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Abstract
In the past decade, extracellular vesicles (EVs) have attracted substantial interest in
biomedicine. With progress in the field, we have an increasing understanding of cel-
lular responses to EVs. In this Technical Report, we describe the direct nanoinjection
of EVs into the cytoplasm of single cells of different cell lines. By using robotic fluidic
force microscopy (robotic FluidFM), nanoinjection of GFP positive EVs and EV-like
particles into single live HeLa, H9c2, MDA-MB-231 and LCLC-103H cells proved to
be feasible. This injection platform offered the advantage of high cell selectivity and
efficiency. The nanoinjected EVs were initially localized in concentrated spot-like
regions within the cytoplasm. Later, they were transported towards the periphery of
the cells. Based on our proof-of-principle data, robotic FluidFM is suitable for tar-
geting single living cells by EVs and may lead to information about intracellular EV
cargo delivery at a single-cell level.
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 INTRODUCTION

Extracellular vesicles (EVs) are phospholipid bilayer enclosed structures released by all cells. EVs carry biomolecules such as
nucleic acids (RNA and DNA), proteins, lipids, glycans and metabolites (Raposo & Stoorvogel, 2013). The release and uptake
of these particles by various cells serve a number of functions, many of which may remain uncovered today. The EV field has
significantly benefited from technological developments that enabled efficient separation, detection and characterization of EVs
(Musto et al., 2021). Importantly, the delivery of proteins (Simpson et al., 2009) and RNAs (Valadi et al., 2007) by EVs was shown
to have a role in cell-to-cell communication (Mathivanan et al., 2010) and cell signalling (Subra et al., 2010). EVs also have a
role in pathological processes such as cancer cell proliferation, migration and metastasis formation (Kahlert & Kalluri, 2013). EV
transfer protects the internal cargo molecules from extracellular enzymatic degradation and also helps to avoid dilution of the
cargo. Transmembrane proteins in the lipid bilayer direct vesicles to specific cell types, rendering them promising candidates to
deliver drugs or biomolecules (György et al., 2015; Oshchepkova et al., 2021). Thus, understanding how EVs are taken up and
processed by cells has potential implications in EV-based therapy and drug delivery systems.
EVs can be taken up by cells through different pathways depending on the cell type and the molecules decorating the outer

surface of EVs (Mulcahy et al., 2014). Endocytosis (Doherty & McMahon, 2009), a process by which particles are internalized
while being surrounded by the plasma membrane (Doherty & McMahon, 2009; Mulcahy et al., 2014), is responsible for EV
uptake (Costa Verdera et al., 2017; Koumangoye et al., 2011; Mulcahy et al., 2014; Nabi & Le, 2003; Verdera et al., 2017). During
endocytosis, EVs are contained in the endocytic membrane compartments. Upon fusion with the endomembranes, the cargo
of EVs may be released into the cytosol. Alternatively, in some cases, vesicles can either bind to plasma membrane receptors
inducing signalling or fuse with the plasma membrane and release their contents directly to the cytosol (Russell et al., 2019).
Mechanical injection of foreign substances into live cells is a commonly applied single-cell manipulation technique. In most

of the cases, cells are injected manually using glass micropipettes with only visual feedback about any potential damage to the
cells (Wei & Xu, 2019). Correspondingly, this procedure is characterized by low throughput and low cell survival. To increase the
efficiency of cell injection, force-assisted techniques can be used, where the force between the micropipette and the cell can be
monitored. A handful of such methods have been developed based on impedance measurements of the micropipette aperture
or on the measurement of out-of-plane forces by the deformation of a resonator. Experiments were also carried out with atomic
force microscopy-based systems, where the tip of the cantilever was inserted into the cytoplasm and the material to be injected
was let to desorb from the tip (Chen et al., 2007). Due to the passive nature of desorption, it is difficult to control the volume and
concentration of the injected substances. Furthermore, the range of potential injectable substances is limited to those that can be
immobilized appropriately to the tip.
Recently, the development of fluidic force microscopy revolutionized the field of single-cell injection (Li et al., 2022; Meister

et al., 2009). This technique is based on a microfluidic channel incorporated into an atomic force microscopy cantilever. The
channel ends in an aperture on the side of the pyramidal tip, while its other terminus is connected to a pressure control device
capable of varying the pressure between negative and positive values. This arrangement makes it possible to implement various
cell manipulation workflows such as single-cell adhesion measurements on eukaryotic (Potthoff et al., 2012; Sztilkovics et al.,
2020) or prokaryotic cells (Potthoff et al., 2015), single-cell sorting (Guillaume-Gentil et al., 2014), nanolithography (Saftics et al.,
2019), and most notably nanoinjection (Guillaume-Gentil et al., 2013) and extraction (Guillaume-Gentil et al., 2016, 2017) of
single-cells. The sharp end of the tip is responsible for penetrating the plasma membrane without clogging the aperture. When
the tip comes into contact with the cell, its bending is detected through the displacement of a reflected laser beam from the back
of the cantilever, according to the principle of atomic force microscopy. The bending is proportional with the force acting on the
cantilever. Therefore, a real-time force control is achieved during the injection process. Using a fluidic force microscopy device,
O. Guillaume-Gentil et al. successfully injected the nuclei of live HeLa cells with a fluorescent molecule (Guillaume-Gentil et al.,
2013). Using a dye that does not pass through the nuclear envelope, the authors showed that the nucleus can be selectively targeted
for injection. The injected volumes were in the range of picolitres to tens of femtolitres, quantified on the basis of the fluorescent
intensity of the injected dyes. The volume was primarily determined by the applied pressure and the time interval of injection
but showed a large degree of variation due to fluctuations in cytoplasmic viscosity. Injection of GFP encoding plasmids resulted
in successful transfection in 40% of cells. The authors also demonstrated the reverse process: a single-cell extraction (Guillaume-
Gentil et al., 2016). In this case, after penetration of the plasma membrane by the fluidic force microscopy tip, negative pressure
was induced at the aperture removing a fraction of the cytoplasm. The authors found that even after removing 4 pl of cytosol,
representing a significant part of the entire volume of the cell, viability was as high as 82%. At the same time, cells proved to
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be more sensitive to extraction from the nucleus. The extracted nuclear material was deposited in microdroplets and further
analysed by qPCR and mass spectroscopy (Guillaume-Gentil et al., 2017).

The robotic system we applied in the current study has a large, motorized sample stage, allowing cell targeting over mm-cm
scale areas. The use of this innovative instrument has been successfully demonstrated in adhesion studies (Gerecsei et al., 2019;
Sztilkovics et al., 2020) and patterning of cell adhesive surfaces (Saftics et al., 2019).
While the injection of live cells with solutions of dyes and DNA has been demonstrated already, this technology has not been

exploited for the force-controlled injection of EVs yet. Electroporation is a common method for the introduction of foreign
substances into live cells based on nanometer-sized pores generated in the cell membrane using electrical pulses (Weaver, 2000).
It is also used to introduce cargo such as certain proteins or DNA into EVs (Lamichhane et al., 2015). However, the introduction
of intact EVs into cells has not been demonstrated by this method, since the size of the created pores is too small for letting EVs
pass through the membrane. Therefore, up till now, no method has been shown to mechanically deliver intact EVs into live cells
in a way that does not rely on any natural vesicle uptakemechanism. Importantly, a common property of the natural mechanisms
is that upon uptake, EVs are packaged into an endomembrane and do not come in contact directly with the cytosol.
In the current study, we used robotic fluidic force microscopy (robotic FluidFM) to inject suspensions of EVs and EV-like

particles directly into the cytosol of different cell lines. Next, the injected cells were fixed, and the plasma membrane was visual-
ized by fluorescently labelled lactadherin. EV delivery to the cytoplasm was monitored by high-resolution confocal microscopy.
Analysis of the recorded images proved that vesicles were successfully delivered into the cytosol and that initially, they were
localized in concentrated spot-like areas. By injecting GFP encoding plasmids, we validated the injection parameters used in our
experiments.
The EV delivery approach described here may pave the way for future studies investigating the intracellular processing and

fate of EVs and other lipid nanovesicles inside single live cells.

 MATERIALS ANDMETHODS

. Cell culture and related protocols

The human embryonic kidney HEK 293T-PalmGFP cell line was a kind gift of Dr. Charles Lai, and the cells were cultured
as described previously with minor modifications (Lai et al., 2015). The cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM,Gibco) containing 10% fetal bovine serum (FBS) (BioSera, Nuaillé, France) and 100U/mLpenicillin 100 μg/mL
streptomycin (Sigma-Aldrich, St. Louis, MO, USA) in a humidified atmosphere at 37◦C, 5% CO2.

Differentiation and expansion of bone marrow-derived mast cells (BMMCs) were carried out as described earlier (Vukman
et al., 2020). Briefly, bonemarrow cells of the femoral and tibial bones of GFP transgenicmice (C57BL/6-Tg(UBC-GFP)30Scha/J,
The Jackson Laboratory) were cultured in complete Iscove’s modifiedDulbecco’smedium (IMDM,Gibco) in the presence of 10%
heat-inactivated FBS (Gibco), 100 U/mL penicillin/100 μg/mL streptomycin (Sigma-Aldrich). As a source of murine IL-3, cells
were grown in 30%WEHI-3 conditioned IMDMmedium (TIB-68; American Type Culture Collection, Manassas, VA, USA) for
4 weeks.
Non-fluorescent human embryonic kidney HEK 293 cell line (ECACC 85120602) was cultured in DMEM (Gibco), supple-

mented with 10% FBS (Biowest SAS, Nuaillé, France and 100 U/mL penicillin 100 μg/mL streptomycin (Sigma-Aldrich, St. Louis,
MO, USA) in a humidified atmosphere at 37◦C, 5% CO2.

HeLa cells used in the experiments (ECACC93021013) were cultured inDMEM (Gibco), supplementedwith 10% FBS (Biowest
SAS, Nuaillé, France), 4 mM L-glutamine, 100 U/mL penicillin and 100 μg/mL streptomycin in an incubator with a humidified
atmosphere containing 5% CO2 at 37◦C.

The LCLC-103Hhuman large cell lung carcinoma cell linewas cultured inDMEM(Gibco), supplementedwith 10%FBS (Biow-
est SAS, Nuaillé, France), 4 mM L-glutamine, 1% MEM non-essential amino acids, sodium-pyruvate and 100 U/mL penicillin
and 100 μg/mL streptomycin in an incubator with a humidified atmosphere containing 5% CO2 at 37◦C.
The MDA-MB-231 human breast adenocarcinoma cell line was cultured in DMEM (Gibco), supplemented with 10% FBS

(Biowest SAS, Nuaillé, France), 4 mM L-glutamine, 1% MEM non-essential amino acids, sodium-pyruvate and 100 U/mL
penicillin and 100 μg/mL streptomycin in an incubator with a humidified atmosphere containing 5% CO2 at 37◦C.

The H9c2 (2-1) BDIX rat cardiomyoblast cell line (ECACC 88092904) was cultured in DMEM (Gibco), supplemented with
10% FBS (Biowest SAS, Nuaillé, France), 4 mM L-glutamine, 1% MEM non-essential amino acids and 100 U/mL penicillin and
100 μg/mL streptomycin in an incubator with a humidified atmosphere containing 5% CO2 at 37◦C as previously described
(Koncz et al., 2023; Visnovitz et al., 2019).
All cell cultures were tested for mycoplasma infection by PCR, using the following PCR primes: GAAGAWATGCCWTATT-

TAGAAGATGG and CCRTTTTGACTYTTWCCACCMAGTGGTTGTTG (Koncz et al., 2023).

 20013078, 2023, 12, D
ow

nloaded from
 https://isevjournals.onlinelibrary.w

iley.com
/doi/10.1002/jev2.12388 by M

ta W
igner R

esearch C
entre For, W

iley O
nline L

ibrary on [07/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



 of  KOVÁCS et al.

. Preparation of EV containing samples

2.2.1 Separation of GFP positive small EVs (sEVs) released by bone marrow mast cells (BMMCs)

BMMCs of GFP-transgenic mice were used as a source of fluorescent sEVs. The vesicles were separated as we described previ-
ously (Vukman et al., 2020). Briefly, BMMCs were incubated for 24 h in EV-depleted complete culture medium in the presence
of 0.5 μM calcium ionophore A23187 (Sigma-Aldrich). Next, EVs were separated by a combination of differential centrifugation
and multistep hydrostatic size filtration (Vukman et al., 2020). The green fluorescent internal cargo-containing EVs were resus-
pended in PBS, re-centrifuged, aliquoted, snap frozen in liquid nitrogen and stored at −80◦C until use. For the nanoinjections,
only the sEV fraction was used, the ratio of GFP positive sEVs was determined by high resolution flow cytometry. The major
characteristics of the EVs have been described previously (Lamichhane et al., 2015).

2.2.2 Preparations of HEK 293T-PalmGFP cell-derived small extracellular vesicle like particles
(sEVLPs)

The HEK 293T-PalmGFP cells were incubated for 24 h in serum free culture medium. Next, the cells were removed by centrifu-
gation (300× g, 10 min) and filtration by gravity through a 5 μm pore size filter. Apoptotic bodies and other large EVs (lEVs) were
eliminated using centrifugation (2000 × g, 30 min) and the supernatant was filtered by gravity through a 0.8 μm pore size filter.
Membrane GFP-positive medium-sized EVs (mEVs) were enriched by centrifugation at 12,500 × g 40 min, re-suspended in PBS
and re-centrifuged. The green fluorescent membrane enclosed mEVs were used to prepare GFP positive sEVLPs by intensive
vortexing and sonication (20 min). The sEVLPs were filtered through a 0.2 μm pore size filter and were concentrated by cen-
trifugation at 100,000× g 70min. The particles were aliquoted, snap frozen in liquid nitrogen and stored at−80◦C until use. The
HEK-derived sEVLPs are characterized in detail by Charles Lai et al. (Lai et al., 2015).

2.2.3 Preparations of HEK 293 cell-derived pMAXGFP plasmid containing sEVLPs

To demonstrate the release the plasmid cargo of nanoinjected vesicles, non-fluorescent HEK 293 cell-derived mEVs were sepa-
rated as described above. The mEV pellet was resuspended in pMAXGFP plasmid solution (Lonza, 2 mg/mL in 5mMTris/HCL,
pH 8.5). The mixture was frozen and thawed five times, then sonicated (20 min on ice) and vortexed intensively. Before nanoin-
jection, the sEVLPs were subjected to DNase digestion (Invitrogen) to degrade unpacked DNA. The DNase was inactivated by
EDTA (2.3mM). EV-s larger than 500nmdiameter (which could potentially block the cantilever)were removed by centrifugation
for 30 min at 10.000 × g, and the supernatant was used for injection.

. Sample preparation and FluidFM injection

Before the nanoinjection experiments, cells were washed with pre-warmed Dulbecco’s phosphate-buffered saline (DPBS, Sigma-
Aldrich) and detached by applying 0.05% (w/v) trypsin and 0.02% (w/v) EDTA solution for 2 min in an incubator. Afterwards,
cells were centrifuged at 200 × g for 5 min and the pellet was re-suspended in DMEM. Subsequently, 2 × 10 (Valadi et al., 2007)
cells were deposited into a 35 mm Grid-500 glass bottom µ-dish (Ibidi, Gräfelfing, Germany) or 5 × 10 (Valadi et al., 2007)
cells were deposited into a glass bottomWillCo-dish (WillCo Wells, Amsterdam, The Netherlands). Before cell seeding, a glass
coverslip with an engraved grid (Ibidi, Gräfelfing, Germany) was placed in the middle of the WillCo-dish and fixed by applying
a small droplet of silicone grease between the bottom of the dish and the coverslip. The coverslips were sterilized before use by
sonication in 70% ethanol and then rinsed in sterile deionized water for 10 min. Samples were incubated at 37◦C with 5% CO2
overnight. Directly before the FluidFM experiments, the samples were washed twice with pre-warmed 10 mM HEPES-HBSS
buffer (4-(2-hydroxyethyl)−1-piperazineethanesulfonic acid (HEPES) mixed with Hank’s balanced salt solution (HBSS), pH 7.4)
to remove floating and dead cells. Then the dish was filled with 2 mL of HEPES-HBSS and placed into the sample holder of a
robotic FluidFM device (FluidFM OMNIUM, Cytosurge, Glattbrugg, Switzerland). Of note, this robotic FluidFM device was
called FluidFM BOT in earlier works. The vesicle suspension was vortexed before pipetting to minimize aggregation. Next, the
nanosyringe probe (Cytosurge, CH)was filledwith 1 μL of vesicle suspension prepared according to the above-described protocol.
Before use, the probe was coated with Sigmacote (Sigma-Aldrich) according to the protocol of the manufacturer. This coating
helps to avoid nonspecific binding of cells to the cantilever during injection. After placing the probe into the FluidFM device,
the positioning of the laser was optimized so that the laser spot falls approximately at a 30 μm distance from the tip (Nagy et al.,
2019). Then, themirror projecting the laser onto the photodetectors was automatically tilted to its correct position. Subsequently,
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a positive pressure was introduced in the probe, filling the microchannel inside the cantilever. After placement of the probe into
the sample containing the cells, approximately 50 cells were manually selected for injection in the Arya software (Cytosurge).
Once the selection was done, the software automatically positioned the cantilever above the cells in a serial manner and injected
all selected cells. Each injection consisted of the following steps: (i) The cantilever approached the cell from 10 μm height with
force-control until the signal induced by the bending reached a value of 600 mV corresponding to approximately 1 μN. This
value is called the setpoint. The speed of the approach was 50 μm/s. (ii) Once the setpoint was reached, a 30–150 mBar positive
pressure was induced in the cantilever for an injection time of 6–8 s. These parameters were varied by experiment. (iii) Once the
injection time elapsed, the cantilever was retracted with a speed of 5 μm/s to a height of 20 μm.
The entire workflow lasted 20–30 s, which resulted in a throughput of at least 50 cells per 30 min in an entirely automated way.

Note, the cells are selected manually for injection, which adds another 10–15 min to the measurement time depending on the
operator. In order to enable subsequent identification of the injected cells, only one cell in each zone of the grid on the coverslip
was injected.
Of note, in the initial experiments used to determine the ideal injection settings, we used theHEK 293T-PalmGFP cell-derived

sEVLP in order obtain fluorescent signal of all the injected particles. In later experiments, we used both sEVLPs and sEVs derived
from BMMC cells, but in the latter case only the 30-40% of particles were fluorescent (see Figure S3.)

. Staining and confocal microscopy of fixed cells

2.4.1 Membrane staining by lactadherin

The phosphatidyl serine binding protein, lactadherin (Haematologic Technologies, USA) was fluorescently conjugated using a
Cy5® Conjugation Kit (Abcam, UK) according to the manufacturer’s instructions. The injected cells were fixed on the coverslips
with 4% paraformaldehyde (PFA) in phosphate buffer saline (PBS) for 20 min at room temperature (RT) and then washed with
PBS containing 50mMglycine (three times for 5min). Following a short blocking step (10% FBS in PBS for 20min), fluorescently
labelled lactadherin (3 ng/μL) was applied in PBS containing 10% FBS for 1 h at RT. After washing with PBS containing 10% FBS
(5 min, RT) and PBS (two times for 5 min), the cells were postfixed with 4% PFA in PBS and were washed with PBS containing
50 mM glycine (three times for 5 min) (Koncz et al., 2023; Vukman et al., 2020).

2.4.2 Immunocytochemical detection

The lactadherinmembrane-labelled cellswere permeabilizedwith PBS supplementedwith 10%FBS and 0.5%TritonX100 (SERVA
Electrophoresis) (binding-buffer—BB) for 30 min at RT. Primary anti-GFP antibodies were applied in 1:200 dilution in BB for
1 h at RT. For HEK T-PalmGFP-derived EVLPS, mouse anti-GFP (Sigma-Aldrich), while for murine BMMC sEVs, rabbit
anti-GFP (Sigma-Aldrich) were used. After washing with BB (five times for 5 min at RT), goat anti-mouse-ATTO550 and goat
anti-rabbit-ATTO550 secondary antibodies (Sigma-Aldrich) were used, respectively, in PBS containing 1% FBS for 1 h at RT.
After the washing steps (PBS two times for 5 min and then ultrapure water two times for 5 min), samples were mounted with
Prolong Diamond with DAPI (Invitrogen) and were examined by a Leica SP8 Lightening confocal microscope.
The theoretical maximum resolution of the employed microscope in Lightning mode is 120 nm in lateral and 200 nm in axial

direction.

. Live cell confocal imaging

HeLa cells were monitored for 24 h after EV nanoinjection and during spontaneous EV uptake by live cell imaging. Cells were
grown in 35 mm glass bottom Grid-500 µ-dishes (Ibidi). BMMC- derived GFP positive sEVs were injected into HeLa cells with
the same method that we used during our experiments with fixed cells. Lysosomes in HeLa cells were detected by LysoTracker
Deep Red (Invitrogen) according to the instructions of themanufacturer. Imaging of EV nanoinjected cells started approximately
3 h after injection. In the case of EV uptake of HeLa cells, 10-well cell culture chamber-slides (Greiner Bio-One) were used. In
these experiments, the same BMMC-derived GFP positive sEVs were used as in the nanoinjection experiments. EVs were added
to the cell culture medium after LysoTracker staining. Live cell imaging was performed by a Leica SP8 Lightening confocal
microscope equipped with OkoLab environmental chamber. For co-localization, LAS X software (Leica) was used, and Pearson’s
coefficients were determined to assess the correlation between lysosomal and GFP EV signals of individual cells.
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. Transmission electron microscopy (TEM)

Sample preparation for TEMwas performed with minor changes to what has been described previously (Théry et al., 2006). EVs
or EVLPs were attached to the surface of formvar coated grids (10 min, RT) and were fixed with 2% glutaraldehyde (10 min, RT).
After the washing steps (three times for 5 min at RT), the particles were positively contrasted with 2% uranyl-oxalate and nega-
tively contrasted with 2% methyl cellulose containing 0.4% uranyl-acetate. Samples were examined by a JEOL 1011 transmission
electron microscope.

. Immunogold electron microscopy

GFP positivity of sEV fraction of HEK293T-PalmGFP cells was tested by Immunogold TEM technique (Figure S1). Samples were
prepared as described previously (Koncz et al., 2023). EVswere attached to the surface of formvar coated nickel grids (10min, RT)
and were fixed with 4% formaldehyde (10 min, RT). After the washing steps (three times for 5 min at RT), 2% sucrose solution
was used in PBS (1 h) for blocking. A primary antibody (monoclonal mouse anti-GFP, Sigma-Aldrich) was applied in blocking
solution overnight at 4◦C. After three washes (RT, 5 min) with blocking solution, secondary antibody (polyclonal anti-mouse
produced in goat with 5 nmgold particles, Sigma-Aldrich) was applied in 2% sucrose for 1 h at RT.Unbound secondary antibodies
were removed by three washes (for 5 min at RT). Samples were post-fixed, positively contrasted and analysed as described for
transmission electron microscopy.

. Nanoparticle tracking analysis (NTA)

EVs- or EV-like particles were diluted in PBS and were measured in 11 positions (two cycles per position) by ZetaView PMX120
(Particle Metrix) at 25◦C using the following settings: shutter speed-100, sensitivity-80, frame rate-30.

. Flow cytometry

To detect sEV proteins, flow cytometry was performed as described previously by Vukman et al. (2020). Small EVs were bound
to 4 μm aldehyde/sulphate latex beads (Life Technologies). Next, they were blocked with 100 mM glycine and 1% bovine serum
albumin (Sigma-Aldrich) in PBS. Samples were immunostained by anti-CD9 Ab (PE, ThermoFisher), anti-CD63 (APC, PE,
eBioscience) anti-CD81 (PE, ThermoFisher), or appropriate isotype controls (mouse IgG1, IgG2, IgG2b, BD Bioscience, Biole-
gend and SONY). The presence of phosphatidylserine on sEV surface was tested by lactadherin (Haematologic Technologies)
labelled with Cy5 Fast Conjugation Kit, (Abcam) and annexinV-FITC (SONY). FACSCalibur flow cytometer (BD Biosciences)
and CellQuest software were used for analysis. Results are summarized in the Supplementary Information file (Figure S2).
High resolution flow cytometry was applied to determine the proportion of GFP-positive BMMC-derived sEVs. EVs were

identified by their phospholipid membranes and were stained by BioxMLRed (Bioxol, Budapest, Hungary) lipophilic and auto-
quenchable dye aswe described previously (Koncz et al., 2023). The vesicles weremeasured byApogee flow cytometer. If a particle
was positive for lipid staining, it was assessed as EV. The TritonX-100® sensitive lipid/GFP double positive events were counted
as GFP positive EVs. Limit of blank (LOB) and limit of detection (LOD) was assessed by measuring blank, GFP-negative EVs
(derived from wild type C57BL/6 mouse) and ApogeeMix (#1527) and calculated as described in Wood et al. (Wood et al., 2013)
and Welsh et al. (Welsh et al., 2023). As the average particle size of BMMC-derived EVs is between 100–300 nm (Vukman et al.,
2020), configuration and threshold were set by the help of ApogeeMix (#1527) beads where the smallest detected particles were
80 nm polystyrene beads and the largest were 1300 nm silica beads. The data were analysed using FlowJo_V10 software (BD).

. Transfection

The pMAXGFP control plasmid was purchased from Lonza (Lonza, Cologne, Germany). HeLa (4 × 10 (Subra et al., 2010)) cells
were transfected with 0.5 μg pmaxGFP and 0.5 μL of Lipofectamine™ 2000 (Thermo Fisher Scientific) to achieve a 1:1 DNA :
Lipofectamine ratio in 2 mL of culture medium, according to the manufacturer’s protocol. In short, the premixed transfection
solution was added into the Petri dish with cultured HeLa cells and incubated for 4 h in an incubator under standard conditions
(37◦C, 5%CO2). After incubation, themedium containing the transfection solution was discarded and fresh cell culturemedium
was added.
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F IGURE  Schematic illustration of preparation of the sEVLP (green arrows) and GFP-coding plasmid containing EVLP (black arrows).

. RNA injection

The solution used for the nanoinjection consisted of 20 ng/μL GFP mRNA (Miltenyi Biotec GmbH, 130-101-114) dissolved in
10 mM Tris pH7.5, 0.1 mM EDTA.

 RESULTS ANDDISCUSSION

In this work we aimed at nanoinjecting GFP containing sEVLPs, GFP containing EVs, mRNA, GFP-coding plasmids, and GFP-
coding plasmid containing EVLPs into the cytosol of single live cells and investigating further the injected cells by fluorescent
microscopy.
The sematic steps of GFP containing sEVLPs (green arrows) and GFP-coding plasmid containing EVLPs (black arrows) are

shown in Figure 1.
First, we separated EVs and sEVLPs and examined their size and shape by transmission electron microscopy. We studied both

the sEVs of BMMC cells and the HEK 293T-PalmGFP cell-derived sEVLPs, and we found that both preparations had vesicles
with a cup shape morphology (Figure 2a,b). We determined the size distribution of the vesicles with NTA. Both the sEVs of
BMMC cells and the HEK 293T-PalmGFP derived sEVLPs were in the range of 50–300 nm, which was in agreement with the
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 of  KOVÁCS et al.

F IGURE  Transmission electron microscopy of BMMC derived sEVs (a) and sEVLPs of HEK 293T-PalmGFP cells (b). Representative size distribution
histograms of BMMC derived sEVs (c) and sEVLPs of HEK 293T-PalmGFP cells (d) from NTA measurements. (Note: NTA measurements required to dilute
the original vesicle solutions 100×).

TEM measurements (Figure 2c,d). We also confirmed the presence of EV membrane proteins and phosphatidylserine (Figure
S1) on the vesicular surface.
Of note, in the case of the sEVs of HEK 293T-PalmGFP cells, only 1% of the vesicles were GFP-positive (See Figure S3).

Therefore, we decided to us the ∼100% GFP-positive plasma membrane-derived sEVLP in the initial experiments.
After, we carried out force-controlled injection experiments on HeLa cells using the FluidFM technology with Nanosyringe

type FluidFM probes (see Figure 3 for more details). In order to track the possible post-injection transfer of EVs between cells,
we injected one to three cells in each square of the gridded glass slide, as shown in Figure 4a. We selected those individual cells
for nanoinjection, which were easily identified in subsequent microscopic experiments. Since the individual squares (Figure 4b)
have an area of 500 × 500 μm, it is reasonable to assume that if EVs were visible in multiple adjacent cells within a square, this
could only occur because of EV transport across the plasma membrane.
Since the diameter of the injected particles can reach up to 300–400 nm, and the aperture of the Nanosyringe is approximately

600 nm in size (Figure 3a), the possible clogging of the probes was constantly monitored. Before injection of the target cells,
we verified the flow in the Nanosyringe by injecting a cell outside the area of interest using 1000 mbars for 10 s. Using such a
high pressure, the injected cell visually expanded providing immediate feedback about the flow. After the cells of interest were
injected, another high-pressure injection was carried out to verify that the Nanosyringe remained functional and did not clog.
This was necessary since injections with mild parameters (30–150 mbars) did not result in visible cellular expansion or in any
other morphological changes of the cells. While usually there is a fluorescent tracer mixed with the injection liquid, here we
aimed to prevent co-injection of fluorescent tracers to avoid non-EV related fluorescence during the successive imaging.
By employing the above nanoinjection settings, the estimated volume injected into a single cell is around 100–200 fL. In order

to estimate the number of injected vesicles in such tiny volumes, we performed TEM experiments with vesicle suspensions
deposited on a TEM grid in droplets with known volumes. Based on the applied volumes of the TEM samples, the surface of
the grids and the injected volumes, we estimated that approximately 10–100 vesicles were injected into a single live HeLa cell.
Microscopic images visualizing the injected cells confirmed this finding. Of note, given the employed idle pressure (1 mbar), the
area of the aperture (0.2 μm2) and the time of probe transfer (<1 s) to the targeted cells, possible leakage of vesicles from the
probes directly to the extracellular solution around the cells was negligible.
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F IGURE  Summary of the FluidFM measurements. (a) Photo of the FluidFM appliance, probe and the FluidFM Nanosyringe. (b) Change of the voltage
signal during injection of a live cell. At point ‘1’, contact is established, and the cantilever penetrates into the cell. During phase ‘2’, the setpoint is kept constant
and a positive pressure is applied in the cantilever. At point ‘3’, the cantilever is retracted and leaves the cell. (c) Schematic illustration of the injection of sEVs to
the cytoplasm by FluidFM. (d) Schematic illustration of the injection of sEVs to the nucleus by FluidFM. (e) Microscopic image of the FluidFM cantilever in
fluorescent mode (upper part) and bright field mode (bottom part). (f) Microscopic image of the cells in fluorescent mode (upper part) and bright field mode
(bottom part).
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F IGURE  Localisation and microscopic analysis of the injected cells. Microscopic images reveal inter- and intra-cellular trafficking of the injected
vesicles and confirm viability of the injected cells after transfection and injection. HeLa cells were grown on the surface of gridded glass coverslips (a) and
typically a single cell was injected in each square (b). Based on the recorded coordinates, we were able to identify the injected cells during the later microscopic
analysis (c). Localisation and intercellular transfer of GFP positive particles (HEK 293T-PalmGFP cell-derived sEV-like particles) 1 h after the nanoinjection
(d,e). HeLa cells were injected by applying 40 mbar (d) and 50 mbar (e) pressure. The presence of GFP was validated by immunocytochemistry using
unlabelled anti-GFP primary and ATTO550-labelled secondary antibody. DAPI was used for detection of DNA and Cy5- conjugated lactadherin was used for
membrane staining. In the donor cells (*) green, and in the acceptor cells yellow arrows point to GFP containing sEV-like particles in large (approx. 0.5-1 μm)
membrane closed vesicles, and red the arrow shows similar DNA containing large vesicle. Nanoinjection of BMMC-GFP derived sEVs into HeLa (f),
LCLC-103H (g), MDA-MB-231 (h) and H9c2 (i) cells. The presence of GFP was validated by immunocytochemistry using unlabelled anti-GFP primary and
ATTO550-labelled secondary antibodies. DAPI was used for detection of DNA and Cy5-conjugated lactadherin was used for membrane staining. HeLa cells
24 h after the injection of GFP mRNA (j). Viability of HeLa cells after transfection and nanoinjection of EVs was tested by assessing the GFP expression of the
pMAXGFP plasmid (Lonza) (k,l). HeLa cells were transfected using Lipofectamine 2000 and the cells expressed GFP at different levels (k). Instead of
traditional transfection, the same plasmid was nanoinjected into HeLa cells, the injected cell went through mitotic cell divisions, and the daughter cells showed
bright GFP fluorescence (l). HeLa cell 24 h after the nanoinjection of HEK 293 cell-derived pMAXGFP plasmid containing sEVLPs (m).
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F IGURE  Microscopic images showing the injected vesicles from LCLC-103H surrounded by membrane (a), and MDA-MB-231 (b) and released from
cells in membrane surrounded vesicles in the case of H9c2 (c). Red colour indicates the membrane staining by lactadherin while green represents GFP.

After nanoinjection, the cells were fixed using the previously described protocol and kept at 4◦C until staining and imaging
with confocal microscopy. By confocal microscopy, we could recognize both types of nanoinjected vesicles (sEVs of BMMC
cells and HEK 293T-PalmGFP cell-derived sEVLPs) in the cells. We validated the presence of GFP with an anti-GFP primary
and an anti-mouse secondary antibody (Figure 4f-i). Interestingly, the injected particles were lumped together in a single spot
of <5 μm within the cytoplasm in the case of HeLa, MDA-MB-231 and LCLC-103H (Figure 4f-h). Thus, the injected vesicles did
not spread within the cytosol, rather they remained localized in a single EV cluster within the cell. According to this observation,
when the pressure is switched on at the Nanosyringe tip inside the cell, probably due to the viscosity of the cytosol and the vesicle
suspension, the EV particles do not spread within the cytoplasm. However, later the deposited cluster of EVs is actively processed
by the cell. In H9c2 cells, we found some dissemination of the injected vesicles, and we hypothesize that the extensive filamentous
network of the cardiomyoblast H9c2 cells enabled spreading of the injected vesicles (Figure 4i).

To get a glimpse into this process, additional injections were carried out. In these experiments, after the injection, the cells
were incubated at 37◦C at 5% CO2 for 1 h. This extra incubation step allowed the cells to process the introduced vesicles, and
the intracellular localization of the sEVLPs clearly changed after the 1 h incubation. Instead of being present in a single lump
of particles, they were distributed in several spots (Figure 4d,e), and were often located close to the periphery of the cytoplasm
(Figure 4d,e). We hypothesize that cells recognized the injected particles and surrounded them by endomembranes to form
membrane enclosed particles (ranging from 0.8 to 2 μm in diameter) for transport towards the plasma membrane for a possible
release (Figure 5).
The proposed release of the nanoinjected EVs is supported by our finding that in addition to EVs found within the injected

cells (Figure 4d,e, cells labeled with asterisks), we also observed green fluorescent EVs in multiple, adjacent cells within a single
square of the coverslip grid (Figure 4d,e). This observation suggests that within the 1 h incubation period, packages of EVs can
be transported between cells via a hitherto unknown biological process to be investigated in more detail in a later work.
In order to test the further technical capabilities of our injection protocols, we also injected HeLa cells with GFPmRNA. After

the injection, we cultured the cells for one day, and successfully confirmed the translation of the mRNA to protein (Figure 4j).
During these experiments, 51.7% of the injected cells were confirmed to be fluorescent the next day.
In order to further verify the parameters of the employed protocols and to confirm cell viability after injection, HeLa cells were

either transfected or injected by a GFP expressing plasmid in parallel experiments. HeLa cells transfected by lipofectamine and
GFP plasmids, showed variable expression of GFP (see Figure 4k). Figure 4l shows that upon injection of the GFP plasmid, only
the injected cell and its daughter cells showed GFP fluorescence also proving that the nanoinjected cells were viable and were
capable of undergoing mitosis.
To prove that the cargo of the injected vesicles can be released into the cytoplasm, we injected HeLa cells with sEVLPs carrying

a GFP-coding plasmid (see the particle preparation in Figure 1 black arrows). After nanoinjection, the cells were cultured in an
incubator for one day, and the cells were fixed. Importantly, we found that the cytoplasm of the injected cells was fluorescent
suggesting that the cargo was indeed released, and the GFP-encoding plasmid was expressed in the cells (Figure 4m).
The fate of nanoinjected sEVs and their lysosomal degradation was followed by live cell imaging. Nanoinjected cells were

stained by LysoTracker and were monitored by confocal microscopy for 24 h. Imaging of the nanoinjected cells started approx-
imately 3 h after the injection. The fate of nanoinjected EVs was also compared with the one after cellular EV uptake. At the
beginning of live cell imaging, nanoinjected EVs were distributed in the cytoplasm as several discrete fluorescent dots in line
with what we observed in the case of the fixed cells. In contrast to the physiological EV uptake, where the number and the inten-
sity of the GFP positive cytoplasmic dots increased with time, the level of the injected intracellular GFP containing EVs remained
constant in the studied confocal plane (Figure 6a). During cellular EV uptake, together with the increasing GFP signal, the GFP-
lysosome co-localization increased showing a saturation kinetics. This saturation was not present in the case of the nanoinjected
EVs, and a co-localisation of GFP signal with lysosomes was not detected. Video recordings of representative cells are available
as supplementary files: EV uptake (Video S1) and nanoinjected HeLa cells (Video S2). Given that 3D reconstruction could not
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 of  KOVÁCS et al.

F IGURE  Live cell imaging and EV co-localization with lysosomes. HeLa cells were grown in 10-well cell culture chamber-slides (EV uptake) and 35 mm
diameter Petri dishes with gridded coverslip bottom (injected cells). Representative cells at different time points (0-6-12-18 h after starting live cell imaging) are
shown. The estimated boundaries of the cells are indicated with dashed white lines, inserts show EVs and lysosomes with increased magnification. (a)
Lactadherin-based membrane labelling and 3D reconstruction was not possible during live cell imaging. Lactadherin binds to phosphatidyl-serine (PS)
molecules which are not available on the surface of living cells. Images obtained by transmitted light are not confocal images in our system, thus, they cannot be
used for 3D reconstruction. Therefore, the plasma membrane cannot be precisely localized. Pearson’s correlation was calculated to study co-localization of
lysosomes and GFP containing EVs. Scale bars represent 10 μm. (b) Depending on cellular movements at each time point, co-localization analysis was
performed on 16–44 individual cells during EV uptake and 12–14 cells after EV nanoinjection. Figure shows data points, mean and ±SEM (****: p < 0.0001).

be performed after live imaging and we could only observe a single confocal plane, displacement of the nanoinjected EVs could
not be followed as in the case of fixed and 3D reconstructed cells.
An obvious emerging question relates to the applicability of the platform described in this manuscript. This single cell nanoin-

jection technique may enable organelle-specific targeting of nanoinjected EVs along with their cargo (Figure 7). Cells can be
engineered to release EVs with surface molecules (Danilushkina et al., 2023; Vukman et al., 2020; Wang et al., 2023) that are
known to have a role in organelle targeting (Pfeffer & Aivazian, 2004; Saminathan et al., 2022; Wu et al., 2010) (e.g., various Rab
proteins or proteins with known signal sequences). Alternatively, targeting molecules can be conjugated to the surface of EVs
using click chemistry (Murphy et al., 2019; Ruan et al., 2023; Smyth et al., 2014) or the nanoinjected EVs can be decorated with
targeting proteins by generating an artificial protein corona (Musicò et al., 2023; Tóth et al., 2021).
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F IGURE  Examples of subcellular pathways potentially targeted by nanoinjected EVs (Gorvel et al., 1991; Goud et al., 2018; Jin et al., 2021; Koike & Jahn,
2017; Lőrincz et al., 2017; Pfeffer & Aivazian, 2004; Saminathan et al., 2022; Soldati et al., 1995; Zerial & McBride, 2001; Zhang et al., 2021). PM indicates plasma
membrane.

An EV-mediated direct organelle targeting cannot be achieved by the conventional endosomal route of EV uptake (Liu &
Wang, 2023; O’Brien et al., 2022), therefore, the direct nanoinjection into the cytosol of cells may provide important novel
experimental tool.

 CONCLUSIONS

Wesuccessfully injectedmRNAs, plasmids, sEVs of BMMCcells, HEK293T-PalmGFP cell-derived sEVLPs and plasmid contain-
ing EVLPs to live HeLa cells using robotic fluidic force microscopy. sEVs of BMMC cells were also injected into MDA-MB-231,
LCLC-103H and H9c2 cells. Our observations using confocal microscopy showed that our injections resulted in the deposition
of EVs or EVLP clusters in the cytoplasm. No immediate spread of the injected EVs or EV-like particles in the cytoplasm was
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 of  KOVÁCS et al.

observed. Upon incubation of cells for 1 h after injection, we observed that the sEVs were transported in a membrane-enclosed
intracellular compartment towards the periphery of the cell. Live cell imaging provided evidence that at least part of the injected
EVs remain in the cytoplasm even 24 h after the injection. In contrast to spontaneously uptaken EVs, the injected EVs did not
co-localize with and degraded by lysosomes. Furthermore, fluorescent EV packages also appeared in the adjacent non-injected
cells suggesting that intercellular trafficking of the EVs occurred within the incubation period. The presented data show that
robotic fluidic force microscopy is suitable for the injection of EVs into single live cells, and this new experimental system may
open up new research opportunities in the field of EV biology.
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