
RESEARCH ARTICLE
www.advhealthmat.de

Microfluidics-Driven Manufacturing and Multiscale
Analytical Characterization of Nanoparticle-Vesicle Hybrids
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Coating synthetic nanoparticles (NPs) with lipid membranes is a promising
approach to enhance the performance of nanomaterials in various biological
applications, including therapeutic delivery to target organs. Current methods
for achieving this coating often rely on bulk approaches which can result in
low efficiency and poor reproducibility. Continuous processes coupled with
quality control represent an attractive strategy to manufacture products with
consistent attributes and high yields. Here, this concept is implemented by
developing an acoustic microfluidic device together with an analytical
platform to prepare nanoparticle-vesicle hybrids and quantitatively
characterize the nanoparticle coverage using fluorescence-based techniques
at different levels of resolution. With this approach polymethyl methacrylate
(PMMA) nanoparticles are successfully coated with liposomes and
extracellular vesicles (EVs), achieving a high encapsulation efficiency of 70%.
Moreover, the approach enables the identification of design rules to control
the efficiency of encapsulation by tuning various operational parameters and
material properties, including buffer composition, nanoparticle/vesicle ratio,
and vesicle rigidity.
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1. Introduction

Inorganic nanoparticles (NPs) offer signif-
icant benefits in various biomedical appli-
cations, including drug delivery, early-stage
disease diagnosis, photothermal, and pho-
todynamic therapies.[1–5] Despite their po-
tential, the effective clinical translation of
NPs is still severely constrained. The ex-
ogenous nature of the NP can trigger im-
mune responses, resulting in cytotoxicity,
rapid clearance, and non-specific accumu-
lation in non-targeting sites, thereby dimin-
ishing therapeutic efficacy.[6–9]

To address these limitations, consider-
able efforts are currently dedicated to engi-
neering the surface of NPs to improve their
biocompatibility.[10–12] One promising strat-
egy relies on forming NPs-lipid hybrids by
covering the NP surface with lipid mem-
branes, which represent the most common
surfaces in vivo. This camouflage approach

M. A. González Gómez, J. Rivas
Nanotechnology and Magnetism Lab — NANOMAG, Materials Institute
- iMATUS, Health Research Institute - IDIS, Department of Applied
Physics
Universidade de Santiago de Compostela
15782 Santiago, Spain
Y. Piñero
Nanostructured Materials Group, International Iberian Nanotechnology
Laboratory (INL)
Avenida Mestre Jose Veiga
Braga 4715-330, Portugal
A. Bongiovanni
Cell-Tech HUB at Institute for Research and Biomedical Innovation
National Research Council of Italy (CNR)
90146 Palermo, Italy
P. Bergese
Department of Molecular and Translational Medicine
Università degli Studi di Brescia
Viale Europa 11, 25123 Brescia, Italy
P. Bergese
Center for Colloid and Surface Science (CSGI)
Via della Lastruccia 3, 50019 Sesto Fiorentino, Firenze, Italy

Adv. Healthcare Mater. 2025, 14, 2403264 2403264 (1 of 13) © 2024 The Author(s). Advanced Healthcare Materials published by Wiley-VCH GmbH

http://www.advhealthmat.de
mailto:paolo.arosio@chem.ethz.ch
https://doi.org/10.1002/adhm.202403264
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadhm.202403264&domain=pdf&date_stamp=2024-12-25


www.advancedsciencenews.com www.advhealthmat.de

has been initially applied with cell membranes derived from
white and red blood cells, cancer cells, and bacterial cell
walls.[13–15] Several studies have shown how this membrane coat-
ing improves NP performance in various biological applications,
hiding their surface from the immune system while preserving
other important physicochemical properties.[11,16–20]

In addition to cell membranes, in the last decade, re-
searchers have applied this strategy using synthetic and natu-
ral vesicles.[21–23] Using synthetic vesicles, such as liposomes,
presents several advantages, including extensive synthetic con-
trol, facile customization for tailored targeting, and possible re-
sponsiveness to external stimuli, such as changes in pH or
temperature.[24] On the other hand, natural vesicles, such as ex-
tracellular vesicles (EVs), can provide intrinsic biocompatibility,
target specificity, resistance to macrophage uptake, and enhanced
endocytosis efficiency.[21] As a consequence, EVs have gained in-
terest in camouflaging inorganic NPs,[25–27] although the higher
heterogeneity and complexity of natural vesicles bring additional
challenges compared to liposomes.

At the molecular level, the NP-vesicle hybridization involves
a series of microscopic steps including adsorption, deformation,
and rupture of vesicles on NP’s surfaces.[28–30] The process de-
pends on the ability of the vesicle lipid bilayer to adapt to the
size and shape of the NPs. The adsorption and, therefore, the
hybridization process are typically promoted by altering the ionic
strength and pH of the solution. Moreover, to further facilitate
NPs engulfment and improve efficiency, liposomes and EVs are
commonly disrupted or permeabilized by applying external stim-
uli, such as sonication, temperature shocks, electroporation, and
co-extrusion.[21,31]

Although many protocols have been proposed,[32] challenges
persist in achieving efficient and reproducible loading of vesi-
cles with exogenous cargo. There remains a need for an optimal
coating method that simultaneously offers high efficiency, re-
producibility, and scalability.[33–35] Continuous processes coupled
with quality control represent an attractive strategy to manufac-
ture “products by process,” i.e. products whose properties are de-
termined by the process generating them. Continuous processes
in flow leading to consistent quality attributes and high yields
have been successfully implemented in various fields, including
the manufacturing of recombinant proteins and EVs from cell
cultures.[36,37] The same strategy holds significant promise for en-
gineering (nano)materials.[38]

In this context, microfluidic technology has several advantages
for continuous manufacturing of nanomaterials. The extraordi-
nary control of the environment on the micron scale enables the
application of stresses that are precisely controlled, uniform, and
reproducible. This, in turn, leads to consistent product quality
that can be finely tuned by modulating operative parameters. Im-
portantly, microfluidics opens the possibility of continuous op-
eration, allowing process scalability. Successful examples of the
manufacturing of synthetic nanomaterials by microfluidics in-
clude perovskites,[39] lipid nanoparticles,[38,40] liposomes,[41] and
polymeric nanoparticles.[42,43] However, the production of hy-
brids from already-formed nanoparticles remains a challenge.

The development of production methods for creating vesicle-
NP hybrids, including novel microfluidic strategies, is limited by
additional challenges related to analytical characterization. Cur-
rently, the formation of these hybrids is often characterized by

size and zeta-potential measurements, complemented by elec-
tron microscopy imaging.[44] These methods require extensive
sample purification and may lack quantitative information about
process efficiency. Therefore, developing new continuous pro-
cesses for vesicle-NP hybrids requires advances in analytical
methods to quantitatively characterize the product quality.

In the present work, we introduce an acoustic microfluidic
device, hereafter referred to as μSonicator, designed to generate
vesicle-NP hybrids, using simple, off-the-shelf components. By
generating an acoustic field within the microfluidic channel, the
device opens the membranes of synthetic and natural vesicles,
causing the partial release of lumen proteins. In the presence of
NPs, this external stimulus promotes the camouflaging of NPs by
the vesicle membrane. We quantitatively characterize the vesicle-
NPs hybrids using three fluorescence-based techniques that of-
fer different levels of resolution and throughput: Förster Reso-
nance Energy Transfer (FRET), Fluorescence Cross-Correlation
Spectroscopy (FCCS), and super-resolution microscopy.[45] We
demonstrate the successful encapsulation of 180 nm NPs within
both liposome and EVs membranes, generating vesicle-NP hy-
brids with the highest efficiency of ≈70%. Additionally, this ap-
proach identifies design rules to control encapsulation efficiency
by adjusting various operational parameters and material proper-
ties, such as flow rate, acoustic field intensity, buffer composition,
NP/vesicle ratio, and vesicle rigidity.

2. Results

2.1. Microfluidic Sonicator

The μSonicator consists of four piezoelectric elements glued to a
round glass capillary (see schematic and picture in Figure 1).[46]

The application of an alternating electric potential to the piezo-
electric elements causes their vibrations and, consequently, gen-
erates an acoustic field within the capillary.

We explored the effect of various parameters and optimized
the design of the device by performing numerical simulations of
a piezoelectric element attached to a capillary by a layer of glue
(Figure 2A). First, we validated the model simulations using a
reference system consisting of a capillary with an inner diame-
ter of 0.5 mm. The simulations predicted that a dipole acoustic
pressure field would form within the cross-section of the capillary
when excited at 1.75 MHz (Figure 2B). Indeed, we experimentally
verified that the focusing of 1 μm fluorescent polystyrene parti-
cles within the microfluidic channel was optimal at an excitation
frequency of 1.75 MHz (Figure S2, Supporting Information), in
agreement with the numerical simulations.

To confirm that this acoustic force would also affect particles in
the size range of 100 nm, we confined fluorescent silica particles
of 100 nm within one half of the capillary using a T-junction lo-
cated before the device (Figure S3, Supporting Information). The
applied acoustic field induced the migration of particles across
the capillary (Figure 2C), confirming that even small particles are
affected by the applied acoustic force.

After validating the numerical model, we applied simulations
to explore the sensitivity of the acoustic field to various param-
eters and identify a suitable frequency range for experiments.
The simulated acoustic energy landscape was highly complex
(Figure 2D) and sensitive to various parameters, including exci-
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Figure 1. A) Illustration of the μSonicator. An alternating current at a defined frequency is applied to the piezoelectric devices, causing them to vibrate
and generate an acoustic field inside the capillary, leading to the formation of vesicle-NP hybrids. B) Image of the μSonicator. For scale a coin with a
diameter of 27.40 mm.

Figure 2. A) Model of the μSonicator cross-section. B) Simulated acoustic pressure distribution in the glass capillary cross-section at the 1.75 MHz
excitation frequency. C) Distribution of 100 nm polystyrene particles in the microfluidic channel with the acoustic field OFF and ON. The particles
migrate across the capillary due to the acoustic field. Overlay - Fluorescence intensity distribution across the channel. The lowest value was normalized
to 0. The dotted lines represent the standard deviation of technical triplicates. D) Simulated average acoustic energy densities (Eac) at different excitation
frequencies.
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Figure 3. Effect of the microfluidic sonication on liposomes. A) Free protein released from the liposomes as measured by SEC-FLD; B) Normalised
particle concentration measured by SEC-MALS as a function of the applied voltage. The data are normalized based on the concentration measured
at 0 V. C,D) Size distribution of POPC (C) and DSPC (D) liposomes measured by SEC-MALS. Error bars represent the standard deviation of technical
triplicates.

tation frequency, the dimensions of the capillary and the piezo
elements, which may deviate slightly from the nominal values in
practice (Figure S4, Supporting Information). Numerical analysis
identified the experimental frequency range between 1.5 and 2.1
MHz as the most promising. Preliminary experiments further
indicated that 2.0 MHz was the optimal frequency (Figure S11,
Supporting Information), which was subsequently used in all ex-
periments.

2.2. Effect of Acoustofluidic Sonication on Synthetic Lipid
Vesicles

First, we investigated the ability of the μSonicator to perturb
the structure of vesicles. We prepared liposomes composed
of 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC) and 1,2-
distearoyl-sn-glycero-3-phosphocholine (DSPC) lipids encapsulating
fluorescently-labeled bovine serum albumin (BSA). POPC and
DSPC liposomes share similar surface properties but differ in
membrane mechanical properties. Specifically, at room temper-

ature, DSPC lipids form membranes in a gel phase with a low
lipid lateral mobility, while POPC membranes are in the liquid-
crystalline phase with a high lipid lateral mobility.[28] The com-
parison between these two liposome systems allows therefore to
specifically probe the effect of membrane rigidity upon external
stimuli.[47]

The vesicle dispersions were sonicated within the μSonicator at
different acoustic field intensities, which were achieved by vary-
ing the input electrical potential (0, 20, 40, and 55 Vpp). To assess
the transient opening of the vesicle membranes induced by son-
ication, we monitored variations in the overall amount of BSA
released from the vesicle lumen via size exclusion chromatogra-
phy combined with multi-angle light scattering and fluorescence
detection (SEC-MALS-FLD).[48] This approach allows to simulta-
neously quantify the concentration and size of the vesicles as well
as the fluorescence intensity of both free proteins and proteins
diffusing together with vesicles.

As shown in Figure 3A, at 55 Vpp, the fluorescent signal of free
proteins abruptly increases, indicating the release of luminal pro-
teins due to the opening of lipid membranes. On the contrary,
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20 Vpp and 40 Vpp show barely any change compared to 0 Vpp,
indicating that for both liposome compositions protein release
occurred only at the highest acoustic field intensity.

To address the effect of sonication on vesicles, we monitored
the concentration and size of particles before and after the ap-
plication of the stress. For POPC liposomes, we observed an in-
crease in the number of particles (Figure 3B) and a shift of the
size distribution toward smaller sizes (Figure 3C). These results
are consistent with the reshaping observed for flocculated or mul-
tilamellar vesicles.[49] In contrast, for stiff DSPC liposomes the
number of particles decreased (3B) and the size distribution be-
came more heterogeneous (3D and DLS data shown in Figure S7,
Supporting Information), suggesting liposome disruption and
aggregation. Therefore, the effect of the μSonicator on liposomes
is highly dependent on their rigidity.

2.3. Preparation and Characterization of Liposome-NP Hybrids
by Fluorescence-Based Techniques

After establishing that vesicles can be transiently opened by the
μSonicator, we tested the ability of the device to promote the
formation of hybrids. We aimed at covering negatively charged
polymethyl methacrylate NPs (PMMA-NPs) with a diameter of
180 nm with a liposome membrane, consisting of POPC, sphin-
gomyelin, and cholesterol (0.87/0.38/1 mol/mol) to emulate nat-
ural membranes.[50] The liposomes and NPs were labeled with
DiO and Rhodamine B, respectively.

We investigated the formation of liposome-NP hybrids us-
ing total internal reflection fluorescence (TIRF) microscopy. The
combination of low background from the internally reflected il-
lumination and the high sensitivity of the detectors allows the
imaging of individual NPs and vesicles with high resolution. Af-
ter sonication in the μSonicator, the fluorescent signal of the ma-
jority of the NPs overlapped with the liposomes (Figure 4A), while
after mixing, only a few liposomes were observed in close prox-
imity to NPs (Figure S10, Supporting Information).

Importantly, as shown in Figure 4B, the high resolution of the
microscopy can distinguish between a complex formed by a lipo-
some bound to an NP and a putative liposome-NP hybrid, where
the two fluorescent signals are fully superimposed. Thus, TIRF-
Microscopy demonstrated that the μSonicator is able to form
liposome-NPs hybrids.

To complement these findings and quantify the extent of NP-
liposome colocalization at the ensemble-average level, we charac-
terized the hybrids using Fluorescence Cross-Correlation Spec-
troscopy (FCCS). In FCCS, the temporal fluctuations of fluores-
cence intensity provide information on particle size and concen-
tration. When differently labeled particles co-localize, they simul-
taneously diffuse through the focal volume, resulting in overlap-
ping signals in the intensity trace (see Experimental Section for
details).

After characterizing individual liposomes and PMMA-NPs be-
fore mixing (S6, S9,S5, and S8), we collected the fluorescence
intensity traces of mixtures of NPs and liposomes before and af-
ter microfluidic sonication. As shown in Figure 4C (top panel),
the fluorescence intensity traces of mixtures of PMMA-NPs and
liposomes after mixing show non-colocalized green and red in-
tensity peaks, confirming that PMMA-NPs and liposomes do not

colocalize upon incubation. In contrast, after the application of
microfluidic sonication, the majority of the fluorescence inten-
sity peaks of NPs and vesicles overlap, in agreement with TIRF
microscopy data. In addition, in FCS the fluctuations of fluores-
cence intensity due to the diffusion of fluorescent species are
converted into autocorrelation functions and a cross-correlation
function (Figure 4D), whose amplitude is proportional to the rel-
ative amount of colocalized particles (see Experimental Section
for further details). As shown in Figure S12 (Supporting Infor-
mation) after application of sonication the cross-correlation am-
plitude increased. The percentage of colocalization calculated by
cross-correlation passes from 10% to nearly 70%. In addition, the
average hydrodynamic diameter of PMMA-NPs increased from
180 nm to 200 nm (S12), consistent with the formation of a lipid
bilayer around the particles.[51]

We further supplemented the TIRF microscopy and FCCS,
by characterizing the formation of hybrids by Förster reso-
nance energy transfer (FRET) intensity, which exploits the in-
crease in the fluorescence intensity, when the donor (DiO in
the liposome membrane) and the acceptor (Rhodamine B on
the NPs) fluorophores are in close proximity (< 10 nm). For
each sample, the fluorescence intensity was measured in three
channels: the vesicle IVe, the nanoparticle INP and the FRET
IFRET channel (Figure 4E). IFRET includes also components from
the fluorescence of the donor and acceptor. The intensity of
these components can be calculated from the fluorescence in-
tensity of the donor and acceptor in their corresponding channel
and then subtracted from the fluorescence signal to obtain the
true FRET fluorescence intensity (see Experimental Section for
details).

We applied FRET to compare the hybrid formation obtained
with the μSonication with other methods that have been conven-
tionally employed to generate hybrids (namely, bath sonication,
coextrusion, and freeze-thaw) (Figure 4F). No FRET intensity was
detected after mixing liposome and PMMA-NPs. In contrast, af-
ter microfluidic sonication, the intensity of FRET showed a 20-
fold increase, further confirming the formation of the hybrids
and the results obtained with TIRF microscopy and FCCS. The
comparison showed a higher FRET intensity, and therefore more
hybrids formed, after μSonication compared to all other tested ap-
proaches.

Finally, we confirmed the coating of nanoparticles with cryo-
TEM. Given the low electronic contrast of polymeric NPs for EM
images, we applied the μSonication to coat inorganic NPs consist-
ing of iron oxide cores and a silica shell (see Experimental Section
for more details). The images shown in Figure 5 and Figure S13
(Supporting Information) confirm the presence of hybrids con-
sisting of iron oxide NPs coated by a lipid membrane.

2.4. Effect of Various Operational Parameters on the Efficiency of
Hybrid Formation

The high-throughput FRET characterization, validated with TIRF
microscopy and FCCS, opens the possibility to investigate the
effect of various operational parameters on the efficiency of hy-
brid formation.

First, we analyzed the effect of the input electrical potential,
which affects the force experienced by the particles within the
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Figure 4. Characterisation of hybrid liposome-NPs by fluorescence-based methods at different resolutions and throughputs. A) TIRF microscopy image
after microfluidic sonication. Green - DiO-Liposomes, Red - RhodamineB-PMMA-NPs. B) The high resolution of TIRF microscopy can distinguish
between liposomes bound to NPs (partial overlap) and hybrids (full overlap). C) Fluorescence intensity traces measured by FCCS. After μSonication
the fluorescence peaks are overlapping. Top - after mixing, Bottom - after μSonication at 55Vpp. Green - DiO-Liposomes, Red - RhodamineB-PMMA-NPs.
D) FCS correlation functions of vesicles, PMMA-NPs, and Cross-Correlation. The colocalization is calculated by dividing the amplitude of the cross-
correlation by the amplitude autocorrelation of vesicles. Black curves represent fits of autocorrelation functions of vesicles and PMMA-NPs; E) Three
fluorescence intensities were measured: fluorescence intensity in the vesicle channel IVe, fluorescence intensity in the nanoparticle channel INP and the
fluorescence intensity in the FRET channel IFRET. The FRET signal was calculated from the measured IFRET subtracting the contributions from the direct
fluorescence of the nanoparticles and vesicles (cx × Ix). See the Methods section for further details. F)FRET intensity after different loading methods.
Bath - Bath sonication, FT - Freeze-Thaw, Ex - Coextrusion, μS - μSonication. Error bars represent the standard deviation of technical triplicates.**** - P
< 0.0001, one-way ordinary ANOVA post-hoc analysis.

capillary. The FRET intensity increases sharply above an applied
potential of 40 Vpp (Figure 6A), indicating that a threshold in-
tensity of the acoustic field is required for the formation of the
hybrids, in analogy with the results on the opening of liposome
membranes (Figure 3A).

Subsequently, we examined whether the threshold intensity
could be decreased by increasing the residence time within the

capillary. The residence time was modulated by changing the
flow rate. Extending the sonication duration did not increase
the FRET signal at 32 Vpp (Figure 6B). However, it increased
at a higher potential of 50 Vpp, until a maximum was observed
(Figure 6B), which may suggest uncontrolled aggregation events
or vesicle disruption occurring upon prolonged exposure to the
acoustic field.
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Figure 5. Cryo-EM images of hybrids composed of core-shell iron oxide NPs coated by lipid bilayers generated with the acoustic microfluidic device.

In addition to device parameters, we explored the impact
of buffer composition. Both NPs and liposomes are negatively
charged (Table S2, Supporting Information) and therefore the ad-
sorption of the liposome on the nanoparticle surface is expected
to be strongly affected by repulsive electrostatic interactions.[28]

We modulated these interactions by changing the ionic strength
via mixing phosphate-buffered saline (PBS) and MilliQ water
at different ratios. Incubation of PMMA-NPs and liposomes in
milliQ:PBS 3:1 ratio (0.25x PBS) led to a FRET signal that was
indistinguishable from the value observed upon incubation in
the absence of applied stress (Fig, 6C). In contrast, the microflu-
idic sonication yielded a higher FRET signal increasing the ionic
strength, likely due to the screening of the electrostatic interac-
tions.

The efficiency of hybrid formation at different vesicle-to-
nanoparticle ratios is a key parameter when using biological vesi-
cles, for which the amount of available vesicles becomes the lim-
iting factor. We quantified the efficiency of hybrid formation as a
function of the vesicle-to-nanoparticle ratio with FCCS. Increas-
ing vesicle concentration led to a higher fraction of NPs colo-
calized with liposomes (Figure 6D; Figure S14, Supporting In-
formation). The percentage of colocalization calculated by cross-
correlation reached a maximum value of ≈70% for a vesicle-
to-nanoparticle ratio of 5. Furthermore, the percentage of vesi-
cles that were converted into hybrids (vesicle efficiency) was es-
timated ≈10–15%, independently of the vesicle-to-nanoparticle
ratio used (Figure 6E).

Finally, we evaluated the impact of the vesicle composition
on hybrid formation using POPC or DSPC liposomes enriched
in sphingomyelin and cholesterol. Increasing the vesicle rigid-
ity (from POPC to DSPC-based liposomes) resulted in a drop in
NPs-liposome colocalization from 70% to 20% (Figure 6F). Thus,
our results highlighted that lower vesicle rigidity facilitates the bi-
layer deposition on NPs, in line with previous studies on the for-
mation of supported lipid bilayer on planar substrates and curved
NP surfaces.[52]

2.5. Effect of the Acoustic Field on Extracellular Vesicles

After establishing the ability of the acoustofluidic device to create
liposome-PMMA hybrids and identifying the main relevant ex-

perimental parameters governing the hybridization process, we
applied the μSonication to form hybrids with extracellular vesi-
cles (EVs) and PMMA NPs using human embryonic kidney cell-
derived EVs (HEK-EVs) (see Supporting Information for details).

Before forming hybrids, we first monitored the impact of mi-
crofluidic sonication on HEK-EVs. In analogy with the experi-
ments performed with synthetic liposomes, the HEK-EVs disper-
sion was sonicated within the device at different acoustic field
intensities by varying the input electrical potential (Figure 7A).
The concentration, size, and native protein fluorescence of the
EV were evaluated with SEC-MALS-FLD.[48]

The acoustic field of the μSonicator did not alter the measured
number of particles independently of the input electrical poten-
tial(Figure 7A). Similarly, the size distribution was not signifi-
cantly affected by the microfluidic sonication (Figure 7B), as also
confirmed by DLS analysis (Figure S7, Supporting Information).

To assess the transient opening of EVs membranes stimulated
by sonication, we monitored variations in the amount of overall
protein released from the vesicles. We calculated the average pro-
tein content released per particle by dividing the total native fluo-
rescence signal of proteins by the total number of particles mea-
sured. The application of sonication reduced the protein content
per particle signal by ≈20%, suggesting transient pore formation
and protein release (Figure 7C).

To check any modification to the EV surface, we monitored
their zeta potential and morphology before and after sonication.
The zeta potential of EVs remained constant independently of
the input electrical potential (Figure 7D). In addition, TEM im-
ages revealed no discernible changes in vesicle morphology be-
fore and after microfluidic sonication (Figure 7E,F). However, a
partial loss of CD81 per particle was detected (Figure S16, Sup-
porting Information)

Altogether, these data reveal the negligible effect of sonication
on the physico-chemical properties of HEK-EVs.

2.6. Preparation of Extracellular Vesicle-Nanoparticle Hybrids

Finally, we applied the μSonicator to form hybrids based on
HEK EVs and PMMA-NPs. The mixture was sonicated in the
μSonicator using the parameters previously optimized for the
preparation of NP-liposome hybrids.

Adv. Healthcare Mater. 2025, 14, 2403264 2403264 (7 of 13) © 2024 The Author(s). Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 6. Parameters affecting the formation of hybrid liposome-nanoparticles. A) Effect of the applied electrical potential on the FRET signal. B) Effect
of residence time in the device on FRET signal at 32 and 50 Vpp. C) Effect of the PBS concentration on hybrid formation measured by FRET signal. D)
The percentage of colocalization measured by FCCS after sonicating different liposome/NP ratios in the μSonicator. E) Calculated percentage of vesicles
converted into liposome-NP hybrids after sonicating different liposome/NP ratios in the μSonicator. The values are statistically not significantly different
from another (a - P > 0.05, one way ANOVA multiple comparisons between every column pair). F) Effect of POPC and DSPC liposome rigidity on the
percentage of colocalization calculated by cross-correlation measured by FCCS.Error bars represent the standard deviation of technical triplicates. ** -
P < 0.01, unpaired t-test post-hoc analysis.

We used direct Stochastic Optical Reconstruction Microscopy
(dSTORM) to investigate the morphology and co-localization of
the nanoparticles and EVs after μSonication. We used dSTORM
instead of TIRF microscopy to increase the imaging sensitivity
and detect the small number of antibodies bound to the hybrids.
We labeled the PMMA-NPs with ATTO647N and the HEK-EVs
with an AlexaFluor488 labeled anti-CD81 antibody. The nanome-
ter resolution of dSTORM imaging allowed to determine the colo-
calization of the CD81 markers on the EV membrane and the
NPs (Figure 8A,B). After μSonication, multiple EVs fully colocal-
ized with the PMMA-NPs, confirming the formation of hybrids
as well as the retention of the surface marker CD81 in the correct
orientation on the hybrid surface.

The efficiency of hybrid formation was quantified using FCCS.
For this purpose, HEK EVs were labeled with DiO (see Sup-
porting Information for details) and mixed with PMMA-NPs la-
beled with RhodamineB. After passing the mixture through the
μSonicator, the green and the red peaks in the intensity trace,
originating from HEK EVs and PMMA-NPs, respectively, colocal-
ize (Figure 8C). The efficiency of the loading process was evalu-
ated from the cross-correlation (Figure 8D). After cross-talk sub-

traction (see Supporting Information for details), we estimated
the percentage of colocalization of PMMA-NPs with the EVs
membranes of ≈40%.

3. Conclusion

Coating NPs with lipid membranes is a promising strategy to en-
hance the performance of NPs in vivo. Despite the plethora of
protocols that have been proposed, achieving efficient coverage
is challenging, and potentially successful methods often struggle
with scalability and reproducibility.

In the present work, we describe a simple microfluidic soni-
cation device, the μSonicator, that exploits acoustic waves to effi-
ciently load NPs into synthetic and natural vesicles. The device
consists of commercially available parts and is easy to construct
and use. It operates in a continuous regime and is amenable to
scale-up by parallelization of multiple devices.

In parallel with the design of the microfluidic device, we devel-
oped an analytical workflow based on the combination of three
complementary fluorescence-based techniques to quantify the
hybrid formation. Specifically, we characterized the hybrids at the

Adv. Healthcare Mater. 2025, 14, 2403264 2403264 (8 of 13) © 2024 The Author(s). Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 7. Effect of the sonication on EVs. Both the A) number of particles and B) size distribution measured by MALS is not affected by the acoustic
field. However, C) the protein per particle decreases with the increased acoustic field strength. D) The zeta potential measured by NTA remains constant
despite an increasing acoustic field strength. The morphology of the HEK-EVs E) before and F) after μSonication at 55 Vpp imaged by negative staining
TEM. Error bars represent the standard deviation of technical triplicates. ns - not significant; ** - P < 0.01; *** - P < 0.001, one-way ordinary ANOVA
post-hoc analysis. Each measurement was compared to the control value (0V) for statistical significance.

single-particle resolution with TIRF Microscopy and dSTORM.
The efficiency of the coverage was quantified by FCCS and a
higher throughput FRET-based assay, which showed 1.5x higher
yields compared to state-of-the-art methods.

Moreover, by applying our strategy we have identified impor-
tant design principles to enhance the efficiency of the hybridiza-
tion process. These principles include device parameters, such
as the intensity of the acoustic field and the residence time in the
channel. In addition to device parameters, our findings demon-
strate that NP coating can be facilitated by using a buffer at high
ionic strength, a high vesicle-to-NP ratio (of ≈5), and vesicles
with low stiffness. The higher rigidity of EVs, which is typically
intermediate between the one of POPC liposomes and DSPC
liposomes,[53,54] can also explain the lower efficiency of HEK-EV-
PMMA NP hybrids compared to POPC-PMMA NPs hybrids, al-
though the more negative zeta potential of HEK-EVs could also
play a relevant role.

These insights highlight the importance of having developed
the μSonicator device in conjunction with quantitative analyti-
cal characterization techniques to navigate the complex physico-
chemical landscape of nanoparticle-vesicle hybrid materials[55]

and elucidate its dependence on the myriad of sample and pro-
cess parameters. This will lead to high yields and consistent prod-
uct qualities, in addition to the possibility of implementing qual-

ity control, all aspects that are required for the transition toward
marketable products.

4. Experimental Section
Numerical Simulations: A 2D numerical model of the cross-section of

the device (including piezo and glue) was built in COMSOL Multiphysics
version 6.1. The material properties considered in the simulations are
listed in Table S1 (Supporting Information). A user-controlled mesh was
constructed from the model (Figure S1, Supporting Information). The
Thermoviscous Acoustics interface was applied to the water domain, the
Solid Mechanics interface to the capillary, glue, and piezo domain, and
the Electrostatics interface to the piezo domain. The combined system
was solved in the frequency-domain, solving more than 140 000 degrees
of freedom. From the simulations, the frequency response of the device,
the displacement of the capillary walls as well as the Gor—kov potential
were extracted.

Acoustic Manipulation of Particles: Nominal 1 μm diameter fluorescent
polystyrene particles (Sigma Aldrich) were diluted in MilliQ water. The par-
ticles were flowed through the uSonicator at 10μL min−1 by a syringe pump
(Cetoni). A 20 Vpp alternating current signal was generated by an arbitrary
function generator (AFG-2225, GW Instek) and a high-frequency amplifier
(High Wave 3.2, Digitum-Elektronik).

In a second experiment, 100 nm fluorescent polystyrene particles
(Sigma Aldrich) were confined using a T-junction as shown in Figure S3
(Supporting Information). Both water and the particle dispersion were
pumped through the device at 5μL min−1.

Adv. Healthcare Mater. 2025, 14, 2403264 2403264 (9 of 13) © 2024 The Author(s). Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 8. Characterisation of HEK-EV membrane-covered PMMA-NP hybrids. A) dSTORM images of HEK-EVs-PMMA show the colocalization of the
surface marker CD81 and PMMA-NPs. B) Zoomed image of the formed hybrid. C) Intensity traces in two channels (EV Channel: 𝜆ex = 488 and 𝜆em =
520 nm; NPs channel: 𝜆ex = 561 and 𝜆em = 650 nm). D) Autocorrelation functions and cross-correlation of HEK-EVs and PMMA-NPs after sonication.

The fluorescent profile in the glass capillary was recorded using a Ti in-
verted microscope (Nikon) equipped with a LED light source (Led-Hub,
Omicron) and suitable filter cubes (AHF Analysentechinc). The images
were captured by a Zyla sCMOS camera (Andor) and analyzed using
FIJI.[56]

Preparation of Polymeric NPs: Polymeric NPs were synthesized fol-
lowing a standard emulsion polymerisation method.[57] In short, methyl
methacrylate, 2-Aminoethyl methacrylate, potassium persulfate, water and
acetone were weighed into a vial. For RhodamineB labeled NPs, HEMA-
rhodamine was also added. The vial was stored under nitrogen and sealed,
before heating the reaction mixture at 75°C and stirred continuously for
4 h. After completion of the reaction, the nanoparticles were dialyzed
against water.

For dSTORM imaging, nanoparticles were prepared without HEMA-
rhodamine and labeled after synthesis with ATTO647N (Atto) according
to manufacturers instructions, and dialyzed against water.

Preparation of Liposomes: Synthetic liposomes were prepared by dis-
solving POPC (or DSPC), Sphingomyelin, and cholesterol (0.87/0.38/1
mol/mol) in chloroform. All of the chemicals were bought from Sigma–
Aldrich. The solvent was then evaporated under a nitrogen stream followed
by drying under vacuum. The dry film was then hydrated with MilliQ wa-
ter and mixed by vortexing, to obtain a dispersion of multilamellar vesi-
cles with a final concentration of 2.5 mg mL−1. Finally, the dispersion was
freeze-thawed 10 times and extruded 20 times through 100 nm pore-size
polycarbonate membranes (Whatman, USA) to obtain monodispersed
unilamellar vesicles (ULV). The size and particle concentration of the li-
posomes was measured by NTA.

Synthetic POPC and DSPC liposomes containing BSA-FITC within the
lumen were prepared by dissolving the POPC or DSPC lipid in chloroform.
The solvent was then evaporated under a nitrogen stream followed by dry-
ing under vacuum. The dry film was then hydrated with a PBS dispersion of

BSA-FITC 3.3 mg mL−1 and mixed by vortexing, to obtain a dispersion of
multilamellar vesicles with a final concentration of 2.5 mg mL−1. The dis-
persion was freeze-thawed 10 times and extruded 20 times through 100
nm pore-size polycarbonate membranes. The free BSA-FITC proteins not
encapsulated within the liposomes were separated through SEC.

Preparation of Core Shell Magnetic NPs: Core@shell silica magnetic
NPs were synthesized via a modified water-in-cyclohexane reverse mi-
croemulsion process,[58] incorporating rhodamine (RITC) into a silicate
matrix and applying a silica coating in four stages. RITC (0.037 mmol)
was dissolved in deoxygenated ethanol (35 mL) with APTS (150 μL) and
stirred magnetically for 16 h, shielded from light to protect the fluorescent
compound. The resulting complex was stored at 4 °C. For the synthesis,
Fe3O4@OA NPs (10 mg in cyclohexane), Igepal CO-520 (3.6 mmol), and
cyclohexane (18.7 mL) were mixed and shaken. Aqueous NH3 (210 μL)
and TEOS were added in three stages, with TEOS additions at 2 and 1-
h intervals, followed by 16 h at room temperature for silica coating. The
core@shell magnetic NPs were precipitated with IPA, magnetically sepa-
rated, and washed with IPA and water before being re-dispersed in Milli-
Q water.

Preparation of HEK-EVs: HEK-EVs were produced complying with MI-
SEV directions and have been characterized in addition to this work also
previously.[36,48,59] In brief, 30 mL HEK293-F cells (Thermo Fisher, USA)
were cultured at 37°C CD293 medium (Thermo Fisher, USA) supple-
mented with 4 mM GlutaMAX at 5% CO2 in 125 mL vented shake-flasks
without baffels (Thermo Fisher, USA). The culture was shaken at 130 rpm.
Cells were grown initially to a cell density above 2.0 × 106 cells mL−1 and
viability above 95%. The cells were then resuspended in fresh media at
1.0 × 106 cells mL−1 before starting the batch-refeed process. Every 72 h a
fraction of the cultures (the cell bleed) was removed to bring the number
of cells to 1.0 × 106 cells mL−1. After the cells were bled from the culture,
the remaining cells were pelleted at 200 × g for 5 min and resuspended

Adv. Healthcare Mater. 2025, 14, 2403264 2403264 (10 of 13) © 2024 The Author(s). Advanced Healthcare Materials published by Wiley-VCH GmbH
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in 30 mL of fresh medium. The medium from both the cell bleed and cul-
ture was then centrifuged at 3000g for 15 min and stored at –20°C in 50
mL aliquots. This process was repeated 4 times while keeping the viabil-
ity above 95%. The 50 mL aliquots were thawed and filtered by a 0.22 μm
PES syringe filter (TPP, Switzerland). To remove DNA and other nucleotide
contamination, 100U of Pierce nuclease (Thermo Fisher, USA) was added
to the condition media. The sample was then concentrated using an Ami-
con 50 kDa MWCO ultrafilter (Merck Millipore, Ireland). Aggregates were
removed by centrifugation at 7000g for 5 min before applying size exclu-
sion chromatography using a Sepharose CL-4B resin (Sigma–Aldrich, Ger-
many) packed in a Tricorn 10/300 column (Cytiva, USA). The collected
vesicle fractions were combined and the concentration was measured by
Nanoparticle Tracking Analysis (NTA).

Preparation of the μSonicator: Piezoceramic elements were cut from 1
mm thick Pz26 wafers (CTS Ferroperm, USA) into 2.7 mm wide and 10 mm
long pieces using a DAD3221 dicing Saw (DISCO, Japan). A glass capillary
with 0.5 mm i.d and 1.0 mm o.d (World Precision Instruments, USA) was
glued on 4 piezoceramic elements by H20E conductive epoxy glue (Epotek,
USA). The glue was cured on a hot plate at 120°C for 15 minu. The wires’
ends were stripped from insulation using an open flame and sandpaper,
before attaching them to the piezoceramic elements using the conductive
epoxy glue. The glue was again cured on a hot plate at 120°C for 15 min.

Preparation of the Hybrids: Briefly, 100 μL 2 × 1012 p mL−1 of
POPC/Chol/Sphy liposomes were mixed with 100 μL 4 × 1011 p mL−1 of
PMMA-NPs (or with 100 μL 4 × 1011 p mL−1 of PMMA-NPs when speci-
fied) and subsequently injected and sonicated in the μSonicator at a flow
rate of 10 μL min−1, when not specified differently. A 55 Vpp (unless spec-
ified otherwise) alternating current signal at a frequency of 2 MHz was
generated by an arbitrary function generator (AFG-2225, GW Instek) and
a high-frequency amplifier (High Wave 3.2, Digitum-Elektronik) and used
to induce vibration in the piezos.

The preparation of liposome-NP hybrids with the μSonicator was com-
pared with other protocols involving i) freeze-thaw, ii) coextrusion, and
iii) bath sonication. 2 × 1012 p mL−1 of POPC/Chol/Sphy liposomes were
mixed with 4 × 1011 p mL−1 of PMMA-NPs and i) frozen in liquid nitro-
gen for 5 min and thawed in a water bath at 37°C (this step is repeated
10 times before measuring the FRET), or ii) co-extruded through 200 nm
polycarbonate filters for 10 times, or iii) bath sonicated for 30 min. For
HEK-PMMA NPs, ≈2 × 1011 p mL−1 HEK-EVs were mixed with 4 × 1010

PMMA-NPs and subsequently injected and sonicated in the μSonicator at
a flow rate of 10 μL/min, with an input voltage of 55 Vpp, and 2 MHz.

Size Exclusion Chromatography with Fluorescence and Multi-Angle
Light Scattering Detection: The method was applied as previously
described.[48] In brief, 20 μL of EVs diluted to 1010 particles per mL in
PBS, 20 μL of BSA-loaded DSPC liposomes or 2 μL oF BSA-loaded POPC
liposomes was injected into a Tricorn-5/100 column (Cytiva, USA) of 2 mL
bed volume packed with Sepharose-CL4B resin (Sigma–Aldrich, Germany)
assembled on an Agilent 1200 Series HPLC system. Phosphate-buffered
saline (PBS) (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM
KH2PO4) at a volumetric flow rate of 0.1 mL min−1 was used as an eluent.

For CD81 quantification, anti-human CD81-AlexaFlour488 antibody
(R&D Systems)[60,61] was diluted 1:500 from stock in the EV solution.

The fluorescence signal was measured with an Agilent 1260 Infinity
II fluorescence detector assembled in-line after the chromatographic col-
umn. Excitation and emission wavelengths were set to 𝜆ex = 280 nm and
𝜆em = 350 nm for intrinsic fluorescence, 𝜆ex = 480 nm and 𝜆em = 520
nm for BSA-FITC and CD81 quantification. Fluorescence gain was set to
14 for the intrinsic fluorescence, and 18 for the BSA-FITC and 16 for the
anti-human CD81-AlexaFlour488 quantification. Raw data were exported
from the ChemStation software, baseline corrected and integrated using
a Python script.

Multi-angle light scattering (MALS) analysis was performed with an in-
line DAWN HELEOS II detector (Wyatt Technology). The system was cali-
brated using toluene, and detectors were normalized using bovine serum
albumin (Sigma–Aldrich, Germany) as an isotropic scatterer standard. The
laser wavelength was set to 658 nm. Rayleigh ratio data were collected by
ASTRA 5 Software (Wyatt Technology). Rayleigh ratio data were normal-
ized, despiked using a median filter, smoothed by Savitzky–Golay filtering,

and baseline corrected to obtain the excess Rayleigh ratios (R(𝜃)). By fit-
ting the Rayleigh ratios angle dependence, both the radius of gyration and
concentration of particles were obtained.

To obtain the fluorescence intensity per particle, the integral of the fluo-
rescence peak was divided by the total number of particles measured and
normalized to the control sample.

FRET Assay: The mixture of nanoparticles and liposomes was diluted
10x in 1x PBS and 20μL was transferred into a 384-well plate (Perkin–Elmer
Optiplate 384F). The fluorescence intensity was measured using a CLAR-
IOstar Plus platereader (BMG Labtech GmbH, Germany). Three excitation
and emission wavelength combinations were measured

Channel 𝜆ex 𝜆em

DiO 480 520

RhodamineB 550 605

FRET 480 605

To calculate the FRET signal, the signal from the DiO bleedthrough in
the RhodamineB channel (IDiOBT) and the excitation of the RhodamineB
directly by the 480 nm laser (IRhodBBT) was subtracted from the raw FRET
channel signal:

IFRET = IRawFRET − IDiOBT − IRhodBBT (1)

The intensity signals IDiOBT and IRhodBBT depend on the spectral proper-
ties of the fluorescent dyes. The intensities of the false signals in the FRET
channel were taken into account by a correction factor (c), which was cal-
culated from the intensity ratio of the FRET channel to the fluorophores
main channel of samples containing liposomes or nanoparticles only:

IDiOBT = cDiO ∗ IDiO

IRhodBBT = cRhodB ∗ IRhodB

Liposomes only:
cDiO = IFRET∕IDiO

Nanoparticles only:
cRhodB = IFRET∕IRhodB

(2)

The correction factor was measured together with the hybrids using the
same liposomes and nanoparticles. Triplicate measurements were per-
formed and averaged for both the correction factors as well as the FRET
signal intensities.

Fluorescence Cross-Correlation Spectroscopy (FCCS): FCCS experiments
were performed on an inverted confocal fluorescence microscope (Leica
315 SP8 STED, Leica Application Suite X (LAS X) software, version 1.0)
equipped with an HC 316 PL APO CS2 63x 1.2 NA water immersion ob-
jective with a software-controlled correction collar (Leica), and a hybrid
detector for single molecule detection (HyD SMD). The samples were ex-
cited with 488 and 561 nm lasers (from a white Light Laser at 80 MHz) and
the fluorescence emission was collected in two different channels (500-
520 nm and 650–690 nm). The amplitude of autocorrelation functions is
inversely proportional to the concentration of labeled species, while the
amplitude of the cross-correlation function is directly proportional to the
concentration of species emitting in both channels. The percentage of
colocalized particles was calculated from the amplitude of correlation and
cross-correlation functions as described elsewhere.[62] Briefly, the percent-
age of PMMA-NPs colocalized with the vesicle (Cr/Cgx100, with Cr and
Cg the concentration of red and green-labeled species, respectively) can
be calculated by dividing the amplitude of the cross-correlation function
(G0, x) by the amplitude of the liposome correlation function (G0, g), as-
suming 1:1 binding stochiometry (the amplitudes of the cross-correlation
and the vesicle correlation functions are equal when 100% of PMMA-NPs
colocalize with the vesicles). The colocalization was calculated as the aver-
age of 3 independent measurements. The cross-talk arising from PMMA-
NPs in PMMA-NPs HEK-EVs systems has been removed according to Ba-
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cia et al.[62] Briefly, the bleed-through ratio 𝜅Rg is calculated in a calibra-
tion experiment with only red-labeled particles (PMMA-NPs) by dividing
the count rate in the green channel (Fcalib

g ) by the count rate in the red

channel (Fcalib
r ). The amplitude of the cross-correlation expected in case

of complete cross-talk is: G0, k/G0, r = KRg, (Fr/Fg) where G0, k is the am-
plitude of the cross-correlation, G0, r is the amplitude of the correlation
function of PMMA-NPs, 𝜅Rg is the bleed-through ratio, and Fr and Fg are
the counts rates in the PMMA-NP and HEK-EV channels, respectively. If
the value of KRg(Fr/Fg) is higher or comparable to the cross-correlation
measured in HEK-EVs PMMA-NPs mixture, the calculated colocalization
arises from cross-talk. If the measured colocalization is higher, the real
value of cross correlation can be corrected for the cross-talk according to:
Ĝ0,x∕G0,r = G0,x∕G0,r − KRg(Fr∕Fg)∕(1 − KRg(Fr∕Fg).

TIRF Microscopy: A-100 fold diluted sample was deposited on a freshly
plasma-treated 18 well μ-Slide (Ibidi, Germany) and incubated for 1 h. The
supernatant was aspirated and replaced with a blocking buffer (1% BSA in
PBS).

The samples were imaged using a Nikon Ti2 Eclipse inverted micro-
scope system equipped with a Hamamatsu Orca Flash 4 v3 (6.5 × 6.5 μm2

pixel size) sCMOS camera and an SR Apochromat TIRF 100x 1.49 N.A oil
immersion objective. The sample was illuminated in total internal reflec-
tion mode and the laser angle of incidence was monitored with a Photo-
metrics Dyno CCD camera at the back focal plane of the objective. The
samples were imaged sequentially with excitation at the 561 nm (125
mW at the tip) and 488 nm (80 mW at the tip) laser lines. The fluores-
cence emission was passed through a QUAD filter set for TIRF application
(Nikon C-NSTORM QUAD 405/488/561/647). The 561 nm laser power
was set to 2% at a 1x magnification and the 488 nm laser power was set
to 4% at a 1x magnification. 1000 images were recorded at an exposure
time of 5 ms in the 561 nm channel and 1000 images were recorded at an
exposure time of 40 ms in the 488 nm channel. The focus was stabilized by
the Perfect Focus System (Nikon) during imaging. The image acquisition
was controlled with NIS Elements Advanced (Nikon) software.

The images were processed using FIJI[56] and the ThunderSTORM
plugin.[63]

Direct Stochastic Optical Reconstruction Microscopy (dSTORM): A 100-
fold diluted sample was deposited on a fresh plasma treated 18 well μ-Slide
(Ibidi, Germany) and incubated for 1 h. The supernatant was aspirated and
replaced with a blocking buffer (1% BSA in PBS). After 1 h, the blocking
buffer was removed and 100 μL 10000x diluted anti-CD81-AlexaFluor488
(Novus Biologicals, USA)[60,61] in blocking buffer was added. The sam-
ple was incubated in the antibody solution overnight. Before imaging,
the antibody solution was removed and 250 μL of a standard STORM
blinking buffer was added. For each sample, the blinking buffer was pre-
pared freshly from stock solutions before imaging. The blinking buffer
consisted of 10 mM MEA (Apollo Scientific Ltd, USA), 80 mgmL−1 glu-
cose (Sigma–Aldrich, Germany), 9% glycerin (Sigma–Aldrich, Germany),
2 μgmL−1 catalase (Sigma-Aldrich, Germany), 100 μgmL−1 glucose ox-
idase (Sigma-Aldrich, Germany), 0.4 mM Tris(2-carboxyethyl)phosphine
hydrochloride (Sigma-Aldrich, Germany), 2.5 mM KCl (Sigma–Aldrich,
Germany), 2 mM Tris (Sigma–Aldrich, Germany) pH 7.5. The sample was
covered with a glass coverslip to avoid the diffusion of oxygen inside.

The samples were imaged using a Nikon Ti2 Eclipse inverted micro-
scope system equipped with a ANDOR iXon DU897 (16 × 16μm2 pixel
size) EM-CCD camera and an SR Apochromat TIRF 100x 1.49 N.A oil im-
mersion objective. The sample was illuminated in total internal reflection
mode and the laser angle of incidence was monitored with a Photometrics
Dyno CCD camera at the back focal plane of the objective. The samples
were imaged sequentially with excitation at the 647 nm (125 mW at the tip)
and 488 nm (80 mW at the tip) laser lines. The fluorescence emission was
passed through a QUAD filter set for TIRF application (Nikon C-NSTORM
QUAD 405/488/561/647). The laser power was set to 40% at a 2x magni-
fication for the 488 channel and to 20% at a 2x magnification for the 647
channel. 10000 images were recorded at an exposure time of 20 and 30
ms in the 488 and 647 channels respectively. The focus was stabilized by
the Perfect Focus System (Nikon) during imaging. The image acquisition
was controlled with NIS Elements Advanced (Nikon) software.

The fluorophores were localized from the images using FIJI[56] and the
ThunderSTORM plugin.[63]

Statistical Analysis: The data were normalized based on the average of
the non-treated controls. The data are presented as the mean of technical
triplicates. The error bars represent the standard deviation. The statisti-
cal significance was evaluated with either a one-way ordinary ANOVA or
unpaired t-test post-hoc analysis with an alpha threshold of 0.05. The sta-
tistical analysis was performed on GraphPad Prism 10 software.
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