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Abstract
Over-expression of the vesicular stomatitis virus glycoprotein (VSVG) in mammalian cells can induce the formation of 
VSVG-pseudotyped vesicles (named “gesicles”) from membrane budding. Its use as a nucleic acid delivery tool is still poorly 
documented. Naked-plasmid DNA can be delivered in animal cells with gesicles in presence of hexadimethrine bromide 
(polybrene). However, little is known about gesicle manufacturing process and conditions to obtain successful nucleic acid 
delivery. In this study, gesicles production process using polyethylenimine (PEI)-transfected HEK293 cells was developed by 
defining the VSVG-plasmid concentration, the DNA:PEI mass ratio, and the time of gesicle harvest. Furthermore, parameters 
described in the literature relevant for nucleic acid delivery such as (i) component concentrations in assembly mixture, (ii) 
component addition order, (iii) incubation time, and (iv) polybrene concentration were tested by assessing the transfection 
capacity of the gesicles complexed with a green fluorescent protein (GFP)-coding plasmid. Interestingly, freezing/thawing 
cycles and storage at + 4 °C, − 20 °C, and − 80 °C did not reduce gesicles’ ability to transfer plasmid DNA. Transfection 
efficiency of 55% and 22% was obtained for HeLa cells and for hard-to-transfect cells such as human myoblasts, respectively. 
For the first time, gesicles were used for delivery of a large plasmid (18-kb) with 42% of efficiency and for enhanced green 
fluorescent protein (eGFP) gene silencing with siRNA (up to 60%). In conclusion, gesicles represent attractive bioreagents 
with great potential to deliver nucleic acids in mammalian cells.

Keywords Gesicles · VSVG particles · Gesicles production process · Cell transfection conditions using gesicles · Gesicles 
stability · Hard-to-transfect cells · Large plasmid delivery · Gene silencing

Introduction

Nucleic acid delivery (NAD) technologies [1–4] can be 
separated into three groups namely viral methods, non-viral 
methods, and hybrid methods using virus mimicry [5]. NAD 
applications concern all fields of biomedical research includ-
ing cell reprogramming, genome editing, and gene expres-
sion. Evolution made viruses very efficient for NAD in cells 
and their engineering eventually led to therapeutic products 
approval [6–8]. However, viral vector application still suffers 
from limitations related mostly to high safety requirements 
[9, 10]. Hence, non-viral methods using metallic-particles, 
cationic, and lipid polymers as well as electroporation are 
routinely used for NAD [11]. Despite their ability to transfer 
DNA and RNA with relatively high efficiency into many cell 
lines [12], these methods were shown inadequate for some 

cells, including primary cells and induced Pluripotent Stem 
cells [13]. Nevertheless, non-viral NAD treatments are better 
characterized and free of potentially harmful contaminants 
that may induce adverse reactions in clinical applications.

An alternative approach comprises development of hybrid 
gene delivery agents with complementing properties from 
both viral and non-viral NAD strategies. In this way, mim-
icking the viral ability of cell penetration and endosomal 
escape has been exploited. For example, the envelope gly-
coprotein G (VSVG) of the vesicular stomatitis virus (VSV) 
is commonly used for pseudotyping retroviral (Rv) and len-
tiviral (Lv) vectors [14], conferring wide tropism [15] and 
better stability. VSV is an enveloped RNA virus that buds 
from its host cells after the virion component assembles on 
the inner side of cell membrane at the activating budding 
site [16–19]. Each VSV particle contains approximately 
1200 molecules of VSVG across the viral envelope [19]. 
VSVG plays a critical role during the early steps of virus 
infection by binding-specific cellular receptors and inducing 
endocytosis [15, 20–22]. In late endosomes, VSVG triggers 
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the endosomal escape of viral content by the viral envelope 
fusion with the endosomal membrane [23–25]. In the last 
twenty years, there have been few reports on transfection 
and overexpression of VSVG coding gene in cell culture 
where vesicles containing VSVG (called “gesicles”) were 
released in culture media by outward budding of the cell 
membrane [26–32].

It has been shown previously that gesicles could incor-
porate different proteins from their producing cells [28, 33, 
34] and as such be used for genome editing [35, 36] and 
modification of gene expression [28] in their target cells. 
Previous works reported also gesicles capacity to associate 
with lipids and with pre-formed liposomes [37–39]. These 
results led researchers to use gesicles for improved lipofec-
tion [26]. Moreover, gesicle complexation with naked DNA 
in presence of cationic polymer hexadimethrine bromide 
better known as polybrene (commercial brand) has resulted 
in greater cell transfection efficacy compared to the cal-
cium–phosphate-based method [29].

However, conditions to achieve efficient gesicle pro-
duction and nucleic acid delivery using these particles are 
largely unknown. In this study, we have developed a gesi-
cle production process by transient transfection of adherent 
HEK293 cells using polyethylenimine (PEI) as transfection 
reagent, which is the most widely used for large-scale manu-
facturing of several viral vectors (Lv and adeno-associated 
vectors). Different parameters known to be critical in nucleic 
acid delivery were also tested (i) DNA and gesicles concen-
tration, (ii) incubation time of components, (iii) polybrene 
concentration, and (iv) order of component addition. Gesi-
cle bioactivity for NAD was also assessed once the gesicles 
had undergone several freeze/thaw cycles or long storage 
at + 4 °C, − 20 °C, and − 80 °C. Transfection assays using 
DNA, gesicles, and polybrene were carried out on human 
myoblasts, known to be hard-to-transfect cells with con-
ventional transfection reagents [40–42]. Finally, an efficient 
gesicle-based delivery of large plasmid (18-kb) and siRNA 
was demonstrated for the first time.

Materials and Methods

Construction of Plasmids Used in This Study

All restriction enzymes were from New England Biolabs. 
The pKCMV5/GFP plasmid expressing the green fluo-
rescent protein (GFP) regulated by the cytomegalovirus 
(CMV5) promoter [43, 44] was constructed as follows. 
The expression cassette CR5/B43 containing the poly-
adenylation (polyA) signal was removed by sequential 
digestion using BamHI and AscI enzymes from pKCR5/
B43 [45]. The expression cassette CMV5/GFP contain-
ing polyA was isolated from pMPG/CMV5/GFP [44] after 

PacI digestion. Following a blunt reaction, the pK vector 
backbone and the GFP cassette expression were ligated. 
The pKCMV5/VSVG plasmid expressing the vesicular 
stomatitis glycoprotein (VSVG) was generated as follows. 
The GFP sequence was removed from pKCMV5/GFP by 
BamHI digestion. The VSVG sequence was isolated by 
BglII digestion of pKCR5/VSVG (gift from Dr. Bernard 
Massie, National Research Council Canada, Montréal, 
Canada). The VSVG sequence and the pKCMV5 backbone 
vector were ligated by cohesive ends. The large plasmid of 
18-kb pCGB/GFP contains an expression cassette consist-
ing in the hybrid CAG promoter (composite of the CMV 
enhancer, the chicken beta actin promoter and the rabbit 
beta globin intron), the GFP sequence, the rabbit β-globin 
polyA, and the human dystrophin cDNA sequence used as 
stuffer DNA [46].

Cell Culture

HEK293 and HeLa cells were obtained from the Ameri-
can Type Cell Culture (CRL-1573™ and CCL-2™, respec-
tively). They were grown in Dulbecco's Modified Eagle 
Medium (DMEM) supplemented with 2 mM l-glutamine 
and 5% heat-inactivated fetal bovine serum (FBS) (all pur-
chased from Hyclone™). The human adult myoblast cells 
(gift from Pr. Jacques-P. Tremblay, Laboratory of human 
genetic unit, Centre Hospitalier de l’Université Laval, 
Québec, Canada) were grown in a modified patented 
medium (patent WO2010031190A1) supplemented with 
10% FBS. All cells were maintained at 37 °C in a humidi-
fied 5%  CO2 atmosphere. Cell density and cell viability were 
determined by direct counting of cell samples with micro-
scope using the trypan blue exclusion method except for 
myoblasts, where the viability was assessed by the MTT 
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide) assay described below.

PEI Transfection of HEK293 Cells

PEI is a stable cationic polymer that condenses DNA into 
positively charged particles that bind to anionic cell surfaces. 
Consequently, the DNA:PEI complex is endocytosed by the 
cells and the DNA released into the cytoplasm. Here, the 
25 kDa linear PEI were obtained from Polysciences. A stock 
solution (1 mg/mL) was prepared in double-distilled water 
 (ddH2O). The day before the transfection, 24-well plates or 
150 mm culture dishes were seeded at 8 ×  104 per well or 
6 ×  106 cells, respectively. Two hours before transfection, 
cells were around 70% of confluence and the medium was 
replaced by fresh medium. DNA and PEI, prepared in sepa-
rate tubes, were mixed in 10% of the final culture volume. 
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The mix was vortexed and then incubated for 10 min at room 
temperature before addition to the cells.

Harvesting and Concentration of Gesicles

The day before transfection, 150 mm cell culture dishes 
were seeded at 6 ×  106 of HEK293 cells. The cells were 
transfected as described in the PEI transfection section 
using 1.5 µg/mL of pKCMV5/VSVG and a DNA:PEI mass 
ratio of 1:2. Two and three days post-transfection, the cul-
ture media containing the released gesicles were centri-
fuged at 3500×g for 15 min at 4 °C and filtered through a 
0.45 µm low binding protein filter to remove cell debris. 
Then, gesicles were concentrated by ultracentrifugation at 
106000×g for 3 h at 4 °C on a 25% sucrose cushion. The 
supernatant was removed and the pelleted material (con-
taining gesicles) was incubated overnight in PBS at 4 °C. 
The following day, the gesicle pellet was gently suspended 
by shaking the tube and ultracentrifuged again using the 
same conditions described above (washing step). Finally, 
the gesicle pellet was incubated overnight in fresh PBS at 
4 °C. Concentration of total proteins was determined using 
DC™ protein assay (Bio-Rad) and then adjusted to 1 µg/
µL before aliquoting for storage at − 80 °C. Note that the 
concentrations or quantities of gesicles notified in the text 
correspond to total proteins.

Western Blot Analysis

Equal volumes of suspended gesicles were mixed with 
Sodium Dodecyl Sulfate (SDS) loading buffer at 1X final 
concentration and heated for 3 min at 95 °C. Proteins were 
resolved on 4–20% Tris–glycine NuPAGE® gradient gels 
(Invitrogen – Thermo Fisher). Then, the proteins were 
electro-transferred to a nitrocellulose blotting membrane 
(GE Healthcare Life Sciences). A HRP-conjugated mono-
clonal antibody specific to VSVG ([P5D4], Abcam [47]) 
was used at 1/1000 dilution, and Amersham™ ECL reagent 
(GE Healthcare Life Sciences) was used for revelation. The 
chemiluminescent signal was acquired using an ImageQuant 
LAS 4000 instrument (GE Healthcare Life Sciences).

DNA Delivery Cell Assay Using Gesicles

The day before transfection, HEK293 cells were seeded in 
24-well plates at 8 ×  104 cells per well. Two hours before 
DNA delivery, the medium was replaced by 200 µL of fresh 
medium in each well. A polybrene solution (Sigma-Aldrich) 
was prepared in  ddH2O at 1 mg/mL. In the standard proto-
col, the mixtures composed of gesicles, pKCMV5/GFP, and 
polybrene at the standard concentration of 2.5 µg/mL, 1 µg/

mL, and 8 µg/mL, respectively, were prepared in 200 µL of 
DMEM and incubated for 30 min. The mixtures were added 
to the HEK293 cells making the final volume of 400 µL per 
well. The GFP expression of transfected cells was analyzed 
24 h post-transfection by flow cytometry.

Benzonase Treatment

pKCMV5/GFP (0.4 µg), gesicles (1 µg), and polybrene 
(3.2 µg) were mixed in 200 µL of OptiMEM and incubated 
for 10 min. at room temperature. Then, a concentration range 
of benzonase units (Millipore) and  MgCl2 (1 mM) were 
added to mixes following incubation for 20 min. at 37 ℃. To 
evaluate the potential effect of benzonase buffer and  MgCl2 
on transfection efficiency, negative controls were performed 
for each digestion condition by adding an equivalent volume 
of  MgCl2 and benzonase-free buffer (50% glycerol, 20 mM 
Tris HCl, pH 8.0, 2 mM  MgCl2, and 20 mM NaCl). After 
incubation, mixes were dropped on HEK293A cells cultured 
in a 24-well plate (final volume 400 µL). GFP expression 
was analysis 24 h later by flow cytometry. Data represent the 
mean of at least two independent experiments.

siRNA–Gesicle Delivery Assay

The day before transfection, 24-well plate were seeded at 
8 ×  104 HEK293 cells per well. To generate reporter cells, 
0.75 µg/mL of pCMV/eGFP (Clontech) plasmid was trans-
fected with a DNA:PEI mass ratio of 1:2 as described above. 
Three hours after DNA–PEI complexes addition, the cul-
ture medium was removed and the cells washed with fresh 
medium. Incubation of cells in 200 µL of fresh medium took 
another 2 h. During that time, the gesicles were mixed with 
the Silencer® eGFP siRNA or the negative control siRNA 
(Invitrogen Life Technologies) in 200 µL of OptiMEM 
(Invitrogen Life Technologies) and 8 µg/mL of polybrene. 
After 1 h incubation at room temperature, the mixtures were 
added to the cells. GFP expression was detected 24 h later 
by flow cytometry. The % of inhibition was calculated as 
follows: = 100% – 100*(transfection efficiency with eGFP 
siRNA/transfection efficiency with negative control siRNA).

GFP Analysis by Flow Cytometry

HEK293, HeLa, and myoblasts cells were harvested 24 h 
post-transfection by trypsin treatment and filtered through 
310 µm mesh Nitex tissue (Sefar Group) to remove aggre-
gates. GFP expression was detected by flow cytometry using 
a BD Accuri C6 cytometer (Becton Dickinson) equipped 
with a 50-mW argon-ion laser and a 90% attenuated 530/30 
bypass filter. At least 10 000 viable cells were analyzed. 
Two parameters were used to analyze the transfection 
efficiency: the percentage (%) of GFP-positive cells and 
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the fluorescence index calculated as follows: [% of cells 
expressing GFP] × [the mean fluorescence intensity of the 
cells]. Data represent the mean of at least two independent 
experiments.

Cell Microscopy

HeLa and human adult myoblast cells were observed at × 20 
magnification on Leica DM IL microscope with Argon 
488/458 using a specific GFP filter (510 nm).

Cell Viability Assay

For myoblast cells, viability was measured by the MTT 
reduction assay. The experiment was done 24 h after gesicle-
mediated transfection. The medium was replaced by 200 µL 
of complete medium containing 0.45 mg/ml of MTT solu-
tion. Following a 2 h incubation at 37 °C, 200 µL of solubi-
lization solution (dilute 40% (v/v) DMF in 2% (v/v) glacial 
acetic acid, add 16% (w/v) SDS, pH 7.4) was added to the 
cells. Proper homogenization was made to completely dis-
solve formazan crystals. 100 µL was transferred in 96-well 
plate for reading absorbance at 570 nm. For HeLa cells, via-
bility was determined by direct counting of cell samples with 
microscope using the trypan blue exclusion method. Data 
represent the mean of at least two independent experiments.

Statistical Analysis

The probability of significance between two groups or mul-
tiple groups was determined using Student's t test or analysis 
of variance, respectively. P-value < 0.05 was considered to 
indicate a statistically significant difference.

Results

Optimization of Adherent HEK293 Cell Transfection 
with PEI

To optimize the transfection conditions, four different 
pKCMV5/GFP concentrations (0.5, 1, 1.5, 2 µg/mL) at 
four different DNA:PEI mass ratios (1:1, 1:2, 1:3, 1:4) were 
evaluated. One day after transfection, HEK293 cells were 
analyzed for GFP expression by flow cytometry. The results 
showed that the best transfection efficiency was achieved 
with pKCMV5/GFP concentration of 1.5 µg/mL, with no 
significant benefit from higher plasmid concentration (2 µg/
mL). Of four tested DNA:PEI ratios, the last three gave the 
best efficiency. Overall, the transfection conditions consid-
ered optimal were 1.5 µg/mL of plasmid complexed with 
PEI at mass ratios of 1:2 or 1:3. These conditions gave 71 
and 76% of GFP-positive cells, respectively (Fig. 1A).

Optimization of Gesicle Production

Based on the data obtained from GFP expression described 
above, gesicle batches were produced using 1.5 µg/mL of 
pKCMV5/VSVG and DNA:PEI mass ratios of 1:2 and 1:3. 
The empty plasmid pKCMV5 was used as negative control. 
Gesicles were concentrated and re-suspended in identical 
volume of PBS. Samples taken from these solutions were 
analyzed by western blot with anti-VSVG antibody. A spe-
cific band corresponding to VSVG size (57 kDa) in both 
transfection conditions with pKCMV5/VSVG was observed. 
As expected, no band was detected in the negative control 
samples (Fig. 1B). Moreover, the highest band intensity was 
observed for DNA:PEI mass ratio 1:2, suggesting that more 
gesicles were produced at this condition, and/or more VSVG 
molecules were integrated per gesicle. Then, DNA transfec-
tion capacity of gesicles produced by polyfection was tested. 
Concentrated gesicles were incubated with pKCMV5/GFP 
and polybrene for 30 min before addition to HEK293 cells. 
Transfection efficacy using gesicles produced from 1.5 µg/
mL of pKCMV5/VSVG with the 1:2, 1:3, and 1:4 DNA:PEI 
mass ratio was efficient demonstrating the bioactivity of 
these particles (Fig. 1C). Kinetics of production were per-
formed in order to identify the optimal time for gesicle har-
vest after transfection. Gesicle production was carried out 
in a batch-replacement cell cultivation mode by harvesting 
and replacing culture media every day for four consecutive 
days (starting 24 h post-transfection). This mode was chosen 
because media replacement has a positive effect on recom-
binant protein and VSVG-pseudotyped Lv productivity [48, 
49]. The gesicles were concentrated from supernatant and 
diluted in the same volume of PBS. Equal volumes of con-
centrated gesicles were analyzed by western blot using an 
anti-VSVG-antibody. A single band corresponding to VSVG 
(57 kDa) was observed in all conditions. The bands with the 
highest intensity were observed on day 2 and 3 indicating 
the highest VSVG production and suggesting the best tim-
ing for gesicle harvest (Fig. 1D). In addition, syncytia were 
observed with the microscope due to VSVG fusogenic activ-
ity [50]. Cells started to detach from the plate on the fourth 
day post-transfection, suggesting increased cell mortality 
(data not shown).

Gesicle Transfection and Complexation Properties

Different concentrations of gesicles produced by polyfec-
tion were used to transfer pKCMV5/GFP into HEK293 cells 
in presence of polybrene. Flow cytometry analysis revealed 
that the gesicles were successful in DNA delivery reaching 
70% efficiency (Fig. 2A). In addition, we confirmed that 
gene transfer occurs only when gesicles are incubated with 
DNA in the presence of polybrene [29] (Fig. 2B). Also, 
pKCMV5/GFP complexed only with gesicles obtained from 
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centrifugation/sucrose cushion is unable to transfect cells 
(Fig. 2B). This demonstrates that residual quantity of PEI 
contained in gesicles preparations is not sufficient to achieve 
cell transfection.

To determine if DNA is packaged in gesicles in pres-
ence of polybrene, benzonase treatments were performed. 
Benzonase is not able to cross the plasma membrane due 
to its size [51] and is commonly used in the purifica-
tion processes of VSVG-pseudotyped viral vectors such 
as Lv [52]. Briefly, mixes (GFP-coding plasmids + gesi-
cles + polybrene) were first incubated for 10 min. at room 
temperature. Then, a concentration range of benzonase 
was added to the mixes following an additional 20 min 
incubation at 37 ℃ before dropping on cells. Negative 
controls were performed for each condition by adding to 
mixes an equivalent volume of digestion buffer without 

any benzonase. HEK293 cell transfection efficiency using 
mixes was analyzed 24 h by GFP-fluorescence analysis 
using flow cytometry. Results show a significant decrease 
of the fluorescence signal with an increase of benzonase 
concentration until its extinction (1000 units) suggesting 
that all plasmids were digested (see Fig. 2C, D). Also, 
data reveal that the digestion buffer (negative controls) 
has no effect on transfection efficiency and the observed 
fluorescence signal is benzonase activity-dependent only. 
These results demonstrate that plasmids are not packaged 
in gesicles in presence of polybrene.

Fig. 1  Optimization of parameters for gesicle production. A Trans-
fection optimization of HEK293 cell with pKCMV5/GFP using PEI. 
Different concentrations of pKCMV5/GFP (x axis) as well as differ-
ent DNA:PEI mass ratios = 1:1, 1:2, 1:3, and 1:4 were evaluated. Flu-
orescence index: 1:1 ( ), 1:2 ( ), 1:3 ( ), and 1:4 ( ); GFP-positive 
cells: 1:1 ( ), 1:2 ( ), 1:3 ( ), and 1:4 ( ). B Analysis of VSVG 
produced using the best transfection conditions determined previ-
ously (pKCMV5/GFP = 1.5 µg/mL, DNA:PEI mass ratios = 1:2 and 
1:3). Gesicles produced in different conditions were isolated from 
culture media and analyzed by western blot. The backbone vector 

(pKCMV5) was used as negative control. C Transfection efficiency 
using standard conditions with gesicles produced from different 
DNA:PEI mass ratios. Fluorescence index (bars), GFP-positive cells 
(circles). (D) Kinetics of gesicle production. Cells were transfected 
with 1.5 µg/mL of pKCMV5/VSVG complexed with PEI at DNA:PEI 
mass ratio 1:2. The gesicles were harvested and concentrated to the 
same final volume each of the four days of cell cultivation. The sam-
ples of gesicle were analyzed by western blot. *Statistically different 
(P < 0.05). #not statistically different
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Identification of Optimal Conditions for Cell 
Transfection Using Gesicles

Several factors known to influence nucleic acid delivery 
efficiency in animal cells were investigated on HEK293 
cells.

Volume of Transfection Mixtures

DNA, gesicles, and polybrene were mixed together and incu-
bated in 50% (1X) and 10% (5X) of their final volume. After 
30 min of incubation, they were completed with media to the 
defined volume (400 µL) and added to the cells for transfec-
tion. Flow cytometry results revealed two times more GFP-
positive cells and 2.5-fold higher fluorescence index for 
standard condition (1X), compared to the mixture prepared 
in 5X reduced volume (Fig. 3A).

Incubation Time of Mixtures

Here, mixtures composed of DNA, gesicles, and polybrene 
were either immediately added to the cells or incubated for 
10, 15, or 30 min at room temperature prior to the addition. 
The results revealed slightly higher fluorescence index only 
when the incubation time was 10 min. Moreover, the value 
of fluorescence indexes appeared to stay stable for the rest of 
tested incubation times. The portion of transfected cells was 
not affected by the duration of incubation (Fig. 3B).

Assembling Order

The effect of the order of compound association (pKCMV5/
GFP, polybrene, and gesicles) on transfection efficiency was 
studied. Five different mixtures were generated in DMEM 
as indicated in Fig. 3C. There is no difference between the 
five tested combinations (Fig. 3C).

Fig. 2  DNA delivery in HEK293 cells using gesicles. a Different 
concentrations of gesicles were incubated with fixed concentration of 
polybrene (8 µg/mL) and pKCMV5/GFP (1 µg/mL). b Mixtures com-
posed of standard concentrations of gesicles and/or polybrene and/
or pKCMV5/GFP were incubated before their addition to the cells. 
Fluorescence indexes (bars) and % of GFP-positive cells (squares 
or indicated on the top of the bars). Mixes of gesicles + GFP-coding 
plasmids + polybrene were treated or not (negative control) with a 
concentration range of benzonase before dropping on the cells. GFP-

fluorescence analysis was achieved by flow cytometry 24 h after incu-
bation. A–G represent different treatment conditions with benzonase 
units or buffer equivalent (A = 2.5 U or buffer equivalent, B = 25 U or 
buffer equivalent, C = 50 U or buffer equivalent, D = 100 U or buffer 
equivalent, E = 250 U or buffer equivalent, F = 500 U or buffer equiv-
alent, G = 1000 U or buffer equivalent). Data represent the mean of 
at least two independent experiments. c GFP-positive cells (Fold of 
treated vs untreated mixes). d Fluorescence index (Fold of treated vs 
untreated mixes)
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Effects of Media and Serum

The following solutions were evaluated as media for compl-
exation of gesicles with DNA in presence of polybrene: PBS, 
OptiMEM, and DMEM with or without 5% FBS. Results 
revealed no significant difference in fluorescence indexes 
between formulations. However, mixtures formed in Opti-
MEM achieved higher percentage of transfected cells (70%) 
compared to DMEM (57%) and PBS (64%). The presence 
of FBS in DMEM significantly decreased the fluorescence 
index (Fig. 3D).

Polybrene Concentration

Five mixtures of standard concentrations of DNA and gesi-
cles in OptiMEM were prepared with increasing concentra-
tion of polybrene (2, 4, 8, 16, and 32 µg/mL). Transfection 
of HEK293 using these formulations revealed that poly-
brene is an important parameter: 8 µg/mL of polybrene in 
the mixture gave the best fluorescence index. Higher and 
lower polybrene concentration decreased transfection effi-
ciency (Fig. 3E).

Storage Temperature and Gesicle Transfection 
Efficacy

Gesicles preparations were stored at − 80  °C, − 20  °C, 
and + 4 °C or undergone freeze/thaw cycles before inves-
tigating their ability of DNA delivery. Gesicles were then 
complexed with pKCMV5/GFP using the standard proto-
col before addition to the cells. The next day, GFP expres-
sion analysis demonstrated that the transfection efficiency 
remained stable for at least 4 weeks at − 80 °C, − 20 °C, 
and + 4 °C achieving around 70% of GFP-positive cells 
(Fig.  4A–C). Moreover, transfection efficiency did not 
decrease even after 10 freeze/thaw cycles (Fig. 4D). These 
results demonstrated that gesicle bioactivity (i.e., NAD 
potential) is rather robust and not affected by storage tem-
perature nor its fluctuation.

Gesicle‑Based Transfection of Different Cell Types 
and Effects of Plasmid Size on Cell Transfection

HeLa cells and human myoblasts were transfected with 
DNA–gesicle complexes using mixtures prepared in Opti-
MEM at 50% of the final volume and incubated for 10 mn 
at room temperature with 8 µg/mL of polybrene. Since this 
was the first time these cells were used for transfection with 
gesicles, different concentrations of pKCMV5/GFP and 
gesicles were applied to identify the optimal transfection 

conditions. GFP-positive cells made 44% and 22% of HeLa 
(Fig. 5A) and myoblast (Fig. 5B) cell count, respectively. 
The best transfection efficiency was achieved at a plasmid 
concentration of 2 µg/mL and 2.5 and 12.5 µg/mL of gesicles 
for HeLa and myoblasts, respectively (Fig. 5C). We also 
observed that the transfection efficiency decreased with the 
increasing gesicle concentration. The gesicle cytotoxicity for 
these transfected cells was also tested since the VSVG can be 
highly toxic to both producer cells and the transduced cells 
[50, 53]. Direct microscopic analysis of the best transfection 
efficiency for HeLa cells using the trypan blue exclusion 
method revealed no cytotoxicity (Data not shown). Further-
more, a colorimetric MTT assay of transfected myoblast 
cells using an increasing gesicle concentration demonstrated 
no cytotoxic effect (Fig. 5E). Cell transfection with large 
plasmids is known to be less efficient than transfection with 
small plasmids, mostly because large plasmids have reduced 
mobility while being transferred from cellular cytoplasm 
into nucleus [54, 55]. Therefore, the potential of gesicles to 
deliver (and transfect) a large plasmid (pCBG/GFP, 18-kb) 
was studied in HEK293 cells. For that purpose, two different 
concentrations of pCBG/GFP (2 and 4 µg/mL) were com-
bined with four different concentrations of gesicles. Stand-
ard complexation protocol was used. The best transfection 
efficiency of 42% was achieved (Fig. 5F) with 2 µg/mL of 
plasmid and 6 µg/mL of gesicles.

siRNA Delivery Using Gesicles

To evaluate their potential for gene silencing, gesicles were 
complexed with 100 nmol/mL of siRNA targeting the eGFP 
sequence, or with a non-related sequence (negative control). 
Increasing concentrations of gesicles were tested (5, 10, 20, 
40, and 80 µg/mL). The siRNA–gesicle mixtures were pre-
pared using 8 µg/mL polybrene before addition to HEK293 
cells expressing eGFP. The effects of eGFP inhibition by 
RNA silencing were analyzed using flow cytometry. The 
results obtained revealed 40–60% of GFP inhibition, indicat-
ing gesicle concentration at 20 µg/mL is the most efficient 
(Fig. 6A). In another experiment, we tried to improve the 
silencing effect by testing different siRNA concentration 
(50, 100, 200, and 400 nmol/mL), while keeping the gesi-
cle concentration at 20 µg/mL and polybrene at 8 µg/mL. 
Expression of GFP was again analyzed by flow cytometry; 
however, no significantly improvement of gene silencing was 
detected (Fig. 6B).
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Discussion and Conclusion

Current gesicle production methods using exclusively cal-
cium phosphate  (Ca3(PO4)2)-mediated transfection [28, 
29] have been described as inexpensive and very efficient 
method for cell transfection in several research reports 
[56–59]. However, in comparison to the polyfection, PEI-
based transfection requires less handling and provides better 
reproducibility between production batches [60]. In addition, 
PEI is a low-cost transfection agent, very easy to use, and 
rather efficient in transfection of important cell types such as 
HEK293 and CHO cells [61]. Consequently, the application 
of PEI as transfection agent appears to be less cumbersome 
than  Ca3(PO4)2 when transient production of biological mol-
ecule has to be performed [62–67].

In this article, PEI was used as transfection agent for 
gesicle production in HEK293 cells. Optimal conditions 
were identified to be 1.5 µg/mL of pKCMV5/VSVG with 
a DNA:PEI mass ratio of 1:2 (Fig. 1A–E). The kinetics of 
production suggested an optimal harvest of gesicles on day 

2 and 3 post-transfection (Fig. 1D). These results are sup-
ported by literature on VSVG-pseutotyped Lv production 
using adherent HEK293 cells [68–70]. In general, methods 
developed for production of viral vectors could be applied 
for gesicle production processes at large scale [6–8, 71]. The 
scale-up of gesicle production could be investigated using a 
process based on suspension culture of stable cell lines, with 
inducible VSVG gene expression [72], grown in optimized 
serum-free media and bioreactors operating in perfusion 
mode [48, 49, 73].

We have confirmed that gesicles can deliver DNA into 
different cell types (Figs. 2A, 5A–C) and that polybrene 
is essential for obtaining an efficient transfection process 
(Fig. 2B), as previously demonstrated [29]. Polybrene is 
a positively charged polymer that has been widely used to 
increase the efficiency of retroviral gene transfer by neutral-
izing the negative charges, thereby facilitating vector–cell 
interaction [74]. Given that DNA to deliver is not pack-
aged into gesicles during transfection complexes forma-
tion (Fig. 2C and D) and based on the same mechanism, 
mammalian cells [75], gesicles [76], and plasmids that are 
negatively charged, electrostatically may interact with the 
positive charges of hexadimethrine bromide.

Various conditions were tested to formulate efficient 
transfection mixtures. Our results revealed that the trans-
fection efficiency can be affected by the concentration of 
components during the possible complexation process. The 
same quantities of gesicles, plasmid DNA, and polybrene 
were added in 10% and 50% of the final formulation vol-
ume (5X and 1X concentrated, respectively) to undergo the 
complex formation. Complexes formed at 1X concentration 
demonstrated better cell transfection efficiency (Fig. 3A). 
No preferential assembling order for complex formation was 
required to form an efficient transfection complex (Fig. 3C), 
while 10 min incubation for DNA–gesicle in the presence 
of polybrene proved to be the optimal complexation time 
(Fig. 3B).

Polybrene concentration of 8 µg/mL was the best to 
deliver DNA using gesicles (Fig. 3E) in agreement with the 
concentration used for Lv [77, 78]. Efficient transfections 

Fig. 3  Identification of optimal conditions for cell transfection 
using gesicles. A Effect of transfection mixture volume. The same 
quantity of gesicles, pKCMV5/GFP, and polybrene, following the 
standard protocol, were mixed in 50% (1X concentrated) and 10% 
(5X concentrated) of the final volume before addition to HEK293 
cells. B Effect of incubation time. Components at 1X concentration 
were mixed and incubated for the indicated time periods (x axis) 
before addition to cells. C Effects of the order of component addi-
tion. Mix1 = pKCMV5/GFP + polybrene + gesicles, 10  min incu-
bation time; Mix2 = pKCMV5/GFP + polybrene, 10  min incuba-
tion time, + gesicles, 10  min incubation time; Mix3 = pKCMV5/
GFP + polybrene, 30  min incubation time, + gesicles, 10  min 
incubation time; Mix4 = gesicles + polybrene, 10  min incuba-
tion time, + pKCMV5/GFP, 10  min incubation time; Mix5 = gesi-
cles + polybrene, 30  min incubation time, + pKCMV5/GFP, 10  min 
incubation time. D Effects of media and serum. Mixtures were pre-
pared in different solutions using Mix1 condition (1X concentrated 
mixture and 10  min incubation) before addition to cells. E Effects 
of polybrene concentration. Mixtures were prepared using different 
concentrations of polybrene following Mix1 conditions in OptiMEM. 
*Statistically different (P-value < 0.05); #not statistically different. 
Fluorescence indexes (bars) and GFP-positive cells % (squares)

◂
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were achieved in different buffers, i.e., DMEM, Opti-
MEM, and PBS, even in the presence of FBS (Fig. 3D). 
In comparison, commercial transfection agents such as 
PEI and Lipofectamine are strongly impaired by serum 
[79–81]. It has been suggested that polybrene reduces the 
negative charge of serum proteins, resulting in increased 
DNA–liposome particle transfection efficiency [82].

Furthermore, stability studies demonstrated that gesi-
cles keep their standard transfection properties for at 
least 4 weeks at − 80 °C, − 20 °C, + 4 °C and after several 
freeze/thaw cycles (Fig. 4A–D). Although they were once 
washed while being harvested, some residual serum pro-
teins and remaining sucrose could contribute to the gesicle 
stability. It was reported that FBS improved VSV stabil-
ity at 4 °C [83]. Interestingly, an advanced purification 
process and serum-free medium production resulted in a 
reduced VSV-G-pseudotyped baculovirus vectors’ stabil-
ity requiring the addition of preservative agents such as 
glycerol, DMSO, or sucrose [84].

In this report, we showed that gesicles can deliver DNA 
into hard and very hard-to-transfect cells such as HeLa 

(55%) (Fig. 5A and B) and human primary cells (myo-
blasts 22%) (Fig. 5C and D). The observed transfection 
efficiencies are similar to other methods using PEI devel-
oped for rat heart myoblasts and primary human skeletal 
myoblasts [85, 86]. A recent study reported that gesicles 
could deliver CRISPR-CAS9 system for genome editing 
into patient’s myoblasts and thus could be an interesting 
tool in cell therapy [87].

It has been shown that plasmids of 12 kb and larger are 
not efficiently transfected using non-viral transfection proto-
cols [42]. In our work, however, we have proved that gesicles 
were able to deliver efficiently (42%) a large 18-kb plasmid 
(Fig. 5C). Hence, gesicles can be used as an efficient trans-
fection reagents to successfully deliver long transgenes (e.g., 
dystrophin cDNA of 12-kb) or small regions of genome for 
various applications. Most importantly, we have shown, for 
the first time, that gesicles can be used to silence gene with 
efficiency up to 60% (Fig. 6A, B). These results highlight the 
versatility of gesicles since they can transfer DNA and RNA.

In conclusion, this paper presents data indicating 
that gesicles have a great potential for NAD. The results 

Fig. 4  Effect of storage conditions and freeze/thaw cycles on gesicle 
bioactivity. Immediately after production, fresh samples of gesicles 
were stored at − 80 °C (A), − 20 °C (B), and + 4 °C (C) for 4 weeks 
or undergone several freeze/thaw cycles (D). The gesicles were com-

plexed with pKCMV5/GFP and polybrene using the standard proto-
col before being added to the cells. *Statistically different (P < 0.05); 
# not statistically different. Fluorescence indexes (bars) and GFP-pos-
itive cells (squares)
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Fig. 5  Gesicle-based transfection of different cell types and effects 
of plasmid size on cell transfection. HeLa cells (A) and human myo-
blasts (B) were transfected using increasing gesicle concentrations. 
Two pKCMV5/GFP concentrations of 1  µg/mL (empty bars and 
circles) and 2  µg/mL (hatched bars and squares) were evaluated for 
complexation with increasing amount of gesicles in presence of poly-
brene. C GFP expression in human myoblasts and HeLa cells. Cells 
were transfected, in presence of 8 µg/mL of polybrene, with a plas-
mid concentration of 2  µg/mL and 2.5 and 12.5  µg/mL of gesicles 
for HeLa and myoblasts, respectively. The images were obtained at 

magnification of × 40. D MTT cell viability of myoblast cells using 
increasing gesicle concentrations. Two pKCMV5/GFP concentrations 
of 1 µg/mL (empty bars) and 2 µg/mL (hatched bars) were evaluated. 
E HEK293 transfection efficiency with large pCBG/GFP plasmid 
(18-kb). Two pCBG/GFP concentrations of 2  µg/mL and 4  µg/mL 
were tested using increasing concentrations of gesicles (ranging from 
0 to 12.5  µg/mL) and 8  µg/mL of polybrene. Fluorescence indexes 
(empty and hatched bars: pCBG/GFP 2 and 4  µg/mL, respectively) 
and % of GFP-positive cells (squares and diamonds: pCBG/GFP 2 
and 4 µg/mL, respectively)
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described here serve for further development of gesicle-
based transfection protocols.
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