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It is a hot topic to improve efficiency and decrease toxicity of gene transfection

reagents. The extracellular nanovesicles (EVs) that are released by cells play an

important role in intercellular communication and are naturally designed for genetic

exchange between cells. Here, we show that the EVs have a large beneficial effect in

polyethyleneimine (PEI)-mediated transfection of a GFP-encoding plasmid into HEK293T

cells. An improvement of transfection efficiency of ∼500% and a decrease in toxicity

were observed in a specific concentration range of PEI. The EVs also greatly improved

the transfection of the same plasmid into zebrafish embryos. To verify the generality of

this gene transfection approach, we also tested the cell viability and gene transfection

efficiency using two other plasmids (EpTEN and ELuc) and in another cell line (A549).

The measured increase in transfection efficiency makes EV a promising candidate for

enhancement of the quality of current PEI-based transfection technique.

Keywords: gene transfection, extracellular nanovesicles, zebra fish, polyethyleneimine, efficiency

INTRODUCTION

The importance of gene transfection has grown immensely over the past years, as gene therapy may
remedy many diseases caused by genetic disorders. Gene transfection in vivo or ex vivo has been
the subject of many recent studies: cancer therapy, neurodegenerative disorders, and blindness and
diabetes mellitus (Kent and Krolewski, 2016; SáFilho et al., 2017; Cideciyan et al., 2018; Yuan et al.,
2019). Transfection efficiency and toxicity are the key factors of therapeutic effectiveness. Cells
can communicate by releasing extracellular nanovesicles (EVs) in extracellular space, which play
important role in cell–cell communications (Johansson et al., 2018).

Gene transfection vectors can help genes to overcome cellular barriers, which include synthetic
and viral vectors (Saffari et al., 2016). Viral vectors and their clinical trials in human gene therapy
have saved human lives (Poletti et al., 2018). Viral vectors show high transfection efficiency, while
they exhibit low gene-carrying capacity and limited cell-targeting specify (Hernandez-Garcia et al.,
2014). Moreover, the public health implications of each viral vector remain to be estimated on a
case-by-case basis (Alessia et al., 2013).
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Compared to the viral vectors, the synthetic ones are mostly
positively charged polymers, which can have different cell type
specificities than viruses. They can bind DNA to form positively
charged complexes with sizes between 40 and 150 nm, which do
not show risks of genetic damage and are therefore safe to use
(Hernandez-Garcia et al., 2014). For example, polyethyleneimine
(PEI) is a well-characterized polycationic gene transfection
vector toward nucleic acids (DNA, RNA, miRNA, or siRNA)
(Kent and Krolewski, 2016). In this paper, we investigated the
effect of extracellular nanovesicles (EVs) for enhancing the
gene transfection of PEI in mammalian cells and zebrafish
embryos. However, synthetic cationic polymers have shown to
be cytotoxic in vitro (Kadlecova et al., 2012) and in vivo (Storka
et al., 2013) at elevated concentrations, due to cell damage
from a cationic charge density of polycations (Kadlecova et al.,
2012).

There are several cellular barriers for gene transfection. The
first cellular barrier for gene transfection is cellular uptake,
which can be overcome by using a positively charged gene
carrier/DNA complex (Mosquera et al., 2018). The complex
inside the cell will be trapped into the endosome/lysosome.
The DNA/carrier complexes that have managed to escape this
vesicular trafficking pathway are then faced with the challenge
of the complex structure of cytosol. The filamentous structures
in the cytosol make it difficult for DNA/carrier complexes to
diffuse freely through the cytosol (Hernandez-Garcia et al.,
2014; Saffari et al., 2016). Dissociation of DNA and its carrier
may be necessary to make it possible to reach the nucleus,
while there is a risk for DNA to be degraded by the nucleases
(Hernandez-Garcia et al., 2014). Transporting to the cell nucleus
is another cellular barrier, because it is difficult for plasmid DNA
to enter the nucleus when the cell is not in a mitotic state
(Alton et al., 2014; Remaut et al., 2014; Maity and Stepensky,
2017).

Gene transfection efficiency has been improved by the
development of various approaches based on overcoming
different barriers. Gene delivery can be made more specific by
using cell surface receptor-specific ligands, like peptides (Hao
et al., 2019), antibodies (Saqafi and Rahbarizadeh, 2019), and
vitamins (Song et al., 2015). For an endosomal escape, the use
of stearylated INF7 modified liposomes (Dolor et al., 2018) or
cholesterol-containing lipoplexes have been shown as a superior
design for delivery systems (Hattori et al., 2015). There are many
ways to improve the transport of DNA through the cytosol.
Synthetic fusion proteins can be used to link molecular motor
proteins to the DNA/carrier complexes or DNA. In this, way
the cargo can be transported to the nucleus so that cytosolic
trafficking of the DNA can be improved (Garcia-Gradilla et al.,
2013). Another way for transporting plasmid DNA across the
nuclear envelope is to coat the plasmid DNA with nuclear
localization sequences (Remaut et al., 2014; Maity and Stepensky,
2017). Moreover, plasmid DNA can be targeted to the nuclear
compartments of specific cell types by including special DNA
nuclear targeting sequences in the constructs. Although progress
has been made for the rational design of synthetic gene delivery
vectors, their transfection efficiency is lower than that of the viral
vectors (Hernandez-Garcia et al., 2014).

Intercellular communication can occur via release of
membrane vesicles into the extracellular space (Johansson et al.,
2018), and all living systems contain these EVs with unique
structural, mechanical, and biochemical characteristics (Betzer
et al., 2018; Dolor et al., 2018). The EVs are either nanovesicles
that are originated from the endosomal compartment of cells
(Johansson et al., 2018), or the shedding vesicles directly budding
from the plasma membrane (Cocucci and Meldolesi, 2015).
One possible way of intercellular communication is assumed
to occur via release of EVs from the cell membrane of one
cell and fusing with another cell. This behavior of EV could
be used to overcome the barriers in gene transfection, such as
entering cell membrane, endosomal escape, and perhaps even
nuclear uptake. Recent studies indicates that EVs can serve
as good candidates for drug delivery and gene transfection
(Shandilya et al., 2017; Betzer et al., 2018). In most of these
studies, the drug or genes are always encapsulated into EVs
and delivered in cells (Betzer et al., 2018). However, there has
been no investigation of using EVs to improve the transfection
efficiency of a synthetic gene transfection reagent, such as
PEI. In this paper, the EVs in HEK293T cell culture medium
were isolated by differential centrifugation method, and the
effect in gene transfection using PEI as transfection vector
in Hek293T cells, A549 cells, and in the zebrafish embryos
were investigated.

RESULTS

Extracellular Vesicle Preparation and
Characterization
EVs were isolated by serial centrifugation, as schematically
represented in Figures 1A,B. This process was performed
multiple times so that enough EVs were collected for gene
transfection. EVs isolated from the same batch of culture
supernatant of HEK293T cells were used for enhancement of
gene transfection of PEI in HEK293T cells and in zebrafish
embryos. The PEIs with a molecular weight of 25 and
60 kD were used, which were abbreviated as PEI25kD and
PEI60kD, respectively.

The protein content in the EVs was analyzed to be 3 g/mL−1

by Bradford assay (Supporting Information S1, S2). The SDS
PAGE of the EVs shows a thick band of molecular weight
of ∼200 kD and some light bands between 50 and 200 kD
(Figure 1C). The EVs were characterized using transmission
electronmicroscopy (TEM) after fixation with paraformaldehyde
(PFA) and stained using phosphotungstic acid (PTA) or lead
acetate (PbAc), as shown in Figure 2D. The EVs negatively
stained with PTA on positively charged carbon grids or formvar
grids (Figure 2D, left and right images) showed typical cup-
like spherical vesicle structures, while EVs positively stained
with PbAc showed round particles with size ranging from
20 to 100 nm. EVs, PEI/DNA complexes, and PEI/DNA/EVs
complexes were analyzed by band-shift assay and atomic force
microscopy (AFM). The band-shift results show that two DNA
bands are visible in lanes two and six, corresponding tomolecular
weight of ∼3,000 and 7,000 kD (Figure 1D). In other lanes, no
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FIGURE 1 | (A) Schematic representation for EV generation from cells. (B) EV isolation process by multiple centrifugation. (C) SDS PAGE gel of EVs, showing a thick

band with molecular weight of ∼200 kD and a few thin bands between 50–200 kD using Coomassie Blue staining. (D) Band-shift assay of DNA, PEI/DNA complexes,

and PEI/DNA/EVs complexes, at different N/P ratios (the molar ratio of nitrogen in PEI to phosphor in DNA). In (D) PEI60kD was used in lanes 3–9 and PEI25kD was

used in lanes 10–15.

DNA was detected, indicating the full capture of DNA in the
PEI/DNA and the PEI/DNA/EV complexes.

The AFM images in Figure 2A show that the EVs have
size of 50–150 nm. The formation of the PEI/DNA and the
PEI/DNA/EVs complexes can also be confirmed by AFM
(Figures 2B,C,E,F). PEI25kD/DNA complexes were detected as
round particles with size ranging from 50 to 300 nm (Figure 2B,
left). The magnified images show that a few DNA strands
appear at the margins of the particles (Figure 2B, middle and
right). PEI25kD/DNA/EVs complexes were also detected as round
particles with a size of 50–200 nm (Figure 2C). The magnified
images in Figure 2C, middle and right show that the DNA
strands stuck out of the complexes. We further investigated
the structure of PEI25kD/DNA and PEI25kD/DNA/EVs complexes
using TEM, which were stained with PTA (Figure 3). It can be
seen that the EVs embedded in the PEI25kD/DNA/EVs complex,
which were connected by thread-like molecules (Figures 3A–D).
In contrast, the PEI25kD/DNA EVs complex showed compact
structure (Figures 3E–H). It can be seen that both PEI/DNA and
PEI/DNA/EVs complexes formed particles, with DNA observed

on the surface of the complexes, indicating that DNA can form
complexes with PEI in the presence of EVs. The zeta potential of
PEI25kD/DNA/EVs was from+20 to+36mV for N/P ratio from
2 to 32, indicating a positive charge of the polyplexes (Figure S3).

Extracellular Vesicle Enhanced Gene
Transfection of PEI in HEK293T Cells
Gene transfection experiments were performed for plasmid
EGFP using PEI60kD and PEI25kD at various N/P ratios and
different amount of EVs in HEK293T cells. Transfection
efficiency and cell toxicity were qualitatively assessed by using
light microscopy and fluorescence microscopy. To show the
effect of EVs on PEI gene transfection, light and fluorescence
images of transfection of plasmid EGFP in HEK293T cells with
PEI60kD at N/P ratio of 80 and PEI25kD at N/P ratio of 160 with
different amount of EVs are shown in Figure 4.

Figure 4 indicates that a substantial number of GFP
positive cells present for both PEI60kD and PEI25kD transfected
cells without adding EVs. In the optical images, we did
not see obvious floating dead cells, indicating little toxicity.
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FIGURE 2 | AFM images of (A) EVs, (B) PEI25kD/DNA, (C) PEI25kD/DNA/EVs, (E) PEI60kD/DNA, (F) PEI60kD/DNA/EVs, and (D) TEM images of EVs. In (A), the EVs

were adsorbed on positively charged mica that was functionalized with (3-amino- propyl)triethoxysilane. In (B,C,E,F), the complexes were adsorbed on freshly cleaved

mica. In (D), the left image shows EVs that were fixed with PFA, stained with PTA, and adsorbed on positively charged carbon grid; the middle image showed the EVs

that were fixed with PFA, stained with PbAc, and adsorbed on positively charged carbon grid; the right image shows the EVs that were fixed with PFA, stained with

PTA, and adsorbed on formvar grid.

FIGURE 3 | (A–C) TEM images of PEI25kD/DNA/EVs; (E–G) TEM images of PEI25kD/DNA; (D,H) Schematic representation of the complex formation of (D)

EVs/DNA/PEI and (H) PEI/DNA.

Upon including EVs, the number of GFP positive cells
increased noticeably (Figures 4a,b,a’,b’). With increasing the
amount of EVs, the number of GFP positive cells increased
gradually (Figure 4), indicating a clearly positive effect
of EVs on PEI gene transfection. In the optical images,

we did not observe an obvious increase in the number
of dead cells.

However, these pictures only provide anecdotal evidence.
Quantitative transfection efficiency measurements were
performed by fluorescence-activated cell sorting (FACS), and
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FIGURE 4 | Optical (left) and fluorescent (right) images of HEK293T cells transfected with plasmid EGFP using (a–f) PEI60kD at N/P = 80 and (a’–f’) PEI25kD at N/P =

160, at a post transfection time of 48 h. EV solution of different volume (0, 0.5, 1, 2, 5, and 10 µL) were added into each well of the 96-well plate for images (a–f) and

for (a’–f’), respectively. The protein concentration in EV solution was 3 ng/µL−1 All the images were taken at the same exposure time (500ms).

quantitative cell viability measurements were performed byMTT
assay. The results of the FACS measurements of transfection
with PEI60kD and PEI25kD are given in Figure 5, and the cell
viability results are shown in Figure 6. The transfection efficiency
remained zero when only DNA was used. If EVs were added,
there was no change in the transfection efficiency (Figure 5).
At N/P ratios under 32 the transfection efficiency was very low
(<11%) for PEI60kD and PEI25kD.

The transfection efficiency using PEI60kD was lower than that
using PEI25kD when no EVs were added (Figure 5). In both cases
there was a clear increase in transfection efficiency as the N/P
ratio increased from 0 to 320, in the absence of EVs. Furthermore,
the effect of adding EVs on the transfection efficiency of PEI
depended on the N/P ratio. For N/P ratio from 16 to 160,
an obvious positive trend in the transfection efficiency could
be observed with increasing the amount of EVs (Figure 5A).
The positive effect of EVs on transfection efficiency of PEI60kD
and PEI25kD was observed at N/P ratio of 80: The transfection
efficiency of PEI60kD increased from 12 to 73% (508% increase)
by adding 10µL of EVs, and the transfection efficiency of PEI25kD
increased from 11 to 35% (218% increase) by adding 5µL of EVs.
For N/P ratio of 320, the transfection efficiency decreased as EVs
were added for transfection using PEI60kD.

The toxicity of PEI at N/P ratios of 160 and 320 are visible
(Figure 6). Clusters of cells were observed at these high N/P
ratios, which was a clear sign of unhealthy cells under stress (data
not shown). The toxicity of adding EVs into the transfection of
PEI showed dependence on N/P ratio. No significant difference
in toxicity could not be detected by adding EVs (0.5–10 µL) into
transfection of PEI25kD and PEI60kD for N/P ratios from 0 to 32.
For the transfection of PEI25kD and PEI60kD with N/P ratios of
80 and 160, the toxicity did not increase by adding <2 µL of
EVs, and it decreased by adding 5 and 10 µL of EVs. For the
transfection of PEI25kD and PEI60kD with N/P ratio of 32, adding

EVs showed negligible effect on toxicity, where the cell viability
was low.

Extracellular Vesicle Enhanced Gene
Transfection of PEI in Zebra Fish Embryos
Zebra fish are an excellent model organism in molecular biology
due to the low cost maintenance, short generation time, and
translucency of embryos for in vivo imaging (Gerlai et al., 2017).
Therefore, we tested the influence of EVs on transfection of
zebra fish embryos with PEI60kD and PEI25kD using plasmid
EGFP as reporter gene. Using the knowledge we gained from
the HEK293T transfection experiments described above, the feed
ratio of N/P ratio of 160, 2 µL of EV solution, and 0.2 g of
DNA was used for transfections of PEI60kD and PEI25kD. Micro-
injection inside the embryo interlayer in the first cell stage led
to EGFP over expression 8-h after injection, an overview image
of zebrafish embryos and two confocal fluorescence images of
PFA fixed embryos are shown in Figure 7. Transgene delivery
efficiency can be estimated withHoechst 33342 fluorescent signal.

From overview and confocal images in Figure 7, it can
be seen that the transfection using either PEI25kD/DNA or
PEI60kD/DNA did not lead to high-level expression of EGFP
in zebrafish embryos. In comparison, a substantial number of
EGFP positive cells can be seen for the case of PEI25kD/DNA/EVs,
as shown in Figures 7D–F. For PEI60kD/DNA/EVs, a few
positively GFP transfected cells can be seen, indicating that the
EVs can improve the gene transfection of PEI in zebra fish
(Figures 7J–L). From Figures 7D–F,J–L, it can be seen that gene
transfection using PEI25kD/DNA/EVs was more efficient than
using PEI60kD/DNA/EVs.

By counting ∼200 embryos, we observed ∼90% EGFP-
positive transfection (∼90% embryos with some EGFP positive
cells), with viability of ∼80% for the case of PEI25kD/DNA/EVs.
This efficiency is much higher than that of PEI25kD/DNA
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FIGURE 5 | Transfection efficiency of HEK293T cells by plasmid EGFP using (A) PEI60kD and (B) PEI25kD; Luciferase activity after transfection using (C) PEI60kD and

(D) PEI25kD; PTEN expression after transfection using (E) PEI60kD and (F) PEI25kD; determined by MTT assay, at a post transfection time of 48 h for different N/P ratios.

EV solution of different volume (0, 0.5, 1, 2, 5, and 10 µL) with protein concentration of 3 ng/µL−1 were added into each well of the 96-well plate.

(<10% in our experiments). The PEI60kD/DNA/EVs showed
a transfection efficiency of 60%, which is much higher than
that of PEI60kD/DNA injection (<10%). This indicated that the
PEI/DNA/EVs system is a very promising gene transfection
system for zebra fish embryos.

DISCUSSION

Extracellular Vesicle Characterizations
The bands in the SDS page in Figure 1D are very faint, indicating
that there is only non-significant amount of protein present in
the EV sample. The results correlate with the data obtained
by the Bradford assay, which indicated a protein concentration

of 3 µg/mL−1. Clearly, the serial ultracentrifugation process
eliminated most of the contaminating proteins from the EV
sample. There is not enough data available to determine the
identity of the remaining proteins.

It is a great challenge to distinguish shedding vesicles from
EVs, as the EV populations recovered from extracellular fluids
are inevitably mixed. The characteristics of the EVs and the
ratio of shedding vesicles vs. EVs can change under different
preparation conditions. Many physicochemical and composition
properties of EVs and shedding vesicles, like size, and density,
are very similar. Therefore, they remain closely associated in
the subcellular fractions isolated by differential centrifugation
(Cocucci and Meldolesi, 2015).
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FIGURE 6 | Cell viability of HEK293T cells transfected with plasmid EGFP using (A) PEI60kD and (B) PEI25kD; Cell viability of HEK293T cells transfected with plasmid

ELuc using (C) PEI60kD and (D) PEI25kD; Cell viability of HEK293T cells transfected with plasmid EpTEN using (E) PEI60kD and (F) PEI25kD, determined by MTT assay, at

a post transfection time of 48 h for different N/P ratios. EV solution of different volume (0, 0.5, 1, 2, 5, and 10 µL) was added into each well of the 96-well plate. The

protein concentration in EV solution was 3 ng/µL−1.

The EVs can stick to positively charged mica, indicating a
negatively charged surface of EVs. They can be seen in the
AFM images in Figure 2A as particles with size of ∼50–150 nm.
The TEM images of EVs suggested sizes of 20–100 nm. This
size distribution is similar to the size of EVs reported in the
literature (Cocucci and Meldolesi, 2015). The negatively stained
EVs showed a “cup-like” shape, which is a typical structure of
hollow-sphere micelles in TEM (Johansson et al., 2018).

The EVs in AFM appear somewhat larger than those in
TEM; this is probably due to the tip convolution effect during
AFM scanning. The AFM cantilever has a diameter of 10–
20 nm; therefore, the particle size is always broadened by twice

the tip diameter. The band-shift assay of the EVs mixed with
EGFP plasmid shows that the bands of EGFP have almost the
same intensity as that in pure EGFP, indicating negligible DNA
binding capacity of the EVs by simple mixing. Two bands were
observed in lanes two and six, which are attributed to the different
conformations of EGFP due to supercoiling.

PEI is a positively charged gene delivery vector with high
DNA-binding activity (Hernandez-Garcia et al., 2014). The
band-shift assay and AFM images confirmed the formation of
condensed PEI/DNA complexes (Figures 1D, 2, 3). In the band-
shift assay, no band is visible at a positive N/P ratio. This is
because the positively charged DNA/PEI complex will not travel
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FIGURE 7 | Fluorescence images of (A–C) PEI25kD/EGFP, (D–F) PEI25kD/EGFP/EVs, (G–I) PEI60kD/EGFP, and (J–L) PEI60kD/EGFP/EVs in zebrafish embryos 8 h after

injection.

through the gel from negative to positive in electrophoresis.
The existence of PEI/DNA complexes was also confirmed by
AFM (Figures 2B,E) (Hernandez-Garcia et al., 2014). PEI60kD
formed a more condensed structure with DNA compared
to the PEI25kD. There are DNA strands sticking out of the
PEI25kD/DNA complex, and no DNA strands sticking out for the
PEI60kD/DNA complex.

Since EVs are negatively charged, it would be reasonable to
expect that PEI has less DNA-binding capacity when EVs are
added to the sample. For PEI/DNA and PEI/DNA/EVs with
investigated N/P ratios, no noticeable difference in DNA binding
capacity was observed in band-shift assay. Clearly, all DNA
molecules still bound to the PEI with addition of EVs. This might
be different at a rather lowN/P ratio where limited amount of PEI
would be used, in which case the EVs could compete with DNA
binding by PEI.

The AFM images demonstrate that the PEI/DNA/EVs
complexes were less condensed than the PEI/DNA complexes
(Figures 2B,C). This indicates that EVs participated in
condensation of DNA on PEI. Moreover, the PEI/DNA/EV
complexes in the AFM images were larger than the PEI/DNA
complex (Figure 3). This also indicates complex formation of
DNA and EVs on PEI. The PEI/DNA/EVs complexes were
less condensed than the PEI/DNA complexes, with more DNA
exposed to the solvent, which may facilitate gene transfection.
In Figure 3, the PEI/DNA/EV complex also show a rather loose
structure compared to the PEI/DNA complex. The particles
are surrounded by the thread-like molecules, which would be
ascribed to the EVs complexed with DNA and PEI. From the
above results of band-shift assay, AFM and TEM, a schematic
representation demonstrates the possible formation mechanism
of PEI/DNA and PEI/DNA/EVs complexes (Figures 3D,H).

The surface charge of the polyplexes is rather important to
the gene delivery process. The positively charged nature of the
polyplex will facilitate the association to the negatively charged
cell membrane. Then we measured the surface charge of the

PEI/DNA/EVs polyplexes at a different N/P ratio and different
EV volume, as shown in Figure S3. The polyplexes formed by
PEI25kD and PEI60kD share similar trends. The zeta potential
is below −10mV at N/P ratio of 0 (no PEI added). This is
reasonable that both DNA and EV are negatively charged. By
increasing the EV amount, we observed a further decrease of
zeta potential value from −10 to −14mV. The zeta potential
of PEI25kD/DNA/EVs increased from +20 to +36mV, with an
increase of N/P ratio from 2 to 32, indicating a positive charge of
the formed polyplexes. The zeta potential tended to decrease with
increasing EV at lowN/P ratio values (e.g., N/P= 2 and 4).While
the zeta potential did not change too much for EV amount at
N/P ratios from eight to 32, indicating a strong positively charged
nature of the polyplexes.

Transfection Experiments
Transfection requires more than just adding naked DNA. EVs
on its own does not induce transfection, indicating that the
positively charged PEI is essential. This enables PEI an effective
reagent for internalization of DNA into cells (Mosquera et al.,
2018). Moreover, EVs show poor DNA binding activity, as is
confirmed by the agarose gel results in Figure 1D.

According to the reports, PEI25kD shows higher transfection
efficiency and lower cytotoxicity than PEI60kD (Jiang et al.,
2019). This difference in transfection efficiency was confirmed
by our results that the transfection with PEI25kD yielded a higher
efficiency than for PEI60kD at the same N/P ratio (in the absence
of EVs). However, the difference in cytotoxicity between PEI25kD
and PEI60kD could not be confirmed from Figure 6, as there
was no measurable difference between the cell viability after
transfection with PEI25kD or PEI60kD in HEK293T cells (in the
absence of EVs). For the above experiments, the difference in
molecular weight between the two compounds did not differ
enough to cause a measurable difference in the cytotoxicity in
HEK293T cells. The molecular weight of PEI used in Sadeghpour
et al. (2018) differed more than that in this study.
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N/P ratios under 32 yielded a low transfection efficiency
(<11%). At these lowN/P ratios, however, all the DNAmolecules
were condensed on the PEI/DNA complex as confirmed by
the band-shift assay in Figure 1D. This suggests that DNA
binding and condensation is not the only factor that affects
gene transfection, but that the amount of PEI available, after
binding DNA, is also of influence. As a consistency, we observed
increased transfection efficiency for increased N/P ratio. Besides
the DNA binding and cell internalization, PEI also plays a very
important role in endosomal escape due to its “proton sponge
effect” (Sadeghpour et al., 2018). At increasing N/P ratio the
cell viability decreased, indicating the toxicity of PEI at high
N/P ratios.

Figure 6 shows that the cell viability is almost not influenced
by increasing the EV amount when the positively charged
polymer are not used, indicating EVs did not show toxicity
when mixed with DNA. EVs can help increasing the transfection
efficiency of PEI, but also increase the toxicity of PEI transfection
at N/P ratio higher than 80. However, the effect of EVs is not
strictly linear. There appear to be two major toxic effects—the
PEI on its own and the intracellular delivery of DNA. This follows
from comparison of Figures 5, 6: (i) increased transfection is
accompanied by increased toxicity, (ii) when transfection has
reached a plateau, increasing the PEI concentration results in
additional cell death. The data suggest that some of the PEI
can be substituted by EVs, which reduces PEI dependent, but
transfection independent cell death.

According to the results, EVs generally have a positive effect
on the transfection efficiency, with the exception at an N/P ratio
of 320. The maximum improvement of the efficiency is higher
in the transfection for PEI60kD (508%) than for PEI25kD (218%).
The positive effect of EVs on the transfection efficiency could
be brought on by the less condensed structure of PEI/DNA/EVs
complex in comparison to the more compact PEI/DNA complex,
which would render DNA more accessible (Figures 2, 3).

To verify the generality of this gene transfection approach, we
also tested the cell viability and gene transfection efficiency using
two other plasmids (EpTEN and ELuc) and in another cell line
(A549). Similar results were obtained for transfecting plasmids
of EGFP, EpTEN, and ELuc in cell lines of H293T and A549
(Figure 6, Figure S5). This indicates that our approach is widely
applicable for different gene plasmids and for different cell lines.

The zebrafish can be used as a very good animal model
for developmental biology studies. However, it is notoriously
difficult to be transfected. Zebrafish transgenesis remains difficult
because embryo pro-nuclei are not visible and cannot be micro-
injected. Therefore, micro-injection at the interlayer between
the first cell and the yolk is a method of interest (Zhou et al.,
2012). In Figure 7we show that transfection using either PEI25kD
or PEI60kD (in N/P ratios optimized for the HEK293T cells)
in the absence of EVs was ineffective. However, when EVs
were added, the transfection was much more efficient. This
indicates that the EVs really plays a very important role in
the transfection system of PEI/DNA/EVs. There are several
important differences between developing zebrafish embryos
and cell growing in culture, which may explain the inability
of PEI on its own to transfect DNA, and the positive role of

EVs might play in this process. In zebrafish, the cells develop
much faster compared to the HEK293T cells. For example,
the zebrafish will develop from one-cell stage to four-cell
stage within 1 h, and to 64-cell stage in 2 h (Kimmel et al.,
1995). However, the HEK293T cells in culture dish develop
much slower, which double every 24 h. Second, the three-
dimensional matrix in the inter-cellular environment for the
living organism of zebrafish embryos is totally different from
the cultured cells. Furthermore, the volume of fertilized egg
cell is much large than dish-cultured HEK293T cells. It was
reported that EVs are known to play very important role in
the inter-cellular communication, there is a possibility that
inter-cellular communication through EVs plays an important
role during the organism development. Such a positive effect
of EVs may motivate their use in PEI-based transfection in
zebrafish embryos.

CONCLUSIONS

EVs were successfully isolated from cell culture, which showed
size of 50–150 nm by TEM and AFM. The protein content in
EVs solution is not significant. The band-shift assay showed
that PEI, DNA, and EVs form complexes by mixing, which
were less condensed compared to PEI/DNA. Addition of EVs
in gene transfection by PEI in Hek293T cells improved the
transfection efficiency. The use of EVs in gene transfection
of PEI in zebrafish embryos through interlayer injection also
improved transfection. The cell viability of adding EVs showed
dependence of N/P ratio, with low toxicity at low N/P ratios
and high toxicity at high N/P ratios. The detailed mechanism
by which EVs assists in gene transfection of PEI needs
further studies. Because polycations also occur naturally (Chen
et al., 2019), it can be assumed that gene transfection with
EVs and natural polycations can also take place in natural
systems. Although currently the expected frequency of gene
transfection with natural polycations is quite low because of low
concentration of natural polycations in natural systems, the use
of EVs in such systems may provide a promising all-natural
transfection system.

EXPERIMENTAL

Preparation of EVs
EVs were isolated from the supernatant of HEK293T cell culture,
which have been cultured according to ATCC recommendations
in Dulbecco’s Modified Eagle Medium (DMEM) supplemented
with Penicillin/Streptomycin mixture (pen/strep) and fetal calf
serum (FCS). The Penicillin/Streptomycin mixture contains
penicillin (5,000 units/mL−1) and streptomycin (5,000 g/mL−1).
The HEK293T cells were seeded at a confluence of 20% and
cultured in CO2 (5%) and humidity (95%) at 37◦C for 72 h
before collecting the supernatant. EVs were isolated from the
supernatant by serial centrifugation, according to the protocol
given in Supporting Information S1, which is an adapted form
of the protocol given in the literature (Thery et al., 2001).
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SDS-PAGE, Bradford Assay, AFM, TEM,
and Zeta Potential
The protein content of the isolated EV samples was determined
by SDS-PAGE and Bradford assay. The Bradford assay was
performed on NanoDrop 2000 UV/Vis spectrophotometer
(Thermo Scientific). The protocol for the NanoDrop 2000/2000c
was described in Supporting Information S2. For SDS-PAGE
test, the EV sample (20 µL) was mixed with protein loading
buffer (5 µL, 5×) and incubated for 15min at 95◦C, and then
the mixture (20 µL) was loaded on the acrylamide gel (9%). The
gel ran for 45min at 200V and was washed in water for 5min
three times. Then it was stained for 1 h using Coomassie Brilliant
Blue and washed twice in water again for 1 h. The gel images were
analyzed using the software “Quantity One.”

AFM images were obtained on a multimode AFM (Digital
Instruments) at tapping mode at a frequency of 300 kHz. EVs
can be captured on a positively charged mica. The positively-
charged mica was prepared by incubating a freshly cleaved mica
in a freshly-prepared mixture of (3-aminopropyl) triethoxysilane
(APTES, 30 L) andH2O (30mL) for 2.5min, followed by washing
with ethanol and H2O for three times, and dried with N2 flow.
The PEI/DNA complex was attached on mica surface by loading
the mixture of EGFP (0.04 g), PEI (1.6 L, 0.01%), and PBS (18 L,
phosphate buffered saline) on freshly cleaved mica for 5min,
followed by washing with deionized water, and dried by N2 flow.
Similarly, the PEI/DNA/EVs complex was attached on mica by
loading the mixture of EGFP (0.04 g), PEI (1.6 µL, 0.01%), EVs
(10 µL), and PBS (8 µL) on freshly cleaved mica for 5min,
followed by washing with deionized water, and dried by N2 flow.

TEM images were obtained on a JEOL electron microscope
(JEM-1010) at an acceleration voltage of 80 KV. For sample
preparation, EVs (10 µL) were mixed with PFA (10 µL, 4%)
for 10min, and incubated on a formvar grid (200 mesh) or a
glow discharged carbon grid (400 mesh) for 1min. Then it was
washed consecutively by PTA (1%) or PbAc (1%) and blotted with
filter paper.

Zeta potential was measured with a zeta potential analyzer
(Zeta Plus, Zetasizer Nano Z system, Malvern Instruments Ltd,
UK) at 25◦C. One microgram of pEGFP and different amounts
of PEI and EV were mixed in 100 µL of PBS, incubated for
20min, and diluted to 1.5mL with MillQ water prior to the
measurements. The sampling time was set to automatic mode
during measurements.

Gene Transfection in Cells and Zebra Fish
Embryos
EGFP-N1 plasmids were isolated from the bacteria of E.
coli strain DH5α, which were incubated in LB-medium
using kanamycine as antibiotic. The pGL3-GAPDH-Luc and
pcDNA3.1(+)-PTEN plasmids were isolated from the bacteria
of E. coli strain DH5α, which were incubated in LB-medium
using ampicillin as antibiotic. Identical conditions and the same
batch of cells and reagents were used for all the transfection
experiments, as was the case for measuring transfection
efficiency and cell toxicity of PEI/DNA/EVs. The transfection
experiments were performed in HEK293T and A549 cells

using EGFP N1, pGL3-GAPDH-Luc, and the pcDNA3.1(+)-
PTEN plasmid.

For gene transfection, cells were seeded in 96-well plates (6
× 104 well−1) in medium (200 µL). The cells were incubated
in 37◦C, 5% CO2, and 95% humidity for 4 h. The transfection
mixture was prepared by mixing PEI, EV, and plasmid (0.2 µg).
Cell culture medium (10% FCS, pen/strep) was added until a total
volume of 25 µL was reached. The mixture was incubated for
∼20min at room temperature before being added to each well
of the 96-well plate. The cells were incubated in 37◦C, 5% CO2,
and 95% humidity for 48 h.

For gene transfection in zebrafish embryos, the zebrafish
embryos were micro-injected at the interlayer between the
cell and the yolk at one cell stage. Zebrafish were handled
in compliance with the local animal welfare regulations and
maintained according to the standard protocols (http://ZFIN.
org). Single pairs of albino zebrafish embryos were crossed,
and single lays were divided into three sets of at least 100
embryos. For each set of embryos ∼0.5 nL of the transfection
mixture was injected with a Femtojet. The number of embryos
injected was in the range of 100–200 for each sample. The
experiments were repeated twice. For each embryo, 0.5 nL of the
samples were injected with a Femtojet microinjector (Eppendorf)
and a micromanipulator using pulled microcapillary needles.
For PEI25kD and PEI60kD injections with or without EVs,
the following conditions from cellular transfection was used,
including EGFP (1.0 µg), corresponding amount of PEI of
N/P ratio of 160, EVs (10 µL), and H2O (to reach a total
volume of 50 µL). The solution was mixed by pipette up
and down a few times and incubated for 30min at room
temperature before injection. Zebrafish embryos were allowed
to develop in the dark at 28◦C in egg water (60 mg/mL−1

Instant Ocean sea salts). GFP-positive embryos were screened
with a Leica MZ16FA stereo fluorescent microscope and
confocal Zeiss LSM5 Exciter/AxioImager. The embryos were
fixed with PFA (4%) in PBS-tween (0.1%, PBST) overnight.
Counter-staining was performed with Hoechst 33342 diluted at
1 µg/mL−1 in PBST overnight. Embryos were dechorionated
by hands and immobilized in low-melting agarose (1.5%) for
imaging purpose.

Measurements of PEI/DNA/EVs
Transfection Efficiency and Toxicity
The PEI/EGFP/EVs transfection efficiency was determined
by FACS. The cells were washed with PBS and tripsinized
with 60 µL of trypsin solution prepared by mixing trypsin
(25%, 5mL), PBS (20mL), and PBS/EDTA (15mL). After
being incubated for 3min in 5% CO2, 95% humidity, and
37◦C, cell culture medium (240 µL, 10% FCS, pen/strep)
was added to the cells to deactivate the trypsin. After
trypsinization, the cells were analyzed by FACS. The lower
significance level of the protocol was determined according to
the transfection efficiency at an N/P ratio of 0, at which the
efficiency is equal to zero and used for each measurement.
Supporting Information S3 shows graphs obtained by
FACS, with one graph at an N/P ratio of zero (used to
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determine the significance level) and the other at N/P ratio
<0 is given (in which the significance level is obtained).
Supporting Information S3 also shows the transfection
efficiency given in the FACS protocol. Outliers in the transfection
efficiency were indicated by Grubbs test and were removed
from the dataset. The significance level used in the Grubbs test
is α = 0.05.

Luciferase activity of the cells transfected with PEI/Luc/EVs
was determined by luciferase assay (Promega, Bio-GloTM

Luciferase Assay). The protocol of Promega, Bio-GloTM

Luciferase Assay was used.
PTEN and GAPDH (internal control) mRNAs of the

cells transfected with PEI/PTEN/EVs were detected by qPCR
assay. PTEN Forward Primer: 5′-TGGATTCGACTTAGAC
TTGACCT-3′; Reverse Primer: 5′-GGTGGGTTATGGTCTT
CAAAAGG-3′; GAPDH Forward Primer:5′-GGAGCGAGATC -
CCTCCAAAAT-3′, Reverse Primer: 5′-GGCTGTTGTCATACT
TCTCATGG-3′.

Cell viability (toxicity) was determined by MTT assay
(Promega, Celltiter 96 R© Non-Radioactive Proliferation
Assay). The protocol of Promega, Celltiter 96 R© Non-
Radioactive Proliferation Assay was used, as shown in
Supporting Information S4.
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