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A B S T R A C T

The low yield of extracellular vesicle (EV) secretion is a major obstacle for mass production and limits their
potential for clinical applications as a drug delivery platform. Here, we mass produced engineered extracellular
vesicles (eEVs) by fusing the surface composition of EVs with lipid-based materials via a membrane extrusion
technique. A library of lipids (DOTAP, POPC, DPPC and POPG) was fused with EVs to form a hybrid-lipid
membrane structure. Uniform lamellar vesicles with a controlled size around 100 nm were obtained in this
study. Particle number characterization revealed this extrusion method allowed a 6- to 43-fold increase in
numbers of vesicles post- isolation. Further, exogenous siRNA was successfully loaded into engineered vesicles
with ~ 15% – 20% encapsulation efficiency using electroporation technique. These engineered extracellular
vesicles sustained a 14-fold higher cellular uptake to lung cancer cells (A549) and achieved an effective gene
silencing effect comparable to commercial Lipofectamine RNAiMax. Our results demonstrate the surface com-
position and functionality of EVs can be tuned by extrusion with lipids and suggest the engineered vesicles can
be a potential substitute as gene delivery carriers while being able to be mass produced to a greater degree with
retained targeting capabilities of EVs.

1. Introduction

The delivery of RNA molecules (i.e. short interfering RNA (siRNA),
microRNA (miRNA), short hairpin RNA (shRNA)) to silence aberrant
expression of genes in a cell is a potentially powerful therapeutic
strategy for a variety of diseases and cancer in recent decades. Inducing
RNA interference (RNAi) (Ruigrok et al., 2016) by the delivery of
exogenous small RNA molecules as a therapeutic holds great promise
for anti-cancer applications (Charoenphol et al., 2018), as the RNAi
process can inactivate specific oncogenes or inhibit cell migration or
cell growth (Lee et al., 2016). Despite the great therapeutic opportu-
nities of siRNA, due to the inherent characteristics of siRNA, effective
delivery of siRNA into target cells is the key challenge remaining to be
resolved by the RNAi scientific community. Owing to the molecular
weight (~13–14 kDa) and highly negatively-charged phosphate back-
bone of siRNA, naked siRNA cannot efficiently traverse the cell mem-
brane (Kim et al., 2015). In addition, siRNA is vulnerable to enzymatic
degradation by prevalent RNases within the ex vivo and in vivo en-
vironment. Although chemical modifications help RNA stability, su-
perior small RNA molecule delivery carriers must be engineered.

Extracellular vesicles (EVs), such as exosomes and microvesicles,
have been acknowledged for their potential use as a therapeutic for the
past 17 years (Gilligan and Dwyer, 2017; Harding et al., 2013; Jiang
(2017b)). EVs are naturally secreted by most cell types. Typically,
exosomes, which is a sub-population of EVs, are in the range of 30 –
150 nm in diameter (Andaloussi et al., 2013b; Srivastava et al., 2016).
These vesicles have been uncovered to function as intercellular com-
municators that shuttle a variety of cargo, particularly miRNAs, to local
cells or distant tissues (Maas et al., 2017). They are able to direct their
cargo to specific recipient cells, which holds great promise for ex-
ploiting EVs as targeting, drug and gene delivery vehicles. Since EVs are
phospholipid structures and exhibit surface marker/protein ligands on
their membranes, they can potentially overcome biological barriers and
reduce off-target effects within the body (Andaloussi et al., 2013a;
Maheshwari et al., 2017). Increasingly more studies have indicated EVs
present fewer safety issues compared to cell therapy strategies or other
conventional drug delivery systems (Jiang and Gao (2017a)). Further-
more, EVs’ functionality can be tailored by manipulating their cell
sources, or endogenous tailoring through genetic or metabolic en-
gineering, or by exogenous tailoring methods involving packing
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payloads post-isolation of the vesicles (Armstrong et al., 2017; Luan
et al., 2017). These versatile capabilities of EVs lend credence to their
potential as cell-free, active targeting vehicles for a variety of RNA
therapeutics.

Excitingly, Alnylam recently received the first U.S. FDA approval for
a sugar (GalNAc)-based RNAi formulation, which opens the door for
510(k) clearances. However, despite intense EV studies within a wide
range of RNAi therapeutic applications (Ohno et al., 2016; Vader et al.,
2016), most of the EV-related clinical trials have begun in the last
5 years, thus most clinical trials are in phase I/II (Conlan et al., 2017).
One of the major hurdles is the lack of cost-effective methods to obtain
sufficient quantities of EVs with consistent biochemical characteristics
for clinical application (Armstrong and Stevens, 2018; Fuhrmann et al.,
2018). There is difficulty in scaling up EVs from a manufacturing
standpoint; the yields for EV isolation and purification from in vitro cell
culture are extremely low and often impractical. Moreover, the abilities
to develop a stable, effective, and more scalable extracellular vesicle-
based formulation which can be loaded with exogenous cargo remains
elusive. A potential solution to help clinically translate siRNA delivery
therapeutics could be integrating synthetic/exogenous lipids into al-
ready-isolated EVs to help control the physicochemical properties and
the mass production. However, by doing so, the EVs’ targeting func-
tionality may decrease as the density of the endogenous protein de-
creases. We hope to balance these two trade-offs, while ensuring both
are sufficient for a given application. In this study, we report an en-
gineering approach to mass produce lipid-doped extracellular vesicles
post-EV isolation by generating synthetic lipid-hybridized EVs. The
physicochemical properties and functionalities of our hybridized EVs
have been thoroughly characterized and are described herein.

2. Material and methods

2.1. Materials

Please refer to the Supporting Information for material details.

2.2. Methods

2.2.1. Extracellular vesicle induction and isolation
3 T3 and A549 cells were grown with complete media until ~ 100%

confluent. The media was removed from the culturing flasks and the
flasks were washed with phosphate-buffered saline (PBS) twice to re-
move any remaining media. After which, the cells were continued to be
cultured in FBS-depleted media for 48 hr to promote the secretion of
EVs. The conditioned media was collected and the EVs were isolated by
serial centrifugation at 4 °C (Greening et al., 2015; Szatanek et al.,
2015), using a TX150 rotor and ST8 centrifuge. The media was cen-
trifuged at 300 g for 10 min., 2,000 g for 20 min., and 10,000 g for
30 min. The first, second, and last centrifugations were to remove intact
cells, dead cells, and cell debris, respectively. Note that the pellet was
discarded after each centrifugation. The supernatant media was then
transferred to ultracentrifuge tubes and centrifuged at 125,000 g
(Beckman Coulter centrifuge with TLA-55 rotor) for 70 min at 4 °C. The
pellet was resuspended in PBS, then filtered using a low protein binding
polyvinylidene fluoride (PVDF) 0.22 μm filter. The isolated EVs were
stored at a concentration of 1010 particles/ml at −20 °C. To remove
unwanted non-vesicular particles, OptiPrepTM density gradient solu-
tions (Sigma, #D1556) were used to separate particles by their density
(exosome: 1.1–1.19 g/ml) according to literature (Greening et al.,
2015). In our small-scale preparation, no significant difference of pro-
tein: lipid ratios between the samples using ultracentrifugation and
OptiPrepTM density gradient centrifugation were observed, however.

2.2.2. Engineered extracellular vesicles via extrusion
The eEVs were fused using a serial extrusion technique (Scheme 1).

The lipid solutions were dissolved in chloroform (10 mM) according to

literature (Sato et al., 2016). The organic solvent was evaporated in a
vacuum chamber to yield a thin lipid film on the bottom of a glass vial.
The lipid film was then hydrated by adding a PBS buffer. Prior to
membrane extrusion, the lipid solutions were heated at a temperature
above their phase transition temperature and vortexed until they were
visually homogeneous. The phase transition temperature of each in-
dividual lipid is shown in Fig. S1. The extracellular vesicles were
subsequently warmed to 37 °C. The lipid: EV solutions were mixed at
varying volumetric ratios (9:1, 4:1, 1:1); the lipid solution was at a
concentration of 5 mM and the EV concentration was
1.5 × 1010 particles/ml (or 50 μg/ml of protein according to a Micro
BCA assay. The mixtures were vortexed and sonicated for 2 min using a
120 Watt, 20 kHz sonicator (Fisher Scientific FB120) at 20% max am-
plitude to fully solvate the solution. Subsequently, the mixtures were
serially extruded through pore sizes of 400 nm, 200 nm, and then
100 nm. For each extrusion procedure, the mixtures were push forward
and backward manually more than 25 times according to the manu-
facturer’s instruction (T&T Scientific) (Scheme 1).

2.2.3. Physicochemical quantification of EVs from cells and eEVs
2.2.3.1. Membrane protein quantification assay. The total quantity of
protein within EVs was quantified via a Micro BCA Protein Assay Kit,
according to the manufacturer’s instructions. Briefly, a set of protein
standards were prepared within the linear working range of 2–40 μg/
ml. EV samples with different concentration were mixed with working
solution in a 96 well microplate and incubated at 37 °C for 2 hr.
Absorbance in each well was measured using a plate reader (Cytation 5,
BioTek Instruments, Inc.) at 562 nm.

2.2.3.2. Flow cytometry – Characterization of EV surface marker and
purity. EVs obtained after differential centrifugation and filtration were
then analyzed by flow cytometry for the presence of exosome marker
CD63 (Löf et al., 2016; Properzi et al., 2013). Initially, EVs were diluted
to the concentration of 5000 ng of affiliated protein or a total 1010

particles in 50 μl of PBS solution. The solutions were subsequently
mixed with 0.125 μg (1.25 μl) of anti-CD63-eFluor 660 antibodies to a
final volume of 100 μl of PBS with 0.2% bovine serum albumin (BSA)
blocking solution. The mixture was incubated at room temperature for
30 min. in the dark before conducting flow cytometry analysis. Flow
cytometry was accomplished using a BD AccuriTM C6 Cytometer at a
flow rate of 11 μl/min. Auto-fluorescence was quantified using the
samples in the absence of the anti-CD63-conjugated eFluor 660
antibody. POPC, which has no CD63 surface marker expression, was
used to identify the background fluorescence via flow cytometry for
gating purposes. To characterize the percentage of CD63 expressing
vesicles or the percentage of EVs within our solution, the percentage of
eFluor 660 fluorescence was quantified using the FL4-H channel.

2.2.3.3. Nanoparticle tracking analysis – size, concentration and
production yield. The size and concentration of exosomes were
characterized by nanoparticle tracking analysis (NTA) (Malvern
NanoSight LM10, Amesbury, United Kingdom). An appropriate
working concentration in the measurable range of 108 particles/ml
was used to determine the original concentration of EVs. The EV
samples with serial diluted concentrations (in PBS) were injected in the
NTA sample chamber using sterile syringes. Data for each sample were
collected for 60 s at room temperature and analyzed using NanoSight
NTA 3.2 software. Three individual measurements of each condition
were performed immediately after the sample was injected into the
chamber. The error bars shown are standard deviations of the mean size
and the original concentration was calculated using a dilution factor. A
dilution factor was necessary to be within the measurable concentration
range for NTA (107-9 particles/ml). The production yield of EVs was
further normalized to the cell number per flask (or dish) at ~ 100%
confluency, counted by hemocytometer. Likewisely, an appropriate
working concentration of eEVs in the NTA measurable range of 108
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particles/ml was prepared to determine the size and concentration of
eEVs. The concentration of eEVs were normalized to the concentration
of native EVs to quantify the production yield, in terms of the fold
increase of eEVs.

2.2.3.4. Transmission electron microscopy – morphology. A pellet of EVs
or eEVs (~108 particles) was resuspended in 50 μl of PBS and stained on
Formvar/carbon-coated copper grid for microscopy imaging purposes
following the protocol in previous literature (Théry et al., 2006). Details
of the steps for sample staining are depicted in Supporting Information. A
drop of 5 – 10 μl of EV suspension was put on clean Parafilm. The
sample grids were then allowed to vacuum dry overnight and observed
via TEM (JEOL 1200EX) under 100 kV of energy and 100,000x to
150,000x magnification.

2.2.3.5. Zeta potential measurements. To obtain information about the
stability of the vesicles in terms of particle aggregation and flocculation,
the zeta potentials of the vesicles were evaluated measured in PBS and
water. The zeta potential of vesicles was measured using a Zetasizer
(NanoZS) from Malvern Instruments with a detection angle of 173° and
laser wavelength of 633 nm (cuvette: ZEN0040). 10 μg/ml (affiliated
protein concentration) of EV and 109–1010 particles/ml of eEVs were
used for the measurements.

2.2.4. Quantifying native EV fraction within eEVs for validating membrane
incorporation
2.2.4.1. Membrane composition quantification assay. To validate the
membrane incorporation of lipids to extracellular vesicles, we
conducted membrane composition analysis to quantitatively evaluate
the efficiency of membrane fusion. Osteikoetxea, X., et al. demonstrated
that the protein to lipid ratios characteristic could be a consistent
parameter to characterize extracellular vesicles populations
(Osteikoetxea et al., 2015). Therefore, we quantify the EV fraction
within eEVs by quantifying the protein (which is EV-derived) and the
lipid content (which is both EV- and synthetic lipid-derived) within.
The protein quantification method (Micro BCA) was described
previously in “Membrane protein quantification assay”. A sulfo-
phospho-vanillin (SPV) assay was used following previous protocol
(Osteikoetxea et al., 2015). Details of the steps for lipid quantification
are depicted in Supporting Information. Total protein to total lipid ratios
were further calculated to determine the fusion efficiency of exosomal
membrane. To confirm the lipid molecules presenting in the samples
did not interfere with the total protein determination in terms of
causing false-positive protein results, we tested the pure lipid solution
for their assay interference with the protein determination, followed by
quantification of the total protein to lipid ratios for pure lipid solution.

2.2.4.2. Flow cytometry-based eEV/EV ratio quantification assay. To
quantify the native EV portion within the eEVs, anti-CD63 conjugated
eFluor 660 antibody was used as a labeling marker for EVs. Same
procedure for sample preparation was conducted as described in
previous Section “2.2.3.2 Flow cytometry – Characterization of EV
surface marker and purity.” The amount of eFluor 660 fluorescence
was quantified using the geometric mean of FL4-A of the vesicle
population, which is commensurate with the amount of CD63 per
exosome. The fraction of EV incorporation with synthetic lipids were
calculated using the normalized geometric mean values, according to
the following equation (note that the EV fraction in
eEVs = 1 − Synthetic lipid fraction):

= =EV fraction in eEVs GM
GM

GM
GM

GM /GM/eEV

background

EV

background
eEV EV

Auto-fluorescence or background fluorescence was quantified using
samples in the absence of the anti-CD63-eFluor 660 antibody. POPC
was used as a stained negative control to compare with native EVs.
Isotype igG1 was also pre-tested to get rid of the nonspecific binding
concern of antibodies. Note that the above equation will result in values
ranging from 0 to 1, where 0 is 100% synthetic lipids and 1 is 100%
native EV.

2.2.5. EV and eEV siRNA loading
2.2.5.1. siRNA loading method. siRNA was loaded within EVs and eEVs
via electroporation using a modified protocol as was previously
described (El-Andaloussi et al., 2012b). Briefly, electroporation
mixture was prepared in a concentration of 100 μg/ml EV
(3 × 1010 particles/ml) or 1010 – 1011 particles/ml of eEV containing
1 ng/μl siRNA. Note the mass of EVs is represented by the affiliated
protein amount as quantified by the Micro BCA assay. Opti-MEM or a
hypotonic electroporation buffer (1.15 mM K2HPO4; pH 7.2; 25 mM
KCl, 21% OptiPrep according to the protocol (Alvarez-Erviti et al.,
2011; El-Andaloussi et al., 2012b) were used as the sample solution.
Hypotonic buffer was proposed to drive a faster water uptake across
vesicle membrane by an imposed osmotic gradient, which facilitates the
uptake of genes, resulting in an increase of the transfection efficiency
(Golzio et al., 1998; Usaj and Kanduser (2012); Ušaj et al., 2009).
Sample volumes of 100 μl were used for electroporation. The siRNA/
vesicle mixtures were then transferred to 0.4 cm electroporation
cuvettes (#1652088, Biorad) and electroporated using a Bio-Rad
Gene Pulser II system, using the following conditions: 400 V, a
capacitance of 125 μF, and an exponential pulse induction process. 2
pulses were applied to increase the nucleic acid incorporation or
entrapment within the EVs and eEVs, as described previously
(Lamichhane et al., 2015). After electroporation, samples were kept
on ice for 1 hr to allow for membrane recovery prior to further

Scheme 1. Schematic illustration of the procedure for the generation of engineered lipid/extracellular vesicles (EVs).
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experiments.

2.2.5.2. Loaded siRNA content quantification. To quantify the amount of
siRNA loaded within EVs/eEVs post-electroporation, the samples were
ultracentrifuged at 125,000 g for 70 min. twice to remove free siRNA in
solution. The supernatant was discarded after ultracentrifugation and
fresh PBS was replenished to each sample as an ultracentrifuge-wash
cycle to completely remove loosely bound, free siRNA from EVs/eEVs.
As a first step in evaluating the capability of exogenous cargo loading,
the actual siRNA amount loaded into the vesicles was quantified. To
isolate siRNA from vesicles, a modified TRIzol RNA isolation protocol
was used according to previously published literature
(Navakanitworakul et al., 2016). Details for the TRIzol RNA isolation
are depicted in Supporting Information. After siRNA isolation, Quant-iT
RiboGreen RNA fluorescent dye (preferentially fluoresces in the
presence of RNA (when the nucleic acid is < 500 bp)) was used for
the quantification of siRNA, following the manufacturer’s instruction.
siRNA at varying concentrations were prepared and measured to
generate an siRNA calibration curve. To ensure the obtained results
represent the loading amount of siRNA, we quantified the amount
endogenous RNA within the exosomes, which merely measured at
0.8 ± 0.3 ng of nucleic acid from 109 (1E9) exosomes. Compared to
our exogenous loading amounts of siRNA (100 ng), it is only ~ 1% of
the total amount.

As a control between different lipid-doped systems, a concentration
of ~ E10 particles per formulation was carried out under the same ve-
sicle densities for accurate comparison of electroporation efficiency.
The loading efficiency (left y-axis) is determined by

× 100%Numbers of siRNA in vesicles
Numbers of vesicles , which represents as siRNA copies per

vesicle. The encapsulation efficiency (right y-axis) is determined by
× 100%Mass of siRNA in vesicles

Mass of the feedings iRNA .

2.2.6. Mitigation of cytotoxicity and aggregation
2.2.6.1. Cell viability assay. The relative metabolic activity of the
samples was evaluated using the CellTiter 96® Aqueous Cell
Proliferation assay (Promega) (MTS assay) to assess the viability or
cytotoxicity levels. Prior to MTS treatment, siRNA-loaded eEVs were
incubated with cultured A549 cells at 60 – 70% confluency for 2 hr.
After 2 hr incubation, cells were washed to remove excess eEVs and
replaced with fresh media for further cell incubation. The MTS assays
were conducted after 24 hr of siRNA treatment, following the
manufacturer’s instruction. Recent animal studies of EVs reported
that a dose of 109 – 1011 EVs (with 1–500 µg siRNA) per 105 –106

tumor cells (initial cell number) is typically required to achieve
therapeutic effects when it is administered every day or every other
day (El-Andaloussi et al., 2012b; Haraszti et al., 2018b; Kamerkar et al.,
2017; Pi et al., 2018). In regard to our cell viability assay and
aggregation studies, we delivered a single dose of 109 –1010 eEVs
with 100–400 ng siRNA per 104 cells.

2.2.6.2. Aggregation determined by microscopic image analyses and
spectroscopy assays. In addition to NTA and DLS measurements for
particle number and size quantification, the degree of aggregation was
quantified by a light microscopy imaging method (Gregory (2009))
using Cytation 5 for electroporation-induced aggregates. Particle
diameter and number were quantified by Cytation 5′s imaging
analysis software. To distinguish between background and particles,
the bright field intensity was set at 5000 a.u. and the particle size range
from 0.5 to 100 μm were set as thresholds. 5 spots per well were imaged
and were analyzed. Additionally, spectroscopic assays were employed
according to previous studies (Jamaluddin et al., 1987; Lu et al., 2018;
Zhang et al., 2015) to determine the turbidity (i.e. the absorbance) of
the solution. Absorbance spectra were quantified between 230 nm and
998 nm using a spectrometer (Cytation 5). The reading was recorded
immediately after loading samples into a 96 well UV transparent plate.

The maximum optical density (OD) in the spectrum at 230 nm was used
to compare between samples.

2.2.6.3. Mitigation of aggregation and cytotoxicity via electroporation
parameters. To assess the electroporation media effects on
electroporation-induced aggregation, Opti-MEM, Opti-MEM + EDTA,
50 mM trehalose, and hypotonic electroporation buffer were prepared.
In regard to the condition of Opti-MEM + EDTA, 5 mM EDTA was
added to the electroporated mixture immediately after electroporation
following the protocol from Lamichhane, T. N., et al. who reported
similar effects can obtain with EDTA addition either before or after
electroporation (Lamichhane et al., 2015). 50 mM trehalose, shown by
Hood, J.L. et al. as a membrane stabilizer to ameliorate the
electroporation induced-aggregation (Hood et al., 2014), was
prepared accordingly. Commonly used hypotonic electroporation
buffer (El-Andaloussi et al., 2012b; Tran et al., 2015) was also
prepared as mentioned in “2.2.5.1 siRNA loading” section.

2.2.7. Quantification of RNAi knockdown and eEV targetability
2.2.7.1. Quantification of siRNA knockdown in A549 cells. To evaluate
the knockdown efficiency of EV-mediated siRNA delivery within the
constitutively expressing-GFP-A549 cells over time, GFP fluorescence
was measured and quantified using a plate reader (Cytation 5) every
day for 12 days (Bishop et al., 2015). To ensure the decrease of green
fluorescence intensity is due to the RNA interference of GFP-siRNA in
the cells and not caused by the cytotoxicity of the delivery system, each
sample type or condition was delivered with scrambled siRNA as a
control. The knockdown efficiency was calculated using the below
equation:

= × ×Knockdown
F F

F
F

F F
% 100 1

( )
( )

si bg

osi

osc

sc bg

where Fsi is the fluorescence of the well using GFP-siRNA, Fsc is the
fluorescence of the well using corresponding scrambled siRNA, Fbg is
the fluorescence background of the media without cells, Fosi is the
initial fluorescence of the well just prior to delivery for the GFP-siRNA
formulations and Fosc is the initial fluorescence of the well prior to
delivery of the corresponding scrambled siRNA control group.
Commercial Lipofectamine® RNAiMax formulation was used as a
positive control to compare the knockdown efficiency between
samples. The formulation was prepared according to the
manufacturer’s instruction. Briefly, 0.3 μl of Lipofectamine® RNAiMax
was used to deliver 1 pmol of siRNA. The siRNA-Lipofectamine®
RNAiMax complexes were mixed in Opti-MEM® media and incubated
at room temperature for 10 min. before delivery to the cells. For the in
vitro siRNA delivery and knockdown assessment, each sample mixture
was delivered to the cells for 2 hr. After 2 hr, the sample solutions were
replaced by the typical culturing media (with serum) for continual
measurements. Area under the curve (knockdown efficiency vs time)
was calculated to determine the difference in duration using GraphPad
Prism 7 software.

2.2.7.2. Uptake experiments in A549 and CCL-210 cells. 2.5 × 104 cells
were seeded on glass coverslips 24 h prior to imaging and
quantification. Deep Red Plasma Membrane Stain Cell Mask was used
to label EVs/eEVs following the protocol modified from previous
literature (Takov et al., 2017). Briefly, EVs/eEVs were incubated with
CellMask (1:10000 dilution) in PBS for 5 min. at 37 ⁰C and then wash-
centrifuge three times to remove free Deep Red dyes. Deep Red dye
labeled-EVs/eEVs were subsequently added to the cells and incubated
for 2 h at 37 ⁰C. All cells were then fixed with 4% paraformaldehyde
and counterstained with 5 μg/ml of Hoechst 33,258 for nuclei
visualization. Cell samples were imaged using a confocal microscope
(Olympus FV1000). All the images were analyzed with Image J
software. To further quantify the uptake efficiency in the cells, cells
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were washed with PBS, trypsinized and assayed using a BD AccuriTM C6
Cytometer at a 14 μl/min of flow rate. 10,000 events were collected per
sample with triplicates. The signal of Deep Red fluorescence was
quantified using the geometric mean of FL4-A of the cell population,
which is commensurate with the amount of EV/eEV uptake per cell. To
eliminate any cell line-specific difference in the signal background, the
following equation was used for calculation:

=Uptake efficiency in cells GM
GM

GM
GM

/EV or eEV in A or CCL

untreated cells A or CCL

eEV in A

untreated A

549 210

( 549 210)

549

549

Untreated A549 and CCL-210 cells were measured as a negative
control. The uptake of POPC-EV in the absence of Deep Red dye
staining in A549 and CCL-210 was also examined to confirm no auto-
fluorescence interference from the vesicles. It is important to note that
the excessive lipophilic dye staining with exosomes may cause non-
specific binding to the cell membranes, resulting in false-positive sig-
nals or the change of exosome uptake pathways (Dominkuš et al., 2018;
Simonsen, 2019). Our (dye only) control which was similarly cen-
trifuged serially and assayed via flow cytometry indicated the back-
ground fluorescence was only 1.4 ± 0.3% and 4.2 ± 0.9% of the
A549 and CCL210 cells’ samples, respectively.

2.2.8. Statistics
Data are presented as the mean ± the standard deviation (SD). All

experiments were conducted with triplicates (Exception are indicated
specifically as below). Statistical data analyses were performed using
GraphPad Prism 7 software. The α value was set at 0.05, where *, **,
***, **** represent p-values < 0.05, < 0.01, < 0.001, and < 0.0001
respectively. The following statistical tests were conducted for each
figure: Unpaired, two-tailed Student’s t-test: Fig. 1B; 2A/B; Fig. S10;
S15A and B; S17. One-way ANOVA, followed by Dunnett’s multiple
comparison test (post-hoc): Fig. 2C (compared to EV); Fig. 2E (com-
pared to EV in water and PBS, respectively); Fig. 3A (compared to EV);
Fig. 3D (compared to EV; n = 2 for negative control group); Fig. 4
(compared to EV); Fig. 6A (compared to Opti-MEM group); Fig. S14
(compared to untreated cells); Fig. 7B and D (compared to EV). One-
way ANOVA, followed by Tukey’s multiple comparison test (post-
hoc): Fig. 2D; Fig.S4; Fig. 3A (to compare each lipid-doped eEVs at
varying ratio, no statistical difference in the results); Fig. 5A (technical
replicates of n = 3); Fig. 6B; Fig. S7; S12C; S17A and B; Figs. 7C; 8B.

3. Results and discussion

Lipid hybridized EVs, called engineered extracellular vesicles
(eEVs), were prepared by sonication and extrusion method, as sum-
marized in Scheme 1. To manufacture eEVs, EVs were first collected
and characterized. In this work, we obtained batches of EVs from A549
and 3 T3 cells using a gold standard protocol (Xu et al., 2016), involving
serial centrifugation and ultracentrifugation to isolate EVs, specifically
exosomes, from culturing media. However, it is reported that EVs iso-
lated from ultracentrifugation often produces exosomes containing
impurities of microvesicles or impurities of protein aggregates adsorbed
on the isolated vesicles (Tran et al., 2015). Due to the possibility of co-
presence of microvesicles and exosomes within our population of ve-
sicles, we named our system “extracellular vesicles” (EVs) to avoid any
confusion or argument.

3.1. Physicochemical quantification of EVs from cells

The isolated EV populations were initially characterized by trans-
mission electron microscope (TEM), nanoparticle tracking analysis
(NTA), total protein content and flow cytometry. Representative size
distribution profiles of EVs revealed by NTA are shown in Fig. 1A.
Average particle diameters of 124.3 ± 14.7 nm and 90.1 ± 18.6 nm
were obtained for EVs derived from 3 T3 (3 T3 EVs) and A549 cells
(A549 EVs), respectively. The EVs from both cell types had uniform and

narrow size distributions. No larger particles above 500 nm were ob-
served. TEM morphology (inlet image of Fig. 1A and Fig. S1) demon-
strated spherical shape of the vesicles. In terms of the production yield,
we obtained 3 T3 EVs on the order of (1.97 ± 0.37) × 109 particles
from 107 cells, namely, 197 ± 37 EVs per cell; whereas a higher
amount of EVs were released per cell from A549 cells, on the order of
(4.80 ± 0.23) × 109 particles from 107 cells (480 ± 23 EVs per cell),
as shown in Fig. 1B (left y-axis). On the other hand, representative
protein amounts of EVs quantified by Micro BCA assay are shown in
Fig. 1B (right y-axis). Amounts of 0.20 ± 0.08 µg protein and
0.08 ± 0.05 µg protein within 108 EV particles were quantified in 3 T3
EVs and A549 EVs, respectively. Our characterizations of EVs are si-
milar to the production yields of U937 (human monocytic cells)- and
HEK293T (human embryonic kidney cells)-derived exosomes reported
from previous studies (Jang et al., 2013; Pi et al., 2018). As a model
system for gene delivery, the yields of EV production from parental
sources and the selectivity to the cells of interest need to be considered.
Our data demonstrated A549 cells had a 2.4-fold higher
(***p < 0.001) production yield of EVs compared to the EV yields of
3 T3 cells. We chose A549 cell as the source of EVs to generate batches
of eEVs because of their relatively higher production yield and potential
targetability of tumor derived-extracellular vesicles to tumor cells
(Christianson et al., 2013; Rana et al., 2012). Although human me-
senchymal stem cells (hMSCs)-derived EVs are well-known as an effi-
cient mass producer of EVs (Yeo et al., 2013) (~2100 ± 300 released
hMSC EVs/cell, ~5-folds higher than A549 cells, based on our data),
due to the limited expansion of hMSC culture (Turinetto et al., 2016)
and favorable doubling time of A549 cells (greater than 50 h for hMSCs
(Jin et al., 2013) whereas 22 h for A549), we opted to use A549 cells,
for the purpose of demonstrating the development of scalable eEVs.
Isolated A549 EVs were then analyzed by flow cytometry for the pre-
sence of specific markers. As shown in Fig. 1C, fluorochrome-labeled
anti-CD63 binding EVs and nonfluorescent isotype control showed
discernible populations in the gate FL1 versus FL4 (anti-CD63-eFluor
660). Results showed CD63 is highly enriched in the isolated EV sam-
ples. 87.4% of the isolated samples were positive for the exosomal
marker CD63 (Fig. 1D). Therefore, we expected the majority of our EVs
to be exosomes (CD63 + ), as opposed to microvesicles where CD63
was typically not detected (CD63-) (Kanada et al. (2015)).

3.2. Physicochemical quantification of eEVs from cells

To generate eEVs, the isolated EVs were then fused with pre-hy-
drated lipids using a sonication and serial extrusion procedure. We
investigated whether different charges of lipids could be incorporated
to native/naïve cell derived EVs. A library of lipids (DOTAP, POPC,
DPPC and POPG) was therefore prepared for membrane hybridization.
The structures of these lipids are as shown in Fig. S2. After producing
lipid-doped eEVs, we characterized the morphology, size, mass pro-
duction and zeta potential of eEVs. Fig. 2A and B show the size dis-
tribution profiles of pre-hydrated POPC liposomes alone and POPC-
doped eEVs, respectively: 138.8 ± 9.1 nm and 126.3 ± 4.0 nm
(***p < 0.001; statistically significant). The inlaid TEM images of
Fig. 2A and B depict the morphology of pre-hydrated POPC liposomes
alone and intact structure of POPC-doped eEVs. While heterogeneous
size of pre-hydrated liposomes was shown in Fig. 2A, a lamellar struc-
ture and uniform size of vesicles approximately 100 nm were demon-
strated in Fig. 2B for eEVs. The TEM morphology confirmed the vesicle
structure was not impaired by the sonication-extrusion method, in-
dicating the extrusion apparatus is a suitable method for fabricating
lipid-hybridized eEVs. We further characterized a variety of lipid-doped
eEVs at varying extruded ratios (from 1:1 to 9:1 of lipid to EV mixing
ratio) by performing the same sonication-extrusion processes, as shown
in Fig. 2C. As expected, the average diameters of eEVs measured by
NTA indicated that eEV formulations are much smaller than 200 nm
size, thus these formulations would likely be able to take advantage of
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the enhanced permeability and retention effect (Sun et al., 2013).
Among each individual lipid-doped eEVs, no statistical difference on
the particle size for eEVs at varying extruded ratio was observed.

Several studies have endeavored to develop scalable techniques at
the stages of EV generation and purification, such as: using a two
compartment culture (Integra CELLine) (Mitchell et al., 2008); a mi-
crocarrier-based 3D culture (Haraszti et al., 2018b); a hollow-fiber
culture system (Watson et al., 2016); and a tangential flow filtration
system for purification (Haraszti et al., 2018b). Among these studies, a
7-fold to 40-fold increase in the production yield of EVs was achieved.
In this study, instead of scaling up the production of EVs from the cells,
we attempted to mass produce the vesicles after EV isolation. By eval-
uating the quantity of eEVs using NTA measurements, we observed a
constantly higher production yields over various conditions (i.e. dif-
ferent lipid-doped eEVs and varying lipid:EV ratios) obtained by our
sonication-extrusion technique compared to native EV production
yields, as shown in Fig. 2D. On average, there was a 6-fold (for DPPC-EV
1:1 samples) to 43-fold (for DOTAP-EV 9:1 samples) increase on the
overall amount of particle number upon the sonication-extrusion pro-
cesses (Fig. 2D). While DOTAP-EV showed an average of 20-fold further
increase of particle yields, POPC-EV, DPPC-EV and POPG-EV showed
similar 10-fold increase values. Initial particle number of different lipid
types in same molar concentration were also quantified in Fig. S3. No
statistical difference of particle number was shown among different
types of lipids. These results indicated that the increase of particle
number after sonication-extrusion technique most likely depends on the
physical–chemical properties of lipids (i.e., charge), instead of the

initial particle numbers of lipids. Overall, the production yields of eEVs
generated post-EV isolation were about ~ 8-fold higher than the
number of EVs obtained from hMSCs using typical cell generation
method, according to the results of hMSC EV from previous literature
(Haraszti et al., 2018b; Yeo et al., 2013).

While others have integrated other synthetic materials (i.e. via
freeze-thaw methods and PEG-induction methods) to already-isolated-
EVs, such as liposomes and have proposed such systems as potential
drug delivery carriers (Antimisiaris et al., 2017), our system highlights
the ability to mass produce the number of vesicles, as opposed to multi-
lamellar/hybridized EVs (Piffoux et al., 2018; Sato et al., 2016). Fur-
thermore, our data of different lipid-doped eEVs demonstrate that the
mass production can be tuned by the incorporation of EVs with cationic,
anionic, and zwitterionic lipid chains.

To evaluate the difference of lipid: EV mixture before and after the
sonication-extrusion processes, zeta potentials of the vesicles were
measured, as shown in Fig. S4. The data showed the sonication-ex-
trusion processes significantly alters the zeta potential of the samples in
comparison to the samples of physical mixture (**p < 0.01 and
***p < 0.001 for POPC-EV 4:1, 1:1 and 9:1 group, respectively). The zeta
potentials of the eEVs at varying extruded ratio were also statistically
different (****p < 0.0001) compared to the native exosomal mem-
brane (Fig. S4). We further characterized the zeta potentials of EV and
eEVs measured in PBS and water, as shown in Fig. 2E. It is known that
phospholipids, such as cholesterol, phosphoglycerides, ceramides and
saturated fatty acids, are rich within EV membranes (Ren et al., 2016).
The presence of saturated phospholipids and the anionic surface charge

Fig. 1. Characterization of extracellular vesicles (EVs) after ultracentrifugation. (A) reports the relative size (diameter) distribution profiles for A549 (dashed
line, gray peak) and 3 T3 cell (solid line, blue peak) -derived EVs. A transmission electron microscope (TEM) image inlaid within (A) showed the spherical structure of
EVs (3 T3 EV; scale bar: 200 nm). (B)’s left y-axis reports the production yield of EVs secreted by A549 and 3 T3 cells. Affiliated protein per EV (Micro BCA assay) is
reported on the right y-axis of (B). (C, D) Flow cytometric analysis of EVs stained with fluorescent labelled antibodies targeting CD63. (C) reports a scatter plot of
A549 cell-derived EV (red dots on bottom right of (C)) and the negative isotype control (gray dots, bottom left box of (C)). (D) reports a histogram of CD63+ A549
EVs stained with anti-CD63-eFluor 660 (solid line, red peak) and negative isotype control (dashed line, gray peak). (* and *** represent p-values < 0.05 and <
0.001, respectively). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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help contributed to the high stability of EVs (Ren et al., 2016). There-
fore, relatively negative zeta potentials of EVs were obtained with
–22.9 ± 0.6 and −17.3 ± 1.4 mV in water and PBS, respectively.
Compared to the zeta potentials of samples measured in pure water,
zeta potentials in PBS were closer to neutral (0 mV). These results can
be attributed to the charge shielding effects by salt ions present. These
data are similar to the zeta potential of EVs generated from the neu-
roblastoma cell lines reported previously (Marimpietri et al., 2013),
which ranged from −14.8 ± 1.6 to −12.0 ± 0.2 mV in a PBS solu-
tion. On the other hand, the zeta potentials of eEVs were found to
correspond to the charge of extruded lipids. DOTAP-EV, POPC-EV and
DPPC-EV, and POPG-EV showed positive, neutral, and negative charge,

respectively (Fig. 2E), indicating the zeta potentials of eEVs can be
tuned by hybridizing EVs with different charge types of synthetic lipids.
Taken together, our data demonstrate the sonication-extrusion pro-
cesses significantly alters the zeta potential of eEVs, suggesting that
there were substantial alterations of the lipid content within the eEVs.

3.3. Quantifying native EV fraction within eEVs for validating membrane
incorporation

In the current study, we first chose lipid (SPV) and protein (Micro
BCA) assays that are widely used in the EV field to determine mem-
brane incorporation within the vesicles. Before determining the protein

Fig. 2. Morphology, size, quantification of mass production and zeta potential measurement of engineered extracellular vesicles (eEVs). The size dis-
tribution profiles and morphology of vesicles for hydrated lipids POPC (A) and engineered EVs: POPC-EV (B) were measured by NTA and TEM. Scale bar represents
100 nm. The mean diameters (C) of different lipid-doped eEVs were determined by NTA measurement. Fold increase in particle number (D) was quantified by
normalizing the concentration of eEVs after extrusion processes to the concentration of original native EV concentration before extrusion processes. Zeta potential
values measured in water and PBS are reported in (E). (*, **, ***, ****, represent p-values < 0.05, < 0.01, < 0.001, and < 0.0001, respectively).
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to lipid ratios in EVs/eEVs, preliminary tests of individual lipid species
were measured as references, which showed good linearity of absor-
bance in the range of 0–2 µg/µl lipid concentration using SPV assay
(Fig. S5). In parallel to the lipid quantification, pure lipid solutions
were also tested for their assay interference with the protein determi-
nation (Fig. S6). No substantial interference on the protein Micro BCA
assay by lipids was observed, as the data did not result in strong col-
orimetric reactions. We then evaluated the protein quantities between
the physical mixtures of EV: lipid and the eEVs following sonication-
extrusion processes. Fig. S7 evidences a statistically significant change
(****p < 0.0001) of protein quantities in the lipid-EV mixture before
(physical mixture in the absence of sonication-extrusion processes) and

after sonication-extrusion processes (lipid-doped eEVs). To further de-
termine the fusion efficiency of exosomal membrane in eEVs, we
quantified the protein to lipid ratio, which has been proven to be a good
quality control parameter of EVs previously (Osteikoetxea et al., 2015).
Fig. 3A presents the calculated protein to lipid ratios of EVs/eEVs. The
protein to lipid ratios of eEVs (0.069 ± 0.004 to 0.594 ± 0.055) sig-
nificantly (****p < 0.0001) dropped compared to the protein to lipid
ratio of EVs (3.529 ± 1.015). These results demonstrate the exogenous
synthetic lipids were doped within EVs. With the addition of lipids to
EVs, the overall percentage of lipids within the membrane increases,
results in the dropping of the protein to lipid ratios within eEVs. In
comparison to the pure lipid solutions (Fig. S6), our results showed a 5-

Fig. 3. Assessment of membrane incorporation of engineered extracellular vesicles (eEVs) via protein: lipid ratio quantification and FACS analysis. The
protein: lipid ratios within the membrane of different lipid-doped eEVs were quantified in (A). An illustration of membrane incorporation validation within eEV
entities using anti-CD63 detection via flow cytometry is shown in (B). Flow cytometry histograms (C) of: A549 EVs stained with anti-CD63-eFluor 660 (solid line, red
peak); eEV stained with anti-CD63-eFluor 660 (dotted line, blue peak); and a stained isotype (dashed line, gray peak), functioning as a negative control. The
normalized anti-CD63 geometric mean fluorescence intensities (GMFIs) are shown in (D) and quantify the fusion ratio of synthetic lipids doped within EVs, thereby
forming eEVs (0–1 represents 0%- 100% native EV). (**** represents p-values < 0.0001). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Fig. 4. Exogenous loading of siRNA via electroporation system. Left y-axis reports siRNA loading efficiency (black) and right y-axis reports encapsulation
efficiency (gray). (*** and **** represent p-values < 0.001 and < 0.0001, respectively).
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fold (DPPC-EV 4:1/DPPC lipid = 0.29/0.057) to 42-fold (DOTAP-EV
4:1/DOTAP lipid = 0.59/0.014) of protein to lipid ratio change within
eEVs upon the membrane extrusion procedure. Note that the protein to
lipid ratio only slightly changed at varying extruded ratio, as no sta-
tistical difference was observed (Fig. 3A). Similar trend of the protein to
lipid ratio within eEVs was obtained while using the EVs from different
cell sources (3 T3 EV and A549 EV) (Fig. S8), indicating this technique
for membrane incorporation can be applied to EVs derived from dif-
ferent parental cells.

To further confirm the membrane fusion of exogenous synthetic li-
pids within the EVs, as opposed to synthetic lipids and EVs being
physically mixed, flow cytometry was used to detect the fluorescence of
each entity (Fig. 3B). The histogram plot of anti-CD63 fluorescence is
shown in Fig. 3C. Normalized geometric means of fluorescence con-
firmed the percentage of membrane incorporation in POPC-EV (1:1,
4:1, 9:1) samples as a fraction ratio of 0.16 to 0.21 (Fig. 3D), meaning
the eEVs having 16–21% native EV membranes within them. Similarly,
no statistical difference was observed at varying extruded ratio for
eEVs. The results of our flow cytometry-based assays and the membrane
protein/lipid assays corroborate each other, in that both illustrate our

sonication-extrusion process fused a fraction of each of the synthetic
lipids within the EVs. The histogram plot of anti-CD63 fluorescence in
flow cytometry demonstrated individual eEVs present higher
CD63 + levels compared to the control group of liposome-POPC as
background fluorescence and lower levels compared to native/naïve
EVs, suggesting the successful fusion of exosomes with lipids. These
data demonstrate our method of generating EVs can increase the yield
of particles post-EV isolation while retaining native protein (i.e. CD63)
within each entity.

It is interesting that we did not observe statistical differences of
eEVs at varying extruded ratios in both protein/lipid assays and flow
cytometry experiments, indicating we were likely at a point of satura-
tion, in terms of the amount of synthetic lipid that could be in-
corporated into the membrane. These results are different from the
lipid-hybridized EVs triggered by PEG-induced fusion reported from
literature (Piffoux et al., 2018), who showed that 9% to 56% of lipids
could be incorporated by varying EV:lipid ratios. This discrepancy be-
tween the two methods could likely be attributed to the difference of
lamellarity and localization of lipids within the EVs. While 30–40% of
multi-lamellar vesicles tend to form using PEG-induced lipid:EV fusion

Fig. 5. Characterization of aggregation post-electroporation by spectroscopic assays and microscopy image analysis. (A) shows the turbidity (OD: 230 nm)
for EV, eEVs and siRNA conditions in the absence of siRNA (w/o siRNA, meaning only vesicles in the solution) or in the presence of siRNA (vesicle + siRNA) during
electroporation. The absorbance values in y-axis have the background values (Opti-MEM media/pre-electroporated samples) subtracted. (B) is a log–log plot of
turbidity (OD: 230 nm) versus vesicle concentration after electroporation. (C, D) are semi-log plots of aggregate counts per ml and aggregate size (diameter) versus
vesicle concentration after electroporation. Data were determined by microscopy image analysis. (B, C, D) The blue regions are the concentrations suitable for NTA
quantification, whereas the yellow regions are the concentrations suitable for cell delivery and DLS quantification. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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(Piffoux et al., 2018), additional studies for lipid-doped eEVs using
sonication-extrusion processes would need to be conducted to suggest a
percentage, which we plan to do in the near future.

3.4. EV and eEV siRNA loading

The capability of EVs for efficient drug loading without drastic
physicochemical modification of the native vesicles is one of the major
and practical obstacles in the clinic. After generation of lipid-fused
eEVs, we attempted to encapsulate exogenous siRNA into the vesicles.
As a first step in evaluating the efficacy, we assessed the changes of
physicochemical properties following electroporation. Fig. S9A reveals
intact and round shaped morphology of eEVs post-siRNA loading via
electroporation. Occasionally, we found the vesicles appeared fused or
aggregated after electroporation (Fig. S9B). No obvious alternations on
the vesicle size of the samples after electroporation were observed by
NTA measurement at the concentration of ~ 108 particles per ml (Fig.
S10A). However, there was a statistically significant change
(*p < 0.05) on the z-average diameters of the vesicles post-electro-
poration, as measured by DLS at concentration of ~ 1011 particles per
ml (Fig. S10B). Fig. S10C demonstrates the zeta potentials of eEVs after
electroporation significantly decreased (**p < 0.01) from
−4.9 ± 3.5 mV to −28.0 ± 3.5 mV. Possible reasons for the differ-
ences between the results from the two instruments could be that DLS is

biased towards large particles or aggregation occurs at higher con-
centration of the samples required for DLS measurement (~1011 par-
ticles/ml) compared to the sample concentrations required for NTA
measurements (~108 particles/ml).

We furthered assessed the actual siRNA amount loaded into the
vesicles. Prior to siRNA purification and quantification procedures, free
unbound siRNAs in the sample mixture were removed by centrifugation
and wash. By repeating these steps, our data showed only 1.2 ± 0.2%
of free siRNA retained in the pellet after centrifugation, validating the
efficacy of removing free unbound siRNA. To evaluate siRNA loading
efficiency via electroporation, we first demonstrated the buffer used for
electroporation (hypotonic buffer vs isotonic Opti-MEM) does not
substantially affect siRNA loading efficiency (Fig. S11; no statistical
difference) but does affect the retention of siRNA within the vesicles
(Fig. S12). The gel images and semi-quantified results in Fig. S12 de-
monstrated the siRNA was confined in the sample well with the elec-
troporation condition using Opti-MEM media, resulting in a lower
siRNA migration amounts than the samples using hypotonic electro-
poration buffer. In other word, using Opti-MEM media, siRNA was re-
tained and bound within the vesicles. Based on these findings, Opti-
MEM was used for all further evaluations.

Subsequently, we quantified the loading efficiency (Fig. 4, left y-
axis) and encapsulation efficiency (Fig. 4, right y-axis) of each lipid-
doped eEV system. We demonstrated exogenous siRNA can be loaded

Fig. 6. Effects of electroporation media on the formation of aggregates (A) and cell viability (B). Note: The cell viability assay was not conducted for eEVs in
hypotonic electroporation buffer due to the excessively high level of aggregation.
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Fig. 7. RNA interference knockdown of eEVs in lung tumor cells (A549). (A) shows fluorescence images of delivered anti-GFP siRNA with eEVs to A549 cells at
3 days post-transfection. scale bar: 100 μm. (B, C, and D) show the statistical analysis of overall knockdown efficiency of eEVs. (B) shows the effects of EV and eEVs
in Opti-MEM + EDTA. (C) shows the effects of delivered dosages. POPG-EV in 100 µl Opti-MEM: 1-fold, 2-fold, and 4-fold are (1011 particles/ml, 1 ng/µl siRNA),
(2x1011 particles/ml, 2 ng/µl siRNA) and (4x1011 particles/ml, 4 ng/µl siRNA), respectively. (D) shows the effects of EV and in 50 mM trehalose. (E) shows the
knockdown curves over time of lipid-siRNA complexes following electroporation. Same molecule concentration (2.5 μl of 2.5 mM) of lipids as the final amounts used
for eEV-siRNA delivery was prepared.

Fig. 8. Visualization and quantification of eEV uptake to lung adenocarcinoma (A549) and lung normal fibroblast (CCL-210). (A) Confocal microscopy
images of eEV (POPC-EV) incubated with A549 cells for 2 h. Red indicates the DeepRed®dye for eEV membrane staining; Blue indicates Hoechst 33,342 nuclei
staining; Green represents the GFP expression in cell cytoplasm of A549 cells; Scale bar: 30 μm; (B) Normalized geometric mean fluorescence intensities (GMFI) from
flow cytometry analysis to compare the cellular uptake efficiency of eEVs in A549 and CCL-210. 1011 particles of POPC-EV was used as representative of eEVs; same
amounts of EVs (1011 particles) were delivered to the cells to compare the uptake efficiency. (C) Flow cytometry histograms (FL4-H) of eEVs uptake by A549 and
CCL-210 cells; Grey dashed peak: Untreated A549 cells; Grey long-dashed peak: Untreated CCL-210; Blue dotted peak: eEV uptake in CCL-210; Red solid peak: eEV
uptake in A549. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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into eEVs and the loading efficiency is dependent on the hybridized
lipid types. The loading efficiency results showed we were able to ob-
tain 23 – 327 copies of siRNA per vesicle. Particularly, DOTAP-EVs
showed highest loading efficiency, which was at least 8-fold higher than
other lipid-extruded eEV systems. Moreover, the loading efficiency of
cationic lipid-doped eEVs is comparable to the loading efficiency of
unmodified, native EVs (Fig. 4; no statistical difference). Taken to-
gether, zwitterionic eEVs (POPC-EV and DPPC-EV) and anionic eEVs
(POPG-EV) exhibit generally comparable loading profiles (no sig-
nificant difference between each other).

Consistent with the previous findings by the Wood’s research group
(Alvarez-Erviti et al., 2011; El-Andaloussi et al., 2012a), we obtained
similar electroporation efficiencies (~15 – 20% of siRNA could be en-
capsulated in EVs/eEVs by electroporation). Overall, in our results,
electroporation seems to be a robust method for cargo loading within
our eEVs, albeit aggregation issues could be a concern for cell studies.
To explore the potential electroporation-caused aggregation of vesicles,
we will now further discuss the sub-micron aggregates and their effects
on cells.

3.5. Mitigation of eEV aggregation and its effects on cytotoxicity

In the present study, we established a more stable (in comparison to
what was initially commercially procured), and higher GFP-expressing
tumor cell model (A549) for in vitro cell studies. The detailed methods
and results are depicted in Supporting Information (Fig. S13). This GFP
model allows us to easily visualize and quantify the delivery of anti-GFP
siRNA, and the resulting knockdown of the GFP using fluorescence
microscopy, fluorescence plate readers, and flow cytometry. In this
section, we first conducted the cell viability (MTS) assay to evaluate if
there is any cytotoxicity issue with siRNA loaded EV/eEV (1010-1011

vesicles/ml) post-electroporation (Fig. S13). Unexpectedly, in-
dependent of the lipid-doped eEV used, the viability was lower than
70%. Although in the previous section DOTAP-EVs were associated
with higher siRNA loading efficiency, here it resulted in the highest
toxicity, ranging from 18.2 ± 3.8% to 56.5 ± 3.9% at varying li-
pid:EV ratio (Fig. S14). The cytotoxicity of DOTAP-EV could potentially
be attributed to the charge of lipids, which has been shown to be toxic
to the cells at high concentrations, although it is commonly used as a
transfection agent (Lv et al., 2006). In addition to the charge effects
from the lipids, we hypothesized these cytotoxic results could likely be
attributed to particle aggregation and sedimentation of the eEV-siRNA
delivery system, as was seen in the brightfield images (Fig. S14), note
the precipitation of eEV within the bright field image of the engineered
DOTAP-EV and DPPC-EV formulation. It is currently believed that the
electric pulses from electroporation may cause undesirable metal ions
to release from the electrodes and subsequently affect the lipid oxida-
tion and the solubility of a variety of biomolecules [71]. In order to
investigate whether the toxicity was due to the electroporation process
or not, Fig. S15 quantifies the cytotoxicity of eEVs with siRNA mixture
in the absence of electroporation, that the viability remained high (~80
– 125%) and was relatively independent of particle concentration. In
other words, there were no obvious signs of toxicity observed in A549
cells while increasing the eEV concentrations from (0.13 – 1.08) × 1011

and (0.95 – 15.72) × 1011 particle/ml for the engineered DOTAP-EV
and POPG-EV formulations, respectively. However, there was a sig-
nificant reduction of cell viability for both eEV-siRNA mixture assessed
post-electroporation: DOTAP-EV (post-electroporation) decreased 7-
fold to only 18% viability (***p < 0.001) and POPG-EV (post-elec-
troporation) decreased 2-fold to 51% viability (**p < 0.01). These
results validated that the electroporation processes may cause un-
desirable consequences, such as aggregation, resulting in high cyto-
toxicity. Therefore, it highlighted the need for investigating the ag-
gregation effects post-electroporation as well as optimization of the
electroporation processes to avoid any adverse effects on the cells,
which are discussed below in two sub-sections.

3.5.1. Aggregation evaluation by spectroscopic assays and microscopy
image analysis

To quantitatively determine the degree of aggregation post-elec-
troporation, we used spectrometry and microscopy techniques. Fig.
S16A shows the UV–Visible spectra of siRNA, EV, and various lipid-
doped eEVs. In all cases, the samples were electroporated either with
(“+siRNA”) or without siRNA (“vesicle only”). The Opti-MEM and pre-
electroporated eEVs conditions were measured as baselines and their
spectra appear to overlap substantially. Because there was not a sig-
nature absorbance peak in the spectra (Fig. S16A), we used the max-
imum absorbance at 230 nm to quantify the aggregation as a turbidity
measurement (Gregory (2009); Scherer et al., 2012), as shown in
Fig. 5A. On the other hand, a few representative images for siRNA, EV
w/o siRNA (“vesicle only”), and DOTAP-EV w/o siRNA (“vesicle only”)
are shown in Fig. S16B which were used for the microscopy image
analysis. The results from both experiments showed the electropora-
tion-induced aggregation occurred in not only membrane vesicles but
also naked nucleic acids (siRNA). These finding were in line with pre-
vious observation from Stapulionis, R. J. B. (Stapulionis (1999)) and
Kooijmans, S. A., et al. (Kooijmans et al., 2013). Notably, the quanti-
tative results of turbidity (OD: 230 nm) (Fig. 5A) and semi-quantified
image data (Fig. S17) showed a decrease of the tendency of aggregation
when the electroporation is carried out in the presence of both siRNA
and vesicles, compared to electroporating vesicles/siRNA alone.
Moreover, the data suggest that in most cases, the degree of aggregate
formation decreased for all lipid-doped eEVs, compared to native EVs
post-electroporation. A larger library of lipids would need to be as-
sessed in order to elucidate the entire parameters affecting the ag-
gregation, however.

We also validated the aggregation of siRNA loaded EVs/eEVs, in
terms of the turbidity (OD: 230 nm), number, and the size of aggregates.
We found the results vary in a concentration-dependent manner for all
EV/eEV formulations. Our data demonstrated the degree of aggregation
(Fig. 5B, C, and D’s y-axis are OD: 230 nm, aggregate concentration, and
size, respectively) significantly increased 9- to 17-fold at the con-
centrations used for DLS and cell studies (> 1010 particles/ml), in
comparison to the sample concentration used for NTA measurement
(108 particles/ml). These findings point out the electroporation-caused
aggregation may be far more significant than previously believed.
Given that NTA is commonly used for particle analysis in the scientific
community at a concentration of approximately hundred-fold lower
than the dose applied for cell studies, the aggregation effects are likely
underestimated. We provided evidence that strong aggregation of
samples occurs after electroporation, which may result in far more se-
vere impacts for in vitro and in vivo studies than NTA appears to be
suggesting.

3.5.2. Optimization of the electroporation processes for efficient cargo
loading and alleviation of the electroporation-caused aggregation and
cytotoxicity

Because we have validated substantial aggregation of EV/eEV and
siRNA was formed following electroporation, we endeavored to miti-
gate the toxicity by tuning the electroporation conditions. Several stu-
dies have reported a numbers of electroporation parameters could
greatly influence the loading efficiency and aggregation results, such as
applied voltage (Lamichhane et al., 2015; Stapulionis (1999)), pulse
type (Lamichhane et al., 2015), pulse number (Lamichhane et al.,
2015), and electroporation media (Hood et al., 2014; Kooijmans et al.,
2013). Here, we focused our efforts on the parameter specific to the
electroporation buffer.

We evaluated the aggregation effects of various electroporation
media (Opti-MEM + EDTA, 50 mM trehalose, and hypotonic electro-
poration buffer) after electroporation. We demonstrated the aggrega-
tion can be remarkedly decreased by adding EDTA to electroporation
buffer (Fig. 6A), as suggested in previous literature (Kooijmans et al.,
2013; Stapulionis (1999)). However, unfortunately, the microscope
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imaging results confirmed the submicron aggregates were not removed
and yet still existed in substantial amounts by microscopy image ana-
lysis (Fig. S18). More strikingly, the effects of 50 mM trehalose on the
aggregation level appeared to be different for different lipid-type eEVs.
While the aggregation level of DPPC-EV, POPG-EV and native EV
tended to decrease in 50 mM trehalose following electroporation, un-
expectedly, the aggregation of DOTAP-EV and POPC-EV were likely to
increase (Fig. 6A). These results are opposite to the hypothesis from
Hood, J. L., et al. who reported that a 50 mM trehalose solution may
minimize aggregate formation following electroporation (Hood et al.,
2014), suggesting different concentration of trehalose solution may be
needed for different lipid-doped eEV system to optimize the aggrega-
tion effects. Moreover, despite hypotonic electroporation buffers are
being commonly used in several studies for electroporation, we de-
monstrated the aggregation of eEVs in hypotonic electroporation buf-
fers following electroporation was at least 1.5-fold higher than the eEVs
in Opti-MEM (Fig. 6A). This discrepancy of results compared to pre-
vious literature could be attributed to the differences of employed as-
says for aggregation evaluation. While most studies used NTA mea-
surement as a mean to determine the size and numbers of aggregates,
the sub-visible aggregates may be underestimated, as discussed in the
previous section. Regarding metabolic activity of EV/eEV while varying
the electroporation buffers (Fig. 6B), the 50 mM trehalose formulation
was affiliated with the highest viability, except for POPG-EV (no sta-
tistical difference). In all cases, the formulations using Opti-MEM were
significantly more toxic than the other buffers, which was 2-fold more
toxic than using Opti-MEM + EDTA and 50 mM trehalose. Taken to-
gether, it is interesting to note that our results demonstrated the degree
of aggregation of electroporated mixture may not be a direct linear
relationship corresponding to cytotoxicity. Here, we also demonstrated
the trend of cell viability with the variation of aggregation by com-
bining the data from various media. Fig. S19 highlighted the correla-
tion of aggregation for eEV appeared to be biphasic in response to cell
viability, while the most toxic regime showed in the range of 0.2 – 0.4
measured absorbance (OD: 230 nm). Importantly, it should be noted
that elucidating whether aggregation and cytotoxicity are correlative,
or causative would be challenging, as aggregation is a secondary vari-
able dependent on other factors. In other words, we cannot hold all
other variables constant while varying aggregation to assess its effects
on cytotoxicity alone. It is important to note that the cytotoxicity pro-
files of eEVs on non-cancerous cells were also examined in this study.
No toxicity was observed on healthy cells using the optimized electro-
poration buffer (Fig. S20). Given that the promise of electroporation
continues to be hampered by a lack of appropriate and optimized
conditions, we believe investigating these parameters could be helpful
for future consideration of EV-based gene therapies and enhance the
potential clinical translation of EVs.

3.6. Quantification of RNAi knockdown and eEV targetability

We opted to assess the siRNA silencing effects of EVs and eEVs
electroporated in both Opti-MEM media with EDTA addition and
50 mM trehalose with the formulations which were affiliated with a cell
viability greater than 80% (Fig. 6B). Fig. 7A qualitatively demonstrated
the decrease in the total GFP expression in the cells. To quantify the
GFP expression in cells, fluorescence intensity was monitored over time
using a plate reader assay. Fig. 7B-D quantified the overall knockdown
efficiency by analyzing the area under the curve for knockdown over
time. Using 100 µl Opti-MEM, 1011 particles/ml, and 1 ng/µl siRNA in
Opti-MEM, a 10 – 46% of knockdown efficiency was able to achieve by
the eEV formulations, whereas the native EV-delivered siRNA failed to
knockdown the GFP expression in an effective manner (Fig. S21A). An
early and rapid decrease of knockdown efficiency was observed in na-
tive EV treated group at day 2, while the knockdown efficiency dropped
after day 4 in eEVs. Overall, zwitterionic POPC-EV showed a highest
knockdown with 41.1 ± 9.8% at 4 days post-transfection, which was

comparable to commercial Lipofectamine RNAiMax of 43.3 ± 0.3%
(Fig. S21B and C). A summary of the overall knockdown efficiency in
Fig. 7B showed the knockdown efficiency of POPC-EV over time was
statistically greater than the knockdown efficiency of EV
(****p < 0.0001). Next, the experiments were repeated using anionic
POPG-EV to deliver the siRNAs to the cells with different dosage. De-
spite only 21% of knockdown was achieved by POPG-EV with initial
dosage, Fig. S22A showed that high dose of eEVs can more effectively
down regulate the expression of GFP. A 2.4-fold of increase in inhibition
of GFP expression was observed for 4-fold amount of dose of POPG-EV
compared to initial dose. No statistical difference was observed be-
tween the area under curve of POPG-EV with the amounts of 4-fold dose
and commercial Lipofectamine RNAiMax (Fig. 7C). The knockdown
results among different lipid-doped eEVs implied the minimum effec-
tive dosage required varied with the properties of hybridized lipids.
Further evaluation on the dosage effect would be worthwhile in future
studies.

On the other hand, for the knockdown results of EVs and eEVs
electroporated in 50 mM trehalose (Fig. S22B), the extent of knock-
down of EV increased to 22–34% knockdown compared to the knock-
down results (< 10%) electroporated in Opti-MEM. These results could
potentially be attributed to the decrease of aggregation for EV in tre-
halose. However, like the aggregation data shown in Fig. 6E and F, the
effects of the electroporation buffer on knockdown also differed be-
tween different lipid-doped eEVs. A significant increase of knockdown
efficiency to 49.0% ± 7.3% was observed in the cells treated with
cationic DOTAP-EV in 50 mM trehalose at 4 days post-transfection,
while POPC-EV failed to reach 10% knockdown of the GFP expression
(Figure S22B). The overall knockdown efficiency of eEVs in Trehalose
(Fig. 7D) shows only the knockdown efficiency of DOTAP-EV over time
was comparable to the knockdown efficiency of commercial Lipo-
fectamine RNAiMax (no statistical difference) and greater than the
knockdown efficiency of EV (*p < 0.05) in this case.

While discussing the functionality and efficacy of eEVs using dif-
ferent electroporated media, it should be noted that the findings of
electroporation-induced aggregation pointed out a complication re-
garding the determination of knockdown efficiency; aggregated and
precipitated particles may be uptake differently by the cells and may
not be easily removed by washing. Therefore, it can be mistakenly
considered as being transfected into the cells (Stapulionis (1999)).
Further, to the extent of our knowledge, the scientific community has
not conducted experiments to determine whether such aggregates in-
hibit or enhance the EV-mediated siRNA delivery into the cells
(Kooijmans et al., 2013). Aggregation is known, however, in previous
studies to cause enhanced uptake in at least certain cases (Cho et al.,
2011). Interestingly, by assessing the knockdown effects of lipid-siRNA
complexes, which were the same lipids we used in our studies for
doping purposes, we found RNAi only occurred when lipids POPC,
POPG and DPPC were fused into EV vesicle membrane. As shown in
Fig. 7E, siRNA complexes with lipid POPC, POPG and DPPC was not
able to down-regulate GFP expression. These results suggest the lipo-
plexes which may form would not have contributed to the knockdown
observed for POPC, POPG, and DPPC lipid-doped eEVs.

To further investigate if lipid-doped eEVs can direct targeting to
different cell lines, we quantified the cellular uptake of native EVs and
eEVs in lung adenocarcinoma (A549) and lung normal fibroblast (CCL-
210). Prior to the uptake studies, Deep Red membrane dye was used to
stain the exosomal membrane of EVs/eEVs, followed by incubation
with the cells. The confocal images of cellular uptake (Fig. 8A) revealed
the internalization and localization of vesicles (red) in the cytoplasmic
area. To further quantify the uptake efficiency between cell lines, flow
cytometry assay was conducted and demonstrated in Fig. 8B. We ob-
served significant differences in EV uptake between the two cell lines,
with the most efficient cell line, lung adenocarcinoma (A549), de-
monstrating a 15.8-fold higher uptake amount compared to the normal
lung fibroblast (CCL-210). Remarkably, A549 cells also showed an
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increased propensity to take up eEVs that a 14.2-fold higher eEV uptake
efficiency by A549 cells than that by CCL-210 cells was observed.
Moreover, A549 cells exhibited a higher percentage of uptake popula-
tion than CCL-210 cells. Approximately 84.2% of A549 cells were up-
take with eEVs, whereas only 47.8% of CCL-210 cells were uptake with
eEVs (Fig. 8C). Taken together, we observed a universal increase in
uptake efficiency for the lung cancer cells versus normal lung fibroblast.
These results supported the conclusion that the lipid-doped eEVs re-
tained the targetability of EVs, despite the degree of selectivity on the
cell lines could be declined by the decrease of EV portion in the en-
gineered vesicle membrane. In this study, how precisely the engineered
lipid-doped eEVs entered the cells and how knockdown is achieved are
yet needed to be investigated. We opted to test the cellular inter-
nalization of eEVs using zwitterionic POPC-EV because of the high
knockdown efficiency (Fig. 7B) and because little to no gene delivery
effect was found from POPC lipid-siRNA complexes in our previous
evaluation (Fig. 7E) that the cellular internalization would less likely be
affected by any free lipid components. Nevertheless, more research
should be done in near future in terms of the uptake mechanisms (i.e.
clathrin- and caveolae-mediated endocytosis, macropinocytosis) to
elucidate the critical factors determining EVs/eEVs uptake and tar-
geting at molecular structure levels.

4. Conclusions

Despite there being increasingly more research advances in EV-
mediated gene delivery, a key problem for EVs in clinical applications is
the lack of methods for obtaining large-scale amounts of EV for prac-
tical use (Armstrong and Stevens, 2018). Although MSCs are commonly
used for this reason, MSCs are not the most desirable cell types in all
applications. In this study, we sought to: establish a simple synthetic
lipid fusion technique which can be potentially applied to any lipid of
interest; to quantify the level of native protein remaining; and to
quantify the levels of gene knockdown, with acceptable levels of toxi-
city. We were successful in accomplishing these objectives using soni-
cation and extrusion techniques to engineer EVs after isolation. We
were able to achieve an 8-fold higher in the vesicle number over the
common EV mass production method, while retaining 16 – 21% of
native EV protein.

It is currently unknown what the balance is regarding how low the
protein amount on the eEVs can be, while retaining targeting func-
tionality. We currently have plans to investigate the sufficient levels of
native protein remaining on eEVs to retain targeting functionality.
Additionally, EVs derived from the cells may contain endogenous
microRNA messages, which depends on the cell status and could be a
concern of causing additional cell reactions. Therefore, to efficiently
engineer EVs as a drug delivery platform by “voiding” the endogenous
materials in the vesicles, while retaining the membrane structure and
the capability of exogenous cargo loading, is our next step for EV-based
drug delivery researches.

Furthermore, we found during our studies that electroporation
causes an increase in the aggregation and toxicity but that such effects
can be ameliorated to a degree by varying the electroporation media.
We have evaluated the effects and the correlation of different electro-
poration buffer with aggregation. By optimizing the aggregation of
eEVs, we have demonstrated the resulting lipid-doped eEVs are able to
induce effective gene silencing as well as actively target to the cancer
cells.

Other future studies will include the degree of lamellarity within
our eEVs, as well as layer-by-layer applications which could potentially
incorporate complexed or conjugated small molecules for anti-cancer
applications. Additionally, the continued development of exogenous
cargo loading methods, such as incorporating hydrophobic, cholesterol
modified-siRNA (hsiRNA) (Haraszti et al., 2018a; O’Loughlin et al.,
2017) into lipid-doped eEV system or using sonication method
(Lamichhane et al., 2016), to maximize siRNA loading efficiency, in

preparation for in vivo gene silencing effects for demonstrating clinical
utility. Given that we have demonstrated the proof-of-principle, we will
also be taking more of a high throughput approach in the future which
could potentially be used to optimize targeting and gene delivery for
any cell type of interest. To the extent of our knowledge, this is the first
study investigating a variety of different lipids for EV fusion intended
for mass production and knockdown of a gene of interest.
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