron Microscopy (TEM), Nanoparticle Tracking Analysis (NTA),
and zeta potential. For electron microscopy analysis, a FEI TECNAI
T20 instrument (Tecnai, Eindhoven, The Netherlands) operated at
an accelerating voltage of 200 kV with a LaBg electron source fitted
with a SuperTwin objective lens, allowing a point-to-point resolution
of 2.4 A, was employed. For evaluating the hydrodynamic diameter of
the FSNs and FSNs-APTES, Nanoparticle Tracking Analysis (NTA,
Nanosight NS300, Malvern Panalytical) was used. The surface charge
of the synthesized materials was analyzed by determining their (-
potential using Dynamic Light Scattering (DLS) at pH 7 using a
Brookhaven 90 Plus equipment using the ZetaPals software. Also,
attenuated total reflectance Fourier-Transform Infrared (ATR-FTIR)
spectra were recorded on a Bruker Vertex 70 instrument equipped
with a DTGS detector in the 600—4000 cm™" spectral region at 4
em™ resolution.

The morphology, shape, dimensions, and surface charge of the
isolated EVs*** were characterized by TEM, NTA, and {-potential as
previously described. For TEM analysis, an aqueous 3%-phospho-
tungstic acid (PTA) solution was used as contrast agent. The EVs-
associated biomarkers were evaluated by flow cytometry using the
MACSPlex Exosome Kit, human (Miltenyi Biotec) following
manufacturer instructions.

EVs*>* Membrane Isolation and Procedures Used for FSNs
Coating: Discontinuous vs Microfluidic Approaches

Figure 1 schematizes the two explored strategies for the assembly of
EVs**_derived membranes around the NPs core.

For both strategies, EVs®*_derived membranes were extracted
using a modified Folch extraction approach, as recently reported.'”
Briefly, EVs™* were suspended in a mixture of chloroform, methanol,

and PBS (CHCl;:CH;OH:PBS 8:4:3, v/v/v). Then, samples were

vigorously vortexed at RT during 10 min before being centrifuged at
6000g for 10 min. A biphasic mixture separated by an interface was
formed, and the bottom part (containing the organic phase with the
hydrophobic EVs components) was extracted with a glass pipet.

In the discontinuous batch strategy, 4 mg of isolated EVsAS®
membranes were dried under an argon gas atmosphere to avoid
membrane oxidation and were stored at —20 °C until used. The so-
obtained EVs*** membrane blocks were hydrated by directly adding
2 mg of FSNs-APTES (0.5 mg/mL in water) to allow their
spontaneous assembly on the NP surface (ratio FSNs-APTES:EVs*3*
1:2, w/w). This mixture was finally sonicated for 10 min in an
ultrasonic bath to obtain the EVs***-coated FSNs by using the
discontinuous approach (FSNs-EVs™*| ).

Building upon our previous work*® on achieving efficient mixing in
immiscible fluid microflows using different flow junctions as
micromixers, here, we emphasize the importance of controlled stream
distribution for promoting the reproducible assembly of nanostruc-
tures. For this microfluidic assembly, 2 mg of FSNs-APTES was
resuspended in 4 mL of Milli-Q water and loaded into a 10 mL
syringe. In parallel, 4 mg of EVs***-derived membranes in 8 mL of
chloroform were loaded into a separate 10 mL syringe, maintaining
the 1:2 (w/w) FSNs-APTES:EVs*>* ratio. The two solutions were
simultaneously injected into the micromixer at flow rates of 12 and 24
mL/min, respectively. To ensure sample uniformity, the initial output
was discarded for a period corresponding to several residence times
(approximately S s) until steady-state conditions were fully
established. Following immediate phase separation at the outlet, the
upper aqueous phase was recovered, containing the microfluidics-
assisted membrane-coated FSNs (FSNs-EVs™* .,

In this study, we employed a modified 1/16 in. PEEK T-junction
(UPCHURCH, USA) integrating at the outlet region a micro-
machined porous stainless-steel fitting with an average pore size of
~10 pm. This element facilitates uniform dispersion of the incoming
phase into multiple microchannels prior to contact, thereby
significantly enhancing interfacial shear and promoting the robust
self-assembly of the target nanostructures.

The shear stress generated at the interface between the two
immiscible streams provides sufficient energy to trigger the assembly
process without requiring external mechanical or ultrasonic input. The
porous element acts as a passive mixer, promoting a significant
increase in fluid lamellae, thus increasing the surface-to-volume ratio
and drastically reducing diffusion path lengths to enable fast and
homogeneous mixing at the microscale. Furthermore, the complex
geometry of the pores induces chaotic advection, which accelerates
mass transfer and ensures a more efficient membrane—nanoparticle
interaction compared to conventional bulk mixing.

This design thus outperforms conventional T-junctions by creating
a highly defined and distributed contact interface, which is crucial for
enhanced surface interaction and the controlled assembly of structures
from immiscible phases.*® Microscale mixing maximizes the interfacial
surface area while minimizing diffusion distances, significantly
enhancing mass transfer between the organic and the aqueous
phase. This facilitates a two-stage assembly process driven by distinct
physicochemical interactions. Initially, electrostatic attraction between
the negatively charged phospholipid heads and the positively charged
FSNs-APTES orients phospholipids toward the silica core, recruiting
both intact membrane blocks and individual phospholipids.
Subsequently, hydrophobic interactions between exposed hydro-
phobic lipid tails drive the recruitment of additional unbound
phospholipids, completing the bilayer around the NP core.

Both FSNs-EVs™*, ., and FSNs-EVs*** . were thoroughly
characterized by Flow Cytometry to analyze EVs biomarkers, NTA, ¢-
potential, and TEM as previously mentioned for the natural EVs**¥.
TEM analysis provided details to differentiate the thickness of the
organic EVs***-derived membrane assembled on the surface of the
NPs. The Fourier Transform Infra-Red (FTIR) spectra of the FSNs-
EVs®%, . were recorded as previously mentioned. Moreover, the
colocalization of the FSNs with FSNs-EVs***’ was determined with
super-resolution confocal microscopy (ZEISS Elyra 7-Lattice SIM>).
With this aim, FSNs were directly visualized thanks to their intrinsic
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Figure 2. Characterization of FSNs and FSNs-APTES. (a) Representative TEM images of FSNs; (b) FSNs particle size distribution obtained from
TEM images (n = 3, 100 events measured in each replicate); (c) TEM images of FSNs-APTES stained with phosphotungstic acid 3%; (d) FSNs-
APTES particle size distribution obtained from TEM images (n = 3, 100 NPs measured in each replicate); (e) hydrodynamic diameters of FSNs
and FSNs-APTES obtained by NTA (n = 5); (f) {-potential measurements (pH 7) of naked and functionalized NPs (n = S); (g) FTIR spectra of
FSNs and FSNs-APTES: common peaks are highlighted in green, FSNs peaks in blue, and FSNs-APTES peaks in yellow.

FITC fluorescence (A, = 495 nm), where the EVs*>*.derived
membranes were fluorescently labeled with PKH67 dye (4., = 551
nm) following manufacturer instructions as previously reported.’

Internalization and Selectivity Assessment

The cellular uptake and the targeting selectivity of FSNs-EVs**¥_
and FSNs-EVs**® . were evaluated by confocal microscopy and by
flow cytometry. For confocal microscopy characterization, AS49,
HeLa, and fibroblasts were seeded at a density of § X 10* (and 3 X
10* for fibroblasts) on 10 mm coverslips (in a 24-well plate) and
allowed to grow for 1 day. Then, FSNs, FSNs-EVs***, . and FSNs-
EVs™* .., were added at the same concentration (0.03 mg/mL) and
incubated for 4 or 24 h. Finally, cells were washed three times with
PBS to discard the noninternalized vectors and they were fixed with
paraformaldehyde 4% and stained with phalloidin to label the
cytoplasmic actin (4, = 561 nm). FSNs-based agglomerates of the
vectors were observed inside the cells thanks to the FITC
fluorescence (4., = 488 nm) of the NPs and nuclei were stained
with ProLong Glass Antifade Mountant with NuncBlue (4., = 40S
nm). Cells were observed using a Zeiss LSM 880 spectral-confocal
microscope Zeiss LSM 880. Pixel intensity inside cells cytoplasm

incubated with the different vectors was semiquantified from the Z-
stack images to compare their uptake in the target and off-target cells.

The cells’ capability to internalize FSNs, FSNs-EVs*** ;= and
FSNs-EVs** . was also evaluated by flow cytometry. Briefly, 2 X
10° A549, 2 X 10° HeLa cells, or 1.2 X 10° fibroblasts were seeded
onto a 6-well plate and after 24 h, they were incubated with the
different vectors (0.03 mg/mL) for 4 h. After this time-point, cells
were collected in PBS and analyzed by flow cytometry using a Gallios
Flow Cytometer (Beckman Coulter). The median fluorescence
intensity was considered to assess the NPs internalization. For
detection, an excitation wavelength of 488 nm was used. Samples were
analyzed acquiring at least 10,000 events.

Statistical Analysis

The biological experiments were performed at least in triplicate. All
the data are indicated as mean + SD. Statistical analysis of the
significant differences among the means was carried out by one-way
or two-way analysis of variance (ANOVA) for multiple comparisons
by Dunnett’s multiple comparisons test (GraphPad Prism Software).
Statistically significant differences were expressed as follows: *p <
0.05; **p < 0.01; **%p < 0.001 y **+%p < 0.0001.
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Figure 3. Characterization of EVs***. (a) Representative TEM images of EVs isolated from A549 cells culture supernatant. Zoom on the right side
highlights the thickness of their lipid membrane, which is clearly visible; (b) size distribution of EVs*** obtained by NTA (n = 5); (c) {-potential
(pH 7) of these EVs (n = S); (d) EVs-associated markers analyzed by flow cytometry (n = 3).

B RESULTS AND DISCUSSION

FSNs Characterization

TEM analysis confirmed the formation of monodisperse and
homogeneous FSNs with a spherical structure (Figure 2a) and
mean diameters of 98.5 + 169 nm (Figure 2b). The
hydrodynamic diameter of the FSNs was obtained by NTA,
revealing the monodisperse NPs population centered at about
113.7 + 36.4 nm with a good colloidal stability, corresponding
well to TEM analysis (Figure 2d). The {-potential of the FSNs
was —26.1 + 2.5 mV (Figure 2f) in agreement with the
presence of Si—OH groups in the surface of the NPs, which at
neutral pH are negatively charged (Si—O~). FSNs were
positively functionalized using APTES prior to the assembly of
EVs***_derived membranes. The positively charged amino-
propyl groups on the surface of the FSNs-APTES are expected
to promote their coupling with EVs membranes by electro-
static interactions (primary amines are protonated at neutral
pH and the EVs are negatively charged).”’

Figure 2c also shows TEM images of positively charged
FSNs (FSNs-APTES) stained with phosphotungstic acid
(PTA) 3%, with their size distribution (Figure 2d) and
hydrodynamic size (Figure 2e). The morphology, shape, and
size of the NPS were not significantly altered after their
functionalization. The distribution of FSNs-APTES obtained
from TEM images displayed an average diameter of 99.0 +
21.7 nm, while NTA analysis gave a mean hydrodynamic
diameter of 127.8 + 36.4 nm, slightly superior to that of the
naked FSNs possibly reflecting the decrease of the repulsive
electrostatic force between NPs, as shown next. The surface
charge inversion from —26.1 + 2.46 mV to 15.3 + 3.6 mV for
FSNs-APTES (Figure 2f) corroborated the successful
functionalization with amino groups. The functionalization of
the FSNs surface was also confirmed by FTIR spectroscopy
(Figure 2g). Both spectra show the characteristic fingerprint
bands of the silica structures Si—O—Si (1050 cm™") and Si—O
(950 cm™), together with C—H (2950 cm™) from the FITC-
APTES dye conjugate. Nonfunctionalized FSNs show a more
prominent Si—OH peak (800 cm™) attributed to free silanol
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Figure 4. Characterization of FSNs-EVs**,_ ., and FSNs-EVs*** . . (a) Representative TEM images of FSNs-EVs***_ ;. (b) Representative

TEM images of FSNs-EVs*

micro*

The zoom in (a,b) clearly shows the presence of the organic shell from the membranes assembled around the

NPs core visible thanks to a negative staining to contrast this organic shell; (c) coating efficiency of the FSNs with both explored techniques (n = 3,
S0 events evaluated in each replicate); (d) thickness of the EVs-derived membrane shell around the NPs for both preparation techniques and
comparison with the natural EVs**** membrane thickness (n = 90); (e) size distribution obtained by NTA of the formulated FSNs-EVs***, ., and
FSNs-EVs™* . . and comparison with naked and positive-functionalized NPs (n = 5); (f) percentage of unbound membranes after batch and
microfluidic coating of FSNs-APTES (n = 3); (g) {-potential (pH 7) evolution of the different NPs formulations (n = S); (h) TEM images of SNs-

EVs**® .. The EV-associated membrane can be clearly observed around

the NPs.

(Si—OH) surface groups. The band intensity is reduced for
FSNs-APTES, while bands for amino groups of APTES
anchored on the surface of the NPs (1525 cm™) and Si—C
APTES bonds (700 cm™) are detected.

Assembling of FSNs-EVs*>*, ..., and FSNs-EVsA>* . -
Batch versus Microfluidics

Previous works dealing with membrane-coated NP hybrids
typically assembled these structures following three steps: (1)
isolation of the membrane from cells (or in this work from

EVs), (2) drying and separation of the membranes, and (3)
assembling the membranes onto/around the NPs using direct
contact approaches, extrusion filters, or ultrasonic treatment
methods. ">

Before isolating EVs™* membranes and assembling them
on the surface of FITC-APTES, natural EVs*** were
thoroughly characterized in this work by physicochemical
and biological techniques. The TEM images of EVs**
isolated from culture supernatants by serial ultracentrifugation
cycles are included in Figure 3a. A spherical shape and the
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characteristic phospholipidic membrane could be observed in
many images (for instance, see enlarged areas of TEM images
in Figure 3a). This bilayer exhibits a measured thickness of 4.5
+ 1.0 nm (in concordance with $ nm thickness reported).”
According to NTA measurements (Figure 3b), the mean
particle diameter was 178.7 + 73.4 nm in line with previous
data reported for these cancer EVs.* The measured surface
charge of EVs™* was —9.5 + 1.5 mV (Figure 3c), attributed
to the negatively charged phospholipids and proteins present
on the EVs membrane at pH 7.°

Flow cytometry was used for the evaluation of the EVs-
associated surface markers (Figure 3d). EVs*** were enriched
in tetraspanins such as CD81, CD9, and CD63 (often referred
as common EV surface markers)”” that were strongly positive,
while CD24, CD44, and CD29 also exhibited strong signals.
These proteins have also been reported as main markers
detected in EVs.**

EVs-derived membranes are mainly composed by phospho-
lipids that orientate their polar heads toward the external
environment in aqueous media. These polar heads contain
phosphate groups that are negatively charged.”> Moreover, the
phospholipids functional groups (i.e., phosphatidylserine or
phosphatidylinositol of the EVs membranes) confer the whole
membrane an overall negative surface charge. In contrast,
FSNs-APTES are protonated at neutral pH,*® acquiring a
positive surface charge. This difference in {-potential between
NPs and EVs-associated membranes guides the assembly of the
membranes around the NPs core due the attractive electro-
static forces (as in the natural EVs). Entropic forces also favor
this process since the phospholipids tend to reorganize
themselves into stable bilayers, so that they orient their polar
heads toward the surface of the NPs and toward the aqueous
exterior medium, hiding their hydrophobic fraction in the
interior of the bilayer. This arrangement minimizes the free
energy of the system, generating a thermodynamically
favorable conformation.’”*® This behavior, together with the
attraction of the surface charges, favors their self-assembly
around the FSNs-APTES.

In this work, we selected EV membranes from AS49 cells
due to their expected tropism toward these cancer cells.** After
FSNs synthesis and functionalization, EVs***-derived mem-
branes were isolated following Folch’s method'” with slight
modifications, as described in the experimental part. These
membranes were then assembled onto the surface of FSNs-
APTES following two different strategies, depicted in Figure 1.
A batch strategy was explored in the first place. In this case,
EVs membranes were dried on the surface of a glass vial, and
FSNs-EVs***, ;. were prepared by thin film hydration. Briefly,
the obtained dried EVs***-derived membrane films were
hydrated by directly putting the dried films into contact with
an aqueous solution containing the FSNs-APTES NPs to allow
their adsorption on the surface of the particles. Finally, the
mixture was sonicated for 10 min (Figure 1). On the other
hand, the coating of the nanoparticles was also performed
using a micromixer to assemble EV membranes onto FSNs-
APTES by mixing two immiscible streams, as stated in the
experimental part. In this way, FSNs-EVs** were
obtained.

The presence of the membrane shell around the surface of
the NPs was evaluated by TEM. Figure 4a,b shows TEM
images of FSNs-EVs™*_ ., and FSNs-EVs™* . respec-
tively. An organic shell that surrounds the NPs was consistently
observed for both samples corresponding to the coating of the

micro

FSNs-APTES nanoparticles by the EVs membranes. Moreover,
TEM images allowed us to analyze the coating efficiency
(Figure 4c) as well as the thickness of the EV membrane
around the NPs (Figure 4d) by looking at a sufficient number
of NPs (N > 90) to have robust statistics. The results indicate
that the microfluidic strategy is clearly more eflicient at NP
coating. Thus, if we define a coated NP as a NP with any
amount of visible membrane on its surface, a considerably
higher percentage of coated NPs was obtained by the
microfluidic approach compared with the discontinuous
process (87.8% and 66.8%, respectively), with the rest being
naked NPs. This can be attributed to the more efficient mixing
achieved in the passive micromixer, where interfacial shear
stress between immiscible streams facilitates the contact
between the membranes and the NPs, reducing the probability
of naked NPs.

Coating efficiency was also assessed by weighing the
remaining unbound membranes after both coating procedures
on a microbalance. Figure 4f shows how the microfluidic-
assisted coating transfers most of the lipid membranes (only
3.7% remaining), achieving a better coating of the EVs
compared to the batch method (20.5% unbound membranes).

TEM observations further validate these findings by enabling
the evaluation of membrane thickness (Figure 4d) at a single-
particle level across multiple surface points rather than relying
on population averages. For the FSNs-EVs™* . = the
membrane thickness fitted a Gaussian distribution with a
mean value (6.3 + 1.9 nm) closely approximating the ~S nm
thickness characteristic of natural EV bilayers. In contrast, the
FSNs-EVs*3*, . membranes exhibited a non-Gaussian
distribution; their mean thickness (8.9 + 2.8 nm) more
closely resembled a double-membrane coating. Furthermore, a
prominent secondary peak at 14 nm in the batch samples
indicates the formation of uncontrolled multibilayered
structures across a significant fraction of the NP population.
These results further illustrate how the batch process does not
allow for fine control, resulting in the formation of a more
heterogeneous FSNs-EVs™* . population with different
coating thicknesses that deviate more from the natural
structure of the EVs coating.

While both methods involve membrane processing, the
batch method’s reliance on a fully dried lipid film often results
in the visible aggregation of the phospholipids. These
macroscopic aggregates are difficult to disperse uniformly,
even with ultrasonication. Our microfluidic protocol avoids
this dehydration-induced aggregation by maintaining the EV
membranes in a liquid phase. This allows for a more controlled
matter transfer and a significantly more homogeneous coating
compared to the batch methodology.

The NTA measurements displayed in Figure 4e evidence
FSNs surface modifications, which consequently increase the
NPs’ effective diameter by addition of new surface layers. NTA
analysis showed a particle size distribution that correlates well
with the TEM images just discussed (113.7 =+ 36.4, 127.8 +
49.4, 147.5 + 56.1, and 133.0 + 47.3 nm for FSNs, FSNs-
APTES, FSNs-EVs®* . and FSNs-EVs** . respec-
tively). There is a progressive shift in the average particle
size from FSNs to FSNs-APTES and then to FSNs-EVs***
reflecting the successful outcomes of functionalization and
membrane assembling steps on the surface of the NPs, with a
somewhat larger size for FSNs-EVs***,_ ., as expected from
the above discussion. Figure 4g includes the evolution of the {-
potential. Surface charge changes evidenced the partial or total
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Figure 5. Evaluation of internalization of FSNs-EVs*** . ; and FSNs-EVs*** . in target cells (A549) and off-target cells (HeLa and fibroblasts).
(a) Confocal images of the three cell lines after incubation during 4 and 24 h with FSNs, FSNs-EVs***,_ ;. and FSNs-EVs** . (0.05 mg/mL of
NPs). The insets show FITC-labeled NPs internalized in cells; confocal semiquantification of FITC fluorescence inside the cells relative to FSNs at
the (b) 4 h and (c) 24 h time points (n = 3); (d) flow cytometry-based uptake yields in the three cell lines expressed in median fluorescence
intensity relative to FSNs (n = 9); (e) quantitative assessment of the selectivity ratios of FSNs-EVA**_ . and FSNs-EVA* . between parental
AS49 cells and off-target cells at each time point. Scale bar for confocal images: 50 um.
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coating of the positively charged FSNs-APTES (15.3 + 3.6
mV) with the EVs***-derived membranes, giving postcoating
values of —2.4 + 6.32 and —8.7 + 3.4 mV for the batch and the
microfluidic approaches, respectively. The less electronegative
{-potential of FSNs-EVs***,_ , suggests a more heterogeneous
coating of these NPs, with part of the core FSNs-APTES
surface still remaining uncoated and thus contributing to a
more positively charged NP. Moreover, zeta potential
measurements of FSNs-EVs***, _ ; exhibited greater variability
across different syntheses compared to FSNs-EVs™* . = as
indicated by the larger error bars in Figure 4g, demonstrating
the benefits of this new microfluidic approach. Additional
images of coated SNs-EVs™* .. in Figure 4h confirm the
homogeneity of the microfluidic approach.

FTIR analysis of EVs**, FSNs, FSNs-EVs**, ., and
FSNs-EVs** . confirmed the association of the phospho-
lipid coating and the silica core (Figure S2) together with the
bands corresponding to silica (previously described in Figure
2g); the characteristic phospholipid fingerprint region was
identified.””~®" Fatty acid chains contain numerous methyl
groups that present a singular signature on both isolated
membranes and FSNs-EV hybrids. A cluster of peaks can be
found at 2960, 2920, 2870, and 2850 cm ™" belonging to methyl
and methylene asymmetric stretching (v,“"* and v,,“"?) and
methyl and methylene symmetric stretching (v,,™ and
v, M%), respectively. A second set of two smaller peaks was
found at 1450 and 1380 cm™' that were attributed to methyl
asymmetric and symmetric bending (7, and y,“™).
Similarly, the carbonyl groups also present a stretching peak
at 1735 ecm™ (v°=°). Lastly, the bands of the phosphate
groups were observed between 1000 and 1300 cm™,
highlighting the symmetric and asymmetric stretching bands
of phosphodiester bonds (v,’°* and 1,7°?), that link the
functional groups of the phospholipids;(’2 at 1080 and 1250
cm™!, these peaks are buried under the silica peaks of the
FSNEs.

The expression of the characteristic EVs-associated mem-
brane markers assembled on the surface of the NPs was
assessed by flow cytometry. To minimize interferences from
the fluorescence signal of the FSNs, FITC-free silica NPs
(SNs) were employed. Figure S3 compares the EVs-associated
marker expression pattern of SNs coated with EVs***-derived
membranes following the batch and the microfluidic strategies,
SNs-EVs***, 4 and SNs-EVs™* . respectively. It can be
seen that in both cases, the three characteristic markers are
present, with relative intensities among themselves that follow
the pattern (CD9 < CD63 < CD81) found for the pristine EVs
membranes (Figure 3d), although with a higher overall
intensity for the microfluidic-coated NPs.

Finally, to further evaluate the efficacy of the self-assembly of
EVs™* membranes around the FSNs, fluorescence colocaliza-
tion analysis was performed. FSNs were visualized thanks to
the FITC fluorescence. EVs***-derived membranes were
labeled with PKH26, a lipophilic dye, exhibiting red emission.
Although the resolution limit dictated by Abbey’s law does not
permit appreciation of the core—shell structure, the observa-
tion of the spots collected from the two channels suggests the
colocalization of EVs-associated membranes and NPs. Yellow
spots (green emission from the NPs superimposed on the red
emission of membranes) were observed in the panel of Figure
S4. This means that the visible objects in both channels were
colocalizing as expected, given the coating of the membranes
around the particles.

Before evaluating the internalization and the selectivity of
FSNs-EVs***, . and FSNs-EVs™*® . in different cell lines,
the biocompatibility of FSNs and FSNs-APTES in A549 cells
was studied (Figure SS) to assess the doses that could be used
in the incubation. The Blue cell viability assay showed that
both naked and APTES-functionalized NPs did not signifi-
cantly decrease cell viability at the studied doses (from 1 to
0.01 mg/mL) at any of the tested time-points (24, 48, and 72
h). This was expected, as Si NPs are nontoxic and highly
biocompatible.”*~* The dose of 0.03 mg/mL FSNs was
chosen for the subsequent experiments to evaluate whether the
EVs-membrane coating provides the NPs with targeting
properties against their parental cells.

Uptake and Selectivity Experiments

NPs uptake is strongly influenced by physical features
(morphology, size, and shape) and surface (:hemistl’)r.66’67
However, cell membrane-coated NPs are being investigated in
biomimetic nanoengineering approaches®® as they are expected
to provide important advantages such as increased targeting
selectivity and immune system evasion. As an alternative, it is
also possible to coat the NPs using membranes from EVs
rather than whole membranes from cells.'®*”’® Although
several difficulties must be overcome (such as the complexity
of the process and the requirement of precise techniques to
harvest EVs membranes), these NPs coated with EVs
membranes would in principle better mimic the characteristics
of natural EVs and this is the reason why they were chosen in
this work.

To evaluate the role of EVs***-derived membranes in the
tumor-targeting efficiency of FSNs, confocal microscopy and
flow cytometry techniques were employed. The preferential
tropism of both FSNs-EVs***, , and FSNs-EVs™* . was
tested in three cell lines: the parental EVs-producer cell line
AS49, HeLa cells as another example of tumoral cells, and
fibroblasts, as an example of control healthy cells. Each of these
cell culture media was supplemented with 0.03 mg/mL of one
of these NPs: FSNs, FSNs-EVs*>*, . and FSNs-EVs** .
keeping constant the amount of NPs in the four formulations
to make the uptake kinetics comparable. Then, the NPs
internalization was evaluated after 4 and 24 h. Figure Sa
includes confocal microscopy images visualizing the uptake of
the distinct FSNs hybrids, in green, with actin filaments and
nuclei stained in red and blue, respectively. To evaluate the
uptake efficiency, the intracellular FITC fluorescence was
quantified and normalized to the total cell area. The resulting
ratios of mean fluorescence intensity, comparing each FSN-EV
hybrid to naked FSNs, are presented in Figure Sb,c.

These results clearly show that when FSNs were engineered
with EVs*** membranes, their uptake increased compared to
naked nanoparticles. Of note, the coating prepared using
microfluidic technology (FSNs-EVs*** . ) is clearly more
efficient to foster internalization and preserves EV-targeting
properties compared to thin film hydration samples (FSNs-
EVs®*, ) at short (4 h) and long (24 h) incubation times.
Thus, regarding internalization in AS49 cells at the 4 h time
point (Figure Sb), it can be observed that while coating NPs
with AS49 EVs membranes using the batch procedure
increased uptake by 50% (1.5-fold compared to naked
FSNs), for the FSNs-EVs™* . the uptake was much higher
(19.3-fold). This tendency is still observed at longer incubation
times (24 h) with 4.0- and 12.7-fold increases for the batch and
microfluidic hybrids, respectively.
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Comparing the internalization of these same vehicles in
different cell lines, the preferential uptake by parental AS549
cells is also clear. After a 4 h incubation with FSNs-EVs*3* .
AS49 cells show a 19.3-fold increase in fluorescence compared
to only 2.4- and 4.5-fold increases when incubated with HeLa
cells and fibroblasts, respectively (Figure Sb). Again, this is as
well-observed at the 24 h time point (Figure Sc), with fold-
increases of 12.7, 2.9, and 4.4 for A549 cells, HeLa cells, and
fibroblasts, respectively, in agreement with the preferential
targeting reported for EVs.®

Although FSNs-EVs**,  , were also preferentially inter-
nalized in AS49 cells compared to the other cell lines (HeLa
and fibroblasts), the figures were much lower (1.5-, 0.9-, and
1.4-fold at 4 h and 4.0, 1.2, and 0.9 at 24 h, respectively).
These comparisons are clearer in Figure Se, where the
selectivity ratios between target parental and off-target cells
for the different hybrids and times are stated. Microfluidic-
engineered hybrids exhibited a significantly higher selectivity
toward AS49 cells compared to that toward off-target cells,
with targeting ratios ranging from 2.9 to 8.0. In contrast, the
batch-hybrid counterparts showed markedly lower perform-
ance, with selectivity ratios only reaching between 1.1 and 4.0.
These results indicate that the coating achieved by the
microfluidic method not only is more homogeneous as shown
above but also preserves better the arrangement of the proteins
and other fingerprint molecules in the membrane, facilitating
the uptake on their own producer cells.

The internalization of the different NPs across the three cell
lines was quantified via flow cytometry, analyzing the Median
Fluorescence Intensity (MFI) to assess uptake at a single-cell
level across a large population (>10,000 events). To isolate the
influence of the EV membrane on cellular tropism, MFI values
were corrected for cell-specific autofluorescence and expressed
as a selectivity ratio between the hybrids and the bare FSN.
This normalization accounts for the baseline endocytic activity
of each cell line, ensuring that any observed increase in
fluorescence is directly attributable to the EV-membrane-
mediated recognition. Consequently, higher MFI ratios in the
AS49 cell line serve as a quantitative indicator of the targeting
capabilities of the engineered hybrids. As shown in Figure Sc,
the internalization data after 4 h exhibited a very similar
pattern compared to confocal microscopy images reflecting
again the preferential targeting by FSNs-EVs™* . toward
AS549 target cells. Indeed, AS49 cells showed a substantial 3.5-
fold increase in fluorescence intensity when incubated with
FSNs-EVs*™* . compared with the naked FSNs. This effect
was not as prominent in HeLa cells or fibroblasts, which only
showed a nonsignificant 2.1 and 1.2 increase, respectively
(significantly lower compared to the 3.5 factor in parental
AS49 cells). The increase on MFI compared to FSNs reveals
that all cell types are able to internalize more FSNs-
EVs** ..., even nonparental cells due to nonspecific
membrane interactions, but the distinct molecular signature
on the coating of FSNs-EVs*®* . allows for even greater
uptake in its parental AS49 cell line.

For the FSNs-EVs™*| ., a similar trend was observed. In
these, the relative MFI was 0.5, 0.3, and 0.4 for A549, HeLa
cells, and fibroblasts, respectively. Thus, although when FSNs
were coated with the A549 membranes, they showed a slight
preference (nonsignificant) toward their membrane-producers’
cells, their internalization yields were significantly lower
compared to the microfluidic-fabricated hybrids. This was
attributed to the high heterogeneity on the membrane

assembly when the batch process was followed, leading to a
low {-potential and increased aggregation of FSNs-EVs***, .
(see Figure 4b). We hypothesize that FSNs-EVs®*, ;. form
greater NP aggregates, which hinder their uptake by the
different cell types. On the other hand, the coating of FSNs-
EVs** . . is much more homogeneous ensuring a better
distribution and individuality of each NP and allows for better
membrane-mediated interactions between the NP-EV hybrids
and the target cells. These findings were the result of 9
biological replicates using 4 independent FSNs syntheses and
EV* coatings. Figure S6 shows no significant differences
between replicates, highlighting the advantage of the micro-
fluidic-assisted coating approach also in terms of batch-to-
batch reproducibility. Although not statistically significant, the
internalization of FSNs-EVs™* . exhibited slightly higher
uptake rates in the second set of replicates, indicating a less
controlled process compared to the consistent performance of
the FSNs-EVs*™* . samples.

B CONCLUSIONS

Artificial vectors that attempt to replicate the properties of
natural EVs have been built using NPs composed of a
fluorescent silica core surrounded by EVs-based membranes.
The fabrication uses a self-assembly process, leveraging the
positive charge of APTES-functionalized silica to achieve
coating by negatively charged EVs membrane fragments.
However, the way to put into contact the core nanoparticles
and the coating membranes has a strong influence on the final
properties of the resulting hybrids. In particular, the micro-
fluidic strategy, based on shear-stress-driven mixing in a passive
micromixer, allowed a fine control over the membrane
assembly process and preserved better the complex membrane
structure (EVs markers, phospholipids, thickness, and size).
This approach minimized heterogeneities and ensured
consistent coating thickness, overcoming limitations typically
observed in batch preparations. As a consequence, these FSNs-
EVs*** .. exhibited higher internalization yields (3.5-fold)
and targeting properties against AS49 cells compared to
nonfunctionalized FSNs. Altogether, these results evidenced
how this innovative microfluidic approach in the coating of
NPs with EVs-derived membranes is a useful technique to
create EV-mimicking hybrids that preserve better the targeting
molecules and capabilities of natural EVs.
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